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Abstract: In this work, the enhanced resistive switching of ZrN-based resistive switching memory
is demonstrated by embedding TiO, layer between Ag top electrode and ZrN switching layer.
The Ag/ZrN/n-5Si device exhibits unstable resistive switching as a result of the uncontrollable Ag
migration. Both unipolar and bipolar resistive switching with high RESET current were observed.
Negative-SET behavior in the Ag/ZrN/n-Si device makes set-stuck, causing permanent resistive
switching failure. On the other hand, the analogue switching in the Ag/TiO,/ZrN/n-Si device,
which could be adopted for the multi-bit data storage applications, is obtained. The gradual
switching in Ag/TiO,/ZrN/n-Si device is achieved, possibly due to the suppressed Ag diffusion
caused by TiO, inserting layer. The current—voltage (I-V) switching characteristics of Ag/ZrN/n-Si
and Ag/TiO,/ZrN/n-Si devices can be well verified by pulse transient. Finally, we established that
the Ag/TiO,/ZrN/n-5i device is suitable for neuromorphic application through a comparison study
of conductance update. This paper paves the way for neuromorphic application in nitride-based
memristor devices.
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1. Introduction

Resistive switching behavior, where a dielectric layer exhibits sudden change in resistance as a result
of applied electric field was first observed in oxide materials in 1962 [1]. Later, the relationship between
charge and flux-linkage was theoretically revealed in 1971 [2]. For a long time, resistive switching
did not receive much attention, since the researchers and engineers did not find suitable applications.
However, since the 2000s, there has been increased interest by semiconductor industry and academia
on resistive switching memory, due to their excellent endurance [3], retention [4], scalability [5],
low voltage [6], and low current operation [7], fast switching [8], and non-volatile property in variety
materials. The basic configuration of resistive memory includes two-terminal capacitor-like structure
of metal-insulator-metal (MIM) [9]. There are two main types of switching (unipolar and bipolar).
In the unipolar switching operation, the SET (high-resistance state (HRS) to low-resistance state (LRS))
and RESET (LRS to HRS) processes are determined by the voltage amplitude at the same polarity [10].
The SET process completes when the conducting paths are formed in the insulator and the RESET
process occurs due to Joule heating as a result of high current [10]. Conversely, the SET and RESET
processes of the bipolar switching occur at different voltage polarities. The movement of oxygen
vacancies [11] and the diffusion of electrochemically active metals such as Ag [12] and Cu [13] due to
the electric field are the driving force that causes the reversible resistive switching for the intrinsic and
extrinsic switching of metal oxide, respectively.

In the near future, energy-efficient neuromorphic systems embedding resistive memory are
expected to be able to replace the von Neumann architecture [14,15]. Neuromorphic computing,
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which emulates the neural network of the human brain, consists of a neuronal device, which acts as a
processor and a synaptic device that acts as a memory connected in parallel, and can process a large
amount of data with low energy consumption without big lag [14,15]. The analogue switching of the
resistive memory as in the synaptic device in neuromorphic system is required to implement multiple
weights [16]. Therefore, the gradual switching in SET and RESET process in resistive memory is essential
in the implementation of neuromorphic device. Recently, Ag-based programmable metallization
cell (PMC) has attracted interest as a neuromorphic device due to its versatile memory properties,
including volatile and non-volatile switching with low power consumption [17]. The insulating layer
is crucial for both intrinsic and extrinsic resistive switching memory. In the case of intrinsic switching,
the insulating material is the source of conducting defects and in the extrinsic switching like PMC,
the insulating material acts as the host dielectric layer. Moreover, the insulating layer like AgGeS
can serve as the source of conducting filament [18]. As yet, metal oxides such as HfO, [19] and
TaOy [20,21] are the leading dielectric materials owing to their excellent memory performances in
regards to endurance, retention, variability, and switching speed, in addition to compatibility with
complementary metal-oxide-semiconductor (CMOS). As one of the other candidates, nitride-based
resistive memory, such as SiN [7,22-25], ZrN [26,27], AIN [28,29], and BN [30], has also been reported
to have good memory performances.

In this work, we present Ag/TiO,/ZrN/Si resistive memory for non-volatile memory and
neuromorphic applications. The unstable resistive switching, including negative-SET behavior of
Ag/ZrN/Si device, which is investigated through DC sweep and pulse transient response. The enhanced
stability and controllability of resistive switching are demonstrated by embedding 4 nm thick TiO,
layer to act as a buffer layer of Ag diffusion. In addition, the enhanced synaptic properties, such as
potentiation and depression are verified via multiple identical pulse inputs for Ag/TiO,/ZrN/Si with
the adoption of analogue switching for neuromorphic application.

