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ABSTRACT Resistive random access memory (RRAM), a new non-volatile memory, enables hardware
accelerators based on in-memory computing with improved throughput and energy efficiency, enabling
machine learning on-the-fly inference at the edge. However, sneak-path currents in RRAM crossbar
arrays (CBAs) can cause crosstalk, limiting high-density applications. The best choice for suppressing
leakage current is self-rectifying RRAM (SRR). Interface-type RRAMs offer CMOS compatibility, better
controllability, higher reliability, and lower power consumption compared to filament-type counterparts.
However, while there is much research on the filament-type RRAMs, there is little research and no
measurement validation on the interface-type RRAMs. In this paper, a compact model of the interface-type
RRAM is developed for circuit and system exploration. The model includes Schottky barrier diode, effective
layer resistance, nano-battery effect, parasitic resistance, and capacitance. It also has a dynamic behavior
model, including device-to-device variation, retention, and endurance. Compared with measurements,
it reproduces high accuracy of 98.97% in DC and 98.05% in AC. The proposed model is applied to a
neuromorphic 64 x 64 SRR CBA with 32-bit fixed-point precision. A nano-battery bias scheme is also
proposed to zero the current of RRAMs having non-zero I-V crossing points, reducing the sneak-pass current
error to 0.02%. A vector matrix multiplication application demonstrates 3.44 TOPS/W with a 50:50 LRS
to HRS ratio, and a deep neural network on a VGG-8 architecture using the CIFAR-10 dataset observes an
accuracy degradation of 1.36%.

INDEX TERMS Compact model, crossbar array, interface-type RRAM, multiply and accumulate (MAC),
nano-battery effect, parasitic capacitance, parasitic resistance, resistive random access memory (RRAM),
self-rectifying RRAM (SRR), vector matrix multiplication (VMM).

I. INTRODUCTION knowledge modeling and representation, and intelligent data

ARTIFICIAL intelligence (AI) edge devices use parallel
computation and distributed systems to perform knowledge
and reasoning processes that emulate human behavior,
such as natural language processing, pattern recognition,
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retrieval [1]. Parallel processing technology enables the
processing of large-scale applications that are difficult to
process on a single processor system [2]. However, most
modern computing systems based on the von Neumann
architecture need to move large amounts of data back
and forth between processing and memory devices while
executing various computational tasks, incurring significant
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costs in latency and energy [3]. Therefore, even with parallel
processors, the von Neumann structure cannot completely
overcome the data movement problem [4].

Memory-centric chip technologies of near-memory-
computing (NMC) and in-memory-computing (IMC) have
emerged to alleviate the bandwidth bottleneck issues. The
NMC with advanced memory modules such as hybrid
memory cube (HMC), high bandwidth memory (HBM),
and three-dimensional (3D) monolithic integration places
compute units closer to monolithic memory to minimize
the expensive data movements, but there is still a physical
separation between memory and the computing units. The
IMC is an alternative approach to organizing compute
memory devices by performing specific computational tasks
on the memory itself, and it is implemented by utilizing
array-level memory devices and computing units together in a
monolithic fashion. The IMC has the potential to significantly
improve the computational time complexity associated with
certain computational tasks and mitigate the latency and
energy costs associated with data movements [5].

State-of-the-art deep neural network (DNN)-based
machine learning algorithms have demonstrated remark-
able effectiveness in a variety of artificial intelligence
applications, which requires the development of dedicated
accelerators to improve energy efficiency and latency when
running the DNN workloads on IMC systems. There are
three major types of IMC computation: bitwise Boolean
logic operations (AND, OR, XOR, etc.) using data stored
in a given memory cell array, pattern-matching computation
comparing the input data with the data stored in memory and
then returning the matching data address, and multiply and
accumulate (MAC) operation which are the primary calcula-
tions used in Al. Thus, the IMC requires high-speed, high-
density, low-power, and scalable memory devices, which
have been extensively studied in CMOS-based SRAMs [6].
While the SRAM is compatible with CMOS manufacturing
and suitable for arithmetic operations, its volatility after
power-off and density limitations due to its large cell area
has led to the exploration of new non-volatile memory
(NVM) technologies in in-memory computing, including
resistive RAM (RRAM) [7], magnetic RAM (MRAM) [8],
and phase change memory (PCM) [9], which can form
two-dimensional crossbar arrays. Among these non-volatile
memories, the RRAM is the most promising candidate for
IMC architectures for deep learning acceleration due to its
high-density integration, low read latency, and low power
consumption compared to other candidates.

A passive crossbar array (CBA) architecture for
high-density RRAM is shown in Fig. 1(a) where each
cell with a unit area of 4F> (where F represents the
technology feature size) [10] is located at the intersection of
a word-line from the top row electrodes and a bit-line from
the bottom column electrodes. In analog MAC computing,
the programming process is performed by updating the
conductivity of the RRAM cells in the crossbar array, and
the inference process is performed by reading the current
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FIGURE 1. (a) RRAM-based passive crossbar array and (b) sneak-path
current.

value of the cell conductivity value. A main challenge
faced by RRAM-based CBA is the sneak-path leakage,
an undesired current flowing through the RRAM cells parallel
to the selected one [11]. The sneak-path leakage in the
CBA is explained by describing a 3 x 3 CBA as shown
in Fig. 1(b). It assumes that the cell between word-line
WLO and bit-line BL2 is selected and the cell resistance
is labeled as Rs. Meanwhile, the sneak-path parallel to
the selected cells consists of three unselected cells, whose
resistances are represented by Rpj, Rpy, and Rp3. Hence,
the resistance measured between word-line WLO and bit-
line BL2 is the parallel resistance of the selected resistance
and the sneak-path resistance while reading the selected cell
Rs, which can potentially lead to an inaccurate RRAM cell
readout and resistance modulation. The larger the crossbar
array, the more sneak-path currents there are, making it
much harder to distinguish and program the stored values.
Extensive research is being conducted on this urgent and
important challenge to eliminate or suppress sneak-path
current problems in RRAM crossbar arrays.