2. Materials and Methods

The Ag/TiO,/ZrN/Si device was fabricated as follows: First, a 200 nm-thick n-type Si was
deposited via low-pressure chemical vapor deposition (LPCVD) by reacting SiH; and PHs on SiO,/Si
substrate. A 30 nm-thick ZrN dielectric was deposited by pulsed DC sputter, at room temperature,
using a power of 0.3 kW. The flow rates of argon (Ar) and nitrogen (N;) were 8 sccm and 12 scem,
respectively. A deposition of 4 nm-thick TiO, film was done through atomic layer deposition (ALD),
using precursors of titanium tetraisopropoxide (TTIP) and H,O at 200 °C. A 100 nm~thick Ag top
electrode was deposited via DC sputtering on the TiO, layer, using a shadow mask with circular
pattern of 100 pm diameter. The Ag/ZrN/Si device was prepared in the same way, except for ALD
TiO, deposition. The electrical properties in the DC sweep and transient modes were obtained
by using a semiconductor parameter analyzer (Keithley 4200-SCS and 4225-PMU ultrafast module,
Keithley Instruments, Solon, OH, USA). During the measurements, the bias voltage and pulse were
applied to the Ag top electrode, while grounding the doped-poly Si bottom electrode. XPS depth
analysis was conducted, using a Nexsa (ThermoFisher Scientific, Waltham, MA, USA) with a Microfocus
monochromatic X-ray source (Al-Kot (1486.6 €V)), a sputter source (Ar*), an ion energy of 1 kV, a sputter
area of 1 mm X 1 mm, a sputter rate of 0.3 nm/s, and a beam size of 100 pm.

3. Results and Discussion

XPS analysis was utilized to confirm the deposition of TiO,/ZrN/Si layers. The analysis did not
include Ag, since it is difficult to control etching time. Figure 1a shows the Ti 2p spectra with different
sputter time. The peak binding energies of Ti 2p doublet having 2p1,; and 2p3/, are 465 and 459.3 eV,
respectively, at 0 s, corresponding to Ti-O bond [31]. However, the peaks of 2p;, and 2p3/, are moved
to the left at 2 s due to Ti-N-O bond from the interlayer between TiO, and ZrN [32]. Intermixing could
occur between two layers during the deposition of ALD TiO, at 200 °C. Figure 1b shows Zr 3d spectra
of TiO,/ZrN/Si layers with different etching time. The binding energy peaks for Zr 3d doublet with
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3d3); and 3ds), are shifted to the left from 2 to 66 s. These peaks are close to the binding energies for the
71O, at 2 s corresponding to Zr-N-O bond [33,34]. However, the binding energy peaks for Zr 3d3,, and
Zr 3ds), are centered at 182.3 and 179.8 eV, respectively, at 66 s, corresponding to the Zr-N bond [35],
which indicates pure ZrN bulk properties for a 30 nm thick ZrN film. Figure 1c shows Si 2p spectra for
different sputter etching time. The Si 2p is centered at 99.3 eV, suggesting that the silicon substrate is
clearly detected at 136 s [36].
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Figure 1. XPS spectra of (a) Ti 2p, (b) Zr 3d, and (c) Si 2p obtained by TiO,/ZrO,/Si depth profile.

Figure 2a,b shows the current-voltage (I-V) characteristics of Ag/ZrN/Si device for bipolar and
unipolar resistive switching, respectively. SET process enables the transition from high-resistance
state (HRS) to low-resistance state (LRS), while the RESET process induces the transition from LRS to
HRS. The LRS current is randomly determined during the SET process, implying that Ag migration
into ZrN dielectric is uncontrolled even under the same compliance current of 100 pA. The successful
RESET process is observed for low LRS (represented by the red color in Figure 2a) for the first RESET
process. Negative-SET occurs after the abrupt RESET process at LRS with high current (green color
in Figure 2a), which limits the number of reversible cycling between LRS and HRS. Negative-SET
makes it difficult to set an appropriate RESET stop voltage by making the margin of the RESET voltage
smaller [37]. This phenomenon is coupled with a process in which excessive Ag filaments are formed
during the SET process, and the switching fails occur because excessive filaments are formed by
parasitic filaments after the RESET process. This process is discussed later, using the filament model.
The unipolar switching is also observed as in Figure 2b, where SET and RESET process occurs in the
same polarity. The SET process is similar to the Ag filament formation in the bipolar switching by the
electric field. However, this RESET process could be quite different from the RESET process in bipolar
switching. The level of RESET current is above 1 mA, implying that Joule heating is the dominant
switching mechanism. The strong Ag conducting filament could be ruptured by Joule heating when
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the current flows in the Ag conducting filament. The abrupt RESET switching is generally observed
for the rupture process of conducting filament as a result of Joule heating [10].
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Figure 2. (a) Current—voltage (I-V) curves including SET, RESET, and negative-SET of Ag/ZrN/Si device
for bipolar resistive switching; (b) I-V curves of Ag/ZrN/Si device for unipolar resistive switching.

Next, the transient characteristics of Ag/ZrN/Si device is investigated by voltage pulse for the SET
and RESET processes. The current response is monitored when a continuous SET pulse of 4 V and a
READ pulse of 0.5 V are applied alternately. Prior to the occurrence of abrupt SET process, a series of
overshoot current peaks are observed. In the subsequent multiple pulses, LRS is maintained, while the
current suddenly drops for the RESET process. These transient characteristics represent unipolar
switching in which SET and RESET is completed in the same polarity. Figure 3b shows the abrupt
RESET process when the pulse amplitude of —1.4 V is applied to the device. The lower RESET current
is monitored compared to that of the unipolar RESET process. The pulse with larger voltage (-2 V)
causes permanent breakdown of the device through negative-SET behavior, which is not desirable for
synaptic device in neuromorphic system, as in Figure 3c.
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Figure 3. Resistive switching dynamics by pulses, including program/erase and read for Ag/ZrN/Si
device. (a) Abrupt reset process after abrupt set process by positive voltage pulses. (b) Abrupt reset

process by negative voltage pulses. (c) Negative-SET behavior after gradual reset process.



Micromachines 2020, 11, 905 50f 10

Next, we investigate the basic resistive switching characteristics of TiO; inserted bilayer device
(Ag/TiO,/ZrN/Si device) for comparison with the single-layer device (Ag/ZrN/Si device). The gradual
SET and RESET processes with sub-milliampere level are completed after the electroforming process
(Figure 4a). Fifty consecutive DC endurances were achieved in right inset of Figure 4a. It is noteworthy
that the variation of switching parameters, including HRS and LRS resistance values in Ag/TiO,/ZrN/Si
device, is improved compared to the Ag/ZrN/Si device. However, the HRS/LRS ratio is reduced,
which is drawback for neuromorphic application.

(a) 103 (b) No unipolar switching
] RESET 10°4 /___,.,.//
«—
104 —SET 1
—~ = 10
< 109 = <
% R;ad I\_/::I?age: 0.5V E -!
s S Pl L T .
E : -.._._..-u...f,r__:l“' £ 1074
@) g PR o 1
D ° C ad
g | e e i 10
s ° 1 1st sweep: Forming
3 0 10 20 30 40 50 1 2nd sweep
Voltage (V) Number of cycle (#) 1 0_1 1
-1 0 1 2 3 0 1 2 3 4
Voltage (V) Voltage (V)

Figure 4. I-V characteristics of Ag/TiO,/ZrN/Si device. (a) Bipolar resistive switching with gradual SET
and RESET processes, forming a curve in the left inset, and endurance cycle in right inset. (b) Failure in
the working of unipolar switching.

Conversely, unipolar resistive switching does not work in Ag/TiO,/ZrN/Si device (Figure 4b).
This could be attributed to the very low current for RESET by Joule heating. The gradual SET and RESET
switching are also observed through pulse transient, as in Figure 5a,b, respectively. Pulse amplitudes
of 4 and -5V are used for the SET and RESET process, respectively. Notably, the operating currents
are significantly reduced despite increased pulse voltage amplitudes for SET and RESET processes in
Ag/TiO,/ZrN/Si device. In the literature, for the phenomena in which the gradual characteristics are
improved according to the additional layer insertion [38,39], the operation polarity change [40] and
dielectric thickness control [41] of the device were reported.
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Figure 5. Pulse transients of Ag/TiO,/ZrN/Si device for (a) gradual SET and (b) gradual RESET.

Next, the retention test was conducted in order to compare the stability and reliability of Ag/ZrN/Si
and Ag/TiO,/ZrN/Si device, as in Figure 6a. The LRS and HRS current at 0.2 V of Ag/TiO,/ZrN/Si
devices is maintained without any significant change for 5000 s. On the other hand, LRS of Ag/ZrN/Si
device exhibits very unstable retention behaviors. HRS suddenly changes to LRS at once, suggesting
that the Ag clusters aggregate over time, to form a conducting filament. LRS turns to HRS, suggesting
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that the formed Ag filament is decomposed. The possible bipolar resistive switching mechanisms for
Ag/ZrN/Si and Ag/TiO,/ZrN/Si devices can be explained by using the filament model. Figure 6b—e
shows the Ag filament evolution of Ag/ZrN/Si for SET, RESET, and strong RESET. The initial state
(Figure 6b) turns into LRS (Figure 6¢) via the SET process. Ag ions move to the cathode (5i substrate)
by anodic dissolution, when a positive bias is applied to the Ag top electrode [12]. The Ag conducting
filament is formed via the electrochemical metallization effect, once Ag ions reach the Si substrate
through the electric field (Figure 6¢). RESET process occurs through the dissolution of Ag filament
when a negative bias is applied to the Ag top electrode (Figure 6d). Notably, the larger voltage can
result in negative-SET behavior in which the Ag clusters can merge, as a result of the large electric
field (Figure 6e). The uncontrolled overgrowth of Ag filament during the SET process could result in
numerous parasitic filament or clusters. The conducting filament evolution of the Ag/TiO,/ZrN/Si
device is shown in Figure 6f-i for initial state, LRS by SET, HRS by RESET, and HRS by strong RESET.
The smaller size of Ag filament could be formed, considering the lower LRS current in the bilayer
device, compared to the single-layer device. Thus, negative-SET behavior is not observed in the
case of the strong RESET process, which provides the large RESET voltage margin. The small size
of the Ag filament may be a result of the TiO, buffer layer. Similar results of TiO, buffer layer in an
Ag/Si0,:Ag/TiO,/Si device was reported [42]. TiN layer could also slow down Ag diffusion into the
dielectric and enhance the threshold switching properties [43].

-
o
4
.

(a)1°"
101
~.
2 1 0.51 vvvvv ’Q
N
<
-6
CIt) 1074
>
O
—e— Ag/ZrN/Si in LRS
—A— Ag/ZrN/Si in HRS
~ —8— Ag/TiO,/ZrN/Si in LRS
—v— Ag/TiO,/ZrN/Si in HRS

-

o
@

ul

0 1000 2000 3000 4000 5000

Time (s)
(b) Ag () Ag i (d) Ag = (e) Ag ==
SET (@) o o RESET (@) @ o i'E'ZE% Cg ?3
(@)
ZrN o o
(@) @) O @) O/ Negative-SET|
° o ° &
ZrN ZrN ZrN O
Si Si Si
() Ag + (h) Ag (0] Ag -
Tio, 'no, TiO, Strong TiO,
SET RESET %) RESET T %) f
ZrN E> o E> “ |:> o o
ZrN % ZrN %
Si Si

Figure 6. (a) Retention test for 5000 s for Ag/ZrN/Si and Ag/TiO,/ZrN/Si devices in the low-resistance
state (LRS) and high-resistance state (HRS); Ag filament overgrowth and negative-SET in Ag/ZrN/Si
device. (b) Initial state; (c) filament overgrowth in LRS after SET process; (d) HRS after the RESET process;
(e) Additional filament growth through larger RESET voltage; filament evolution for Ag/TiO,/ZrN/Si
device in the LRS and HRS; (f) initial state; (g) LRS with smaller size of filament after SET process;
(h) HRS after RESET process; (i) filament is maintained with higher voltage without negative-SET.
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Finally, the synaptic performances for Ag/ZrN/Si and Ag/TiO,/ZrN/Si devices are compared.
The conductance of resistive switching memory can be used for synaptic weight in cross-point array in
neuromorphic hardware. Therefore, the multiple conductance values of synaptic device are essential to
ensure good neuromorphic performance. The normalized conductance (conductance/peak conductance,
G/Gy) is obtained from measured conductance, at a read voltage of 0.5 V for potentiation and depression
of the Ag/ZrN/Si device (Figure 7a). Pulse amplitudes/widths of 4 V/1 ms and —1.5 V/1 ms are used for
potentiation and depression, respectively. The transient characteristics for potentiation and depression
of Ag/TiO,/ZrN/Si device are shown in Supplementary Materials Figure S1.
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Figure 7. Potentiation and depression of (a) Ag/ZrN/Si device and (b) Ag/TiO,/ZrN/Si device; (c) neural
network for the pattern recognition accuracy; (d) accuracy of Fashion Modified National Institute of
Standards and Technology (Fashion MNIST) when applying normalized conductance values, such as
synapse array, in a neural network for Ag/ZrN/Si and Ag/TiO,/ZrN/Si devices.

In potentiation, the uncontrollable conductance changes, such as rapidly increasing and decreasing
the conductance, are observed. In the case of depression, the conductance decreases rapidly at the initial
point and then gradually decreases. On the other hand, a trend of consistent increase and decrease
is observed for the potentiation and depression of Ag/TiO,/ZrN/Si devices (Figure 7b). The gradual
conductance update is well consistent with the I-V curves presented in Figure 4a. The pulse amplitude
and width of 4 V/1 ms and -5 V/1 ms are utilized for potentiation and depression, respectively. In order
to evaluate the feasibility of Ag/ZrN/Si and Ag/TiO,/ZrN/Si devices for neuromorphic system, a simple
neural network is used for pattern recognition (Figure 7c). The neural network consists of input neuron,
hidden layer (neuron), and output neuron. The artificial synapse array (resistive switching memory
array) are connected between neurons (layers) and the conductance value of resistive switching memory
can be represented by the weight of the synapse. For pattern-recognition simulation of the Fashion
Modified National Institute of Standards and Technology (MINIST) dataset, 784 x 512 x10 neurons
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are used, and the synapses between neurons are densely connected. The Fashion MINIST database
consists of 70,000 grayscale images with 10 categories, including coat, bag, and trouser for Fashion
images. Then, 28 x 28 grayscale and single channel images are used for input neurons. Input data are
normalized to obtain values from O to 1 and flattened to a one-dimensional array (784 x 1) for input
neurons. We must assume that all neurons are fully connected via resistive switching memory cells as
synapses and the normalized conductance values of Ag/ZrN/Si and Ag/TiO,/ZrN/Si devices are used
as the quantized weights and can be updated by training. The output values are calculated by using
vector-matrix multiplication simultaneously, to obtain the pattern-recognition accuracy. Figure 7d
shows the accuracy of the pattern recognition as a function of epoch for Ag/ZrN/Si and Ag/TiO,/ZrN/Si
devices. The bilayer device shows better pattern-recognition accuracy (~87.36%) compared to the
Ag/7ZrN/Si device. This result demonstrates that Ag/TiO,/ZrN/Si device with gradual conductance
update is suitable for synaptic device in neuromorphic computing.

4. Conclusions

In summary, the current study presents the improved stability and reliability of Ag/TiO,/ZrN/Si
device, as compared to Ag/ZrN/Si device. First, deposition of ZrIN/Si layers is well confirmed through
the XPS analysis. The unstable resistive switching, such as negative-SET behavior, is observed in the
DC sweep mode and pulse transient for the Ag/ZrN/Si device, due to the overgrowth of Ag conducting
filament as a result of current overshoot. On the other hand, gradual SET and RESET switching
with enhanced repeatability, variability, and retention are obtained in Ag/TiO,/ZrN/Si device by
suppressing the migration of excessive Ag. Moreover, in this way, suitable potentiation and depression
characteristics for the Ag/TiO,/ZrN/Si device are achieved in comparison with the Ag/ZrN/Si device
for synaptic device. Finally, a higher pattern-recognition accuracy for the Ag/TiO,/ZrN/Si device is
achieved by using neural network (784 x 512 x10) for the classification of Fashion MNIST.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/10/905/s1.
Figure S1: Transient characteristics for (a) potentiation and (b) depression of Ag/TiO,/ZrN/Si device.

Author Contributions: J.C. conducted the electrical measurements and wrote the manuscript. S.K. designed the
experiment concept and supervised the study. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported in part by the National Research Foundation of Korea (NRF), grant funded
by the Korean government (MSIP), under Grant 2018R1C1B5046454, and supported by the Dongguk University
Research Fund of 2020.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hickmott, TW. Low-frequency negative resistance in thin anodic oxide films. J. Appl. Phys. 1962, 33,
2669-2682. [CrossRef]

2. Chua, L.O. Memristor—The Missing Circuit Element. IEEE Trans. Circuit Theory 1971, 18, 507-519. [CrossRef]

3. Choi, J.; Van Le, Q.; Hong, K.; Moon, C.W.; Han, ].S.; Kwon, K.C.; Cha, PR.; Kwon, Y;; Kim, S.Y.; Jang, H.W.
Enhanced Endurance Organolead Halide Perovskite Resistive Switching Memories Operable under an
Extremely Low Bending Radius. ACS Appl. Mater. Interfaces 2017, 9, 30764-30771. [CrossRef] [PubMed]

4. Shi, KX, Xu, HY,; Wang, Z.Q.; Zhao, X.N.; Liu, W.Z.; Ma, ].G.; Liu, Y.C. Improved performance of Ta205-x
resistive switching memory by Gd-doping: Ultralow power operation, good data retention, and multilevel
storage. Appl. Phys. Lett. 2017, 111, 223505. [CrossRef]

5. Lee, D.K;Kim, M.-H,; Bang, S.H.; Kim, T.H.; Kim, S.; Cho, S.; Park, B.G. Multilevel Switching Characteristics
of Si3N4-Based Nano-Wedge Resistive Switching Memory and Array Simulation for In-Memory Computing
Application. Electronics 2020, 9, 1228. [CrossRef]

6. Strukov, D.B.; Snider, G.S.; Stewart, D.R.; Williams, R.S. The missing memristor found. Nature 2008, 453,
80-83. [CrossRef]


http://www.mdpi.com/2072-666X/11/10/905/s1
http://dx.doi.org/10.1063/1.1702530
http://dx.doi.org/10.1109/TCT.1971.1083337
http://dx.doi.org/10.1021/acsami.7b08197
http://www.ncbi.nlm.nih.gov/pubmed/28825292
http://dx.doi.org/10.1063/1.5002571
http://dx.doi.org/10.3390/electronics9081228
http://dx.doi.org/10.1038/nature06932

Micromachines 2020, 11, 905 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kim, S.; Jung, S.; Kim, M.H.; Cho, S.; Park, B.G. Resistive switching characteristics of Si3N4-based
resistive-switching random-access memory cell with tunnel barrier for high density integration and
low-power applications. Appl. Phys. Lett. 2015, 106, 212106. [CrossRef]

Hwang, B.; Lee, ].S. Lead-free, air-stable hybrid organic-inorganic perovskite resistive switching memory
with ultrafast switching and multilevel data storage. Nanoscale 2018, 10, 8578-8584. [CrossRef]

Sawa, A. Resistive switching in transition metal oxides. Mater. Today 2008, 11, 28-36. [CrossRef]

Russo, U.; Ielmini, D.; Cagli, C.; Lacaita, A.L. Self-accelerated thermal dissolution model for reset programming
in unipolar resistive-switching memory (RRAM) devices. IEEE Trans. Electron Devices 2009, 56, 193-200.
[CrossRef]

Wong, HS.P; Lee, HY,; Yu, S.; Chen, Y.S.; Wu, Y.; Chen, PS,; Lee, B.; Chen, ET.; Tsai, M.]. Metal-oxide RRAM.
IEEE 2012, 100, 1951-1970. [CrossRef]

Waser, R.; Dittmann, R.; Staikov, C.; Szot, K. Redox-based resistive switching memories nanoionic mechanisms,
prospects, and challenges. Adv. Mater. 2009, 21, 2632-2663. [CrossRef]

Schindler, C.; Staikov, G.; Waser, R. Electrode kinetics of Cu-5iO2-based resistive switching cells: Overcoming
the voltage-time dilemma of electrochemical metallization memories. Appl. Phys. Lett. 2009. [CrossRef]
Chang, T.; Jo, S.H.; Lu, W. Short-term memory to long-term memory transition in a nanoscale memristor.
ACS Nano 2011, 5, 7669-7676. [CrossRef] [PubMed]

Yang, J.J.; Strukov, D.B.; Stewart, D.R. Memristive devices for computing. Nat. Nanotechnol. 2013, 8, 13-24.
[CrossRef] [PubMed]

Kim, S.; Kim, H.; Hwang, S.; Kim, M.H.; Chang, Y.F,; Park, B.G. Analog Synaptic Behavior of a Silicon Nitride
Memristor. ACS Appl. Mater. Interfaces 2017, 9, 40420-40427. [CrossRef]

Wang, Z.; Joshi, S.; Savel’ev, S.E.; Jiang, H.; Midya, R.; Lin, P; Hu, M.; Ge, N.; Strachan, ].P;; Li, Z,; et al.
Memristors with diffusive dynamics as synaptic emulators for neuromorphic computing. Nat. Mater. 2017,
16, 101-108. [CrossRef]

Chen, L.; Li, Q.C.; Guo, HW.,; Gao, L.G; Xia, Y.D,; Yin, J.; Liu, Z.G. Monte Carlo simulation of the percolation
in AgsoGej5Ses3 amorphous electrolyte films. Appl. Phys. Lett. 2009, 95, 242106. [CrossRef]

Matveyev, Y.; Egorov, K.; Markeev, A.; Zenkevich, A. Resistive switching and synaptic properties of fully
atomic layer deposition grown TiN/HfO2/TiN devices. |. Appl. Phys. 2015, 117, 044901. [CrossRef]

Yu, J.; Xu, X.; Gong, T.; Luo, Q.; Dong, D.; Yuan, P,; Tai, L.; Yin, J.; Zhu, X,; Wu, X,; et al. Suppression
of filament overgrowth in conductive bridge random access memory by Ta205/TaOx Bi-layer structure.
Nanoscale Res. Lett. 2019, 14, 111. [CrossRef]

Gong, T.; Luo, Q.; Xu, X.; Yuan, P; Ma, H.; Chen, C; Liu, Q.; Long, S.; Lv, H.; Liu, M. Uniformity and
Retention Improvement of TaOx-Based Conductive Bridge Random Access Memory by CuSiN Interfacial
Layer Engineering. IEEE Electron Device Lett. 2017, 38, 1232-1235. [CrossRef]

Kim, S.; Park, B.G. Nonlinear and multilevel resistive switching memory in Ni/Si3N4/A1203/TiN structures.
Appl. Phys. Lett. 2016, 108, 212103. [CrossRef]

Kim, S.; Chang, Y.F; Kim, M.H.; Park, B.G. Improved resistive switching characteristics in Ni/SiNx/p++-Si
devices by tuning x. Appl. Phys. Lett. 2017, 111, 033509. [CrossRef]

Kim, S.; Jung, S.; Kim, M.H.; Chen, Y.C.; Chang, Y.F; Ryoo, K.C; Cho, S.; Lee, ].H.; Park, B.G. Scaling Effect
on Silicon Nitride Memristor with Highly Doped Si Substrate. Small 2018, 14, 1704062. [CrossRef] [PubMed]
Tikhov, S.V.; Mikhaylov, A.N.; Belov, A.L;; Korolev, D.S.; Antonov, LN.; Karzanov, V.V.; Gorshkov, O.N.;
Tetelbaum, D.I; Karakolis, P.; Dimitrakis, P. Role of highly doped Si substrate in bipolar resistive switching
of silicon nitride MIS-capacitors. Microelectron. Eng. 2018, 187-188, 134-138. [CrossRef]

Kumar, D.; Chand, U.; Siang, L.W.; Tseng, T.Y. ZrN-Based Flexible Resistive Switching Memory. IEEE Electron
Device Lett. 2020, 41, 705-708. [CrossRef]

Kim, H.D.; Yun, M.J.; Kim, K.H.; Kim, S. Oxygen-doped zirconium nitride based transparent resistive random
access memory devices fabricated by radio frequency sputtering method. J. Alloys Compd. 2016, 675, 183-186.
[CrossRef]

Kim, H.D.; An, HM.; Seo, Y.; Kim, T.G. Transparent resistive switching memory using ITO/AIN/ITO
capacitors. IEEE Electron Device Lett. 2011, 32, 1125-1127. [CrossRef]

Lin, C.C; Liou, H.Y.; Chu, S.Y.; Huang, C.Y,; Hong, C.S. Diverse resistive switching behaviors of AIN thin
films with different orientations. CrystEngComm 2018, 20, 6230-6235. [CrossRef]


http://dx.doi.org/10.1063/1.4921926
http://dx.doi.org/10.1039/C8NR00863A
http://dx.doi.org/10.1016/S1369-7021(08)70119-6
http://dx.doi.org/10.1109/TED.2008.2010584
http://dx.doi.org/10.1109/JPROC.2012.2190369
http://dx.doi.org/10.1002/adma.200900375
http://dx.doi.org/10.1063/1.3077310
http://dx.doi.org/10.1021/nn202983n
http://www.ncbi.nlm.nih.gov/pubmed/21861506
http://dx.doi.org/10.1038/nnano.2012.240
http://www.ncbi.nlm.nih.gov/pubmed/23269430
http://dx.doi.org/10.1021/acsami.7b11191
http://dx.doi.org/10.1038/nmat4756
http://dx.doi.org/10.1063/1.3275701
http://dx.doi.org/10.1063/1.4905792
http://dx.doi.org/10.1186/s11671-019-2942-x
http://dx.doi.org/10.1109/LED.2017.2734907
http://dx.doi.org/10.1063/1.4952719
http://dx.doi.org/10.1063/1.4985268
http://dx.doi.org/10.1002/smll.201704062
http://www.ncbi.nlm.nih.gov/pubmed/29665257
http://dx.doi.org/10.1016/j.mee.2017.11.002
http://dx.doi.org/10.1109/LED.2020.2981529
http://dx.doi.org/10.1016/j.jallcom.2016.03.122
http://dx.doi.org/10.1109/LED.2011.2158056
http://dx.doi.org/10.1039/C8CE00966J

Micromachines 2020, 11, 905 10 of 10

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jeon, Y.R.; Abbas, Y.; Sokolov, A.S.; Kim, S.; Ku, B.; Choi, C. Study of in situ silver migration in amorphous
boron nitride CBRAM device. ACS Appl. Mater. Interfaces 2019, 26, 23329-23336. [CrossRef]
Dhanasekaran, P.; Selvaganesh, S.V.; Bhat, S.D. Enhanced catalytic activity and stability of copper and
nitrogen doped titania nanorod supported Pt electrocatalyst for oxygen reduction reaction in polymer
electrolyte fuel cells. New J. Chem. 2017, 41, 13012-13026. [CrossRef]

Yan, L.; Chen, G.; Tan, S.; Zhou, M.; Zou, G.; Deng, S.; Smirnov, S.; Luo, H. Titanium Oxynitride Nanoparticles
Anchored on Carbon Nanotubes as Energy Storage Materials. ACS Appl. Mater. Interfaces 2015, 7, 24212-24217.
[CrossRef] [PubMed]

Shaik, M.R.; Alam, M.; Adil, S.F,; Kuniyil, M.; Al-Warthan, A.; Siddiqui, M.R.H.; Tahir, M.N.; Labis, J.P.;
Khan, M. Solvothermal preparation and electrochemical characterization of Cubic ZrO2 Nanoparticles/Highly
Reduced Graphene (HRG) based nanocomposites. Materials 2019, 12, 711. [CrossRef] [PubMed]

Iwata, H.; Ishii, H.; Kato, D.; Kawashima, S.; Kodama, K.; Furusawa, M.; Tanaka, M.; Sekiya, T. Deposition of
ZrON thin films by reactive magnetron sputtering using a hollow cylindrical target. J. Vac. Sci. Technol. A
2018, 36, 061509. [CrossRef]

Xu, J.; Xu, S.; Munroe, P; Xie, Z.H. A ZrN nanocrystalline coating for polymer electrolyte membrane fuel cell
metallic bipolar plates prepared by reactive sputter deposition. RSC Adv. 2015, 5, 67348-67356. [CrossRef]
Bahuleyan, B.K.; Toussaint, K.; Rinnert, H.; Vallon, R.; Molinari, M.; Chuburu, F; Cadiou, C.
Silicon wafer functionalization with a luminescent Tb(III) coordination complex: Synthesis, characterization,
and application to the optical detection of NO in the gas phase. Molecules 2019, 24, 1914. [CrossRef]

Park, W.Y,; Ju, W,; Ko, Y.S.; Kim, S.G.; Ha, T.J.; Lee, ].Y.; Park, Y.T.; Kim, KW.; Lee, J.C.; Lee, J.H.; et al.
Improvement of sensing margin and reset switching fail of RRAM. Solid. State. Electron. 2019, 156, 87-91.
[CrossRef]

Maikap, S.; Banergee, W. In Quest of Nonfilamentary Switching: A Synergistic Approach of Dual
Nanostructure Engineering to Improve the Variability and Reliability of Resistive Random-Access-Memory
Devices. Adv. Electron. Mater. 2020, 6, 2000209. [CrossRef]

Mahata, C.; Lee, C.; An, Y.; Kim, M.-H,; Bang, S.; Kim, C.S.;; Ryu, J.; Kim, S.; Kim, H.; Park, B.-G.
Resistive switching and synaptic behavior of an HfO2/Al,O3 stack on ITO for neuromorphic systems.
J. Alloys Comp. 2020, 826, 154434. [CrossRef]

Lee, J.; Ryu, J.-H.; Kim, B.; Hussain, F.; Mahata, C.; Sim, E.; Ismail, M.; Abbas, Y.; Abbas, H.; Lee, D.K,;
et al. Synaptic Characteristics of Amorphous Boron Nitride-Based Memristors on a Highly Doped Silicon
Substrate for Neuromorphic Engineering. ACS Appl. Mater. Interfaces 2020, 12, 33908-33916. [CrossRef]
Senapati, A.; Roy, S.; Lin, Y.F,; Dutta, M.; Maikap, S. Oxide-Electrolyte Thickness Dependence Diode-Like
Threshold Switching and High on/off Ratio Characteristics by Using Al,O3 Based CBRAM. Electronics 2020,
9, 1106. [CrossRef]

Li, D.; Ilyas, N.; Li, C; Jiang, X,; Jiang, Y.; Li, W. Synaptic learning and memory functions in S5iO,: Ag/TiO,
based memristor devices. J. Phys. D Appl. Phys. 2020, 53, 175102. [CrossRef]

Lu, Y.-F; Li, Y;; Li, H.; Wan, T.-Q.; Huang, X.; He, Y.-H.; Miao, X. Low-Power Artificial Neurons Based on
Ag/TiN/HfAlOx/Pt Threshold Switching Memristor for Neuromorphic Computing. IEEE Electron. Device Lett.
2020, 41, 1245-1248. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acsami.9b05384
http://dx.doi.org/10.1039/C7NJ03463F
http://dx.doi.org/10.1021/acsami.5b07630
http://www.ncbi.nlm.nih.gov/pubmed/26470651
http://dx.doi.org/10.3390/ma12050711
http://www.ncbi.nlm.nih.gov/pubmed/30823461
http://dx.doi.org/10.1116/1.5042439
http://dx.doi.org/10.1039/C5RA09733A
http://dx.doi.org/10.3390/molecules24101914
http://dx.doi.org/10.1016/j.sse.2019.02.010
http://dx.doi.org/10.1002/aelm.202000209
http://dx.doi.org/10.1016/j.jallcom.2020.154434
http://dx.doi.org/10.1021/acsami.0c07867
http://dx.doi.org/10.3390/electronics9071106
http://dx.doi.org/10.1088/1361-6463/ab70c9
http://dx.doi.org/10.1109/LED.2020.3006581
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