The 1T1R cell structure shown in Fig. 2(a), where a series
transistor acts as a switch, is an effective solution to the
sneak-path current problem. The unselected transistors are
set to the OFF state to avoid crosstalk. However, the cell
area is 8F2, the voltage drop across the transistor makes
it less energy efficient during inference and set operations,
and the threshold voltage drop during reset operation slows
down programming time. A RRAM with a unit cell area
of 4F? and a stacked selector is shown in Fig. 2(b).
The selector has bidirectional high nonlinear resistors to
efficiently suppress sneak-path leakage by increasing the
resistance at low read and write voltages, as shown in
Fig. 2(d). However, it is difficult to operate each of the
two series elements independently since a single terminal
is used to read and program the RRAM cell through the
selector unless the selector is specifically adapted for the
RRAM cell or vice versa. Another approach to mitigate
sneak currents is to utilize a self-rectifying RRAM (SRR)
whose rectifying properties can inhibit current conduction
through reverse-biased RRAM cells along the sneak-path,
as shown in Fig. 2(c). A conventional structure for the SRR
is metal-insulator-metal (MIM). The large work function
difference between the top and bottom electrodes is essential
for the asymmetric effective barrier that appears at the
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FIGURE 2. CBA with (a) 1TIR, (b) 1S1R, and (c) SRR and (d) I-V
characteristics of 1S1R and SRR.

top and bottom electrodes to exhibit self-nonlinear -V
characteristics as shown in Fig. 2(d).

There are two types of switching mechanisms in RRAM:
filament-type RRAM and interface-type RRAM. While the
filament-type has large memory windows, fast switching
speeds, and good retention characteristics, it inevitably
has variability due to the stochastic nature of filament
dynamics [12], which degrades system performance. The
interfacial scheme exhibits much better device-to-device
and cycle-to-cycle uniformity than the filament type due to
the uniform variation through the oxide [13]. In addition,
the highly nonlinear current-voltage characteristics allow
the passive crossbar array to operate without transistors or
selector devices. However, the low oxygen vacancy mobility
inside the oxide switching layer and the high depolarization
field after charge redistribution pose significant challenges
to the operating speed and data retention of interfacial
RRAMs [14]. Interface-type SRR with a Na-doped TiO»
by using the highly dependable technique of atomic layer
deposition (ALD) [15] exhibits an electroforming free bipolar
self-rectifying resistive switching behavior and high mobility
regardless of the underlying oxygen vacancy concentration
and even under reverse-biased Schottky diode [16].

Quantitative circuit analysis is required to characterize the
SRR CBA performance. Many integrated circuit engineers
consider physics-based compact models the most accurate
and simple enough for their circuit simulations as they
can be used for the largest operating range. While there
are many studies on compact models of the filament-type
RRAMs [17], [18], [19], [20], there are few studies on
those of the interface-type RRAMs [21] and, to the best
of the author’s knowledge, no measurement validation. The
models implemented in Verilog-A are compatible with many
industrial circuit simulators such as Spectre, HSPICE, Eldo,
etc., making it a standardized behavioral language. Moreover,
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FIGURE 3. Pt/Na:TiO, structure and (b) measured I-V characteristics.
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FIGURE 4. Conceptual operation and energy band diagram of HRS and
LRS of Pt/Na:TiO, /Pt SRR.

interconnect modeling of the nanometer scale of RRAM CBA
becomes critical due to the dominant influence of parasitics in
determining the overall system performance. The remainder
of the article is organized as follows. Section II describes
the behavior of Pt/Na:TiO2/Pt devices with self-rectifying
I-V characteristics and the process of establishing the
high/low Resistance state (HRS/LRS), and a physics-based
model is proposed for the device. Section III presents the
simulation results of the proposed model at the cell level with
experimental validation. Section IV includes an assessment
of the models at the circuit and system levels. Concluding
remarks are in Section V.

Il. SELF-RECTIFYING RRAM (SRR)

A. SRR STRUCTURE AND OPERATION

In this work, Na-doped TiO, SRRs (Na:TiO;) with highly
mobile sodium cations as the main component for resistive
switching are measured and modeled. The structure of
the proposed SRR is controllably grown via atomic layer
deposition (ALD) by adopting TiO; as the matrix material.
During fabricating the bottom electrode (BE), Ti ions diffuse
from the adhesion layer below the BE and form an effective
layer near the BE electrode. The effective layer is therefore
represented by TiOx stoichiometry, which is deficient in
oxygen vacancies compared to TiO, on the TE side.
This asymmetric distribution of oxygen vacancies causes
the rectification behavior of the Pt/Na:TiO,/Pt structure.
Moreover, it can serve as an effective host for Na ion
transport, as shown in Fig. 3(a) [16]. Unlike conventional
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FIGURE 5. (a) Schematic diagram and (b) compact model of Pt/TiO, SRR.

RRAMs based on oxygen anions, the high mobility of
Na ions provides RRAM behavior independent of the
underlying oxygen vacancy concentration, even at low
currents of reverse-biased Schottky diode operation. As a
result, reversible switching is possible at negative-biased
SRRs with rectification characteristics of currents lesser than
those of positive-biased by more than 10 times, as shown
in the measured data in Fig. 3(b). Fig. 4 shows the height
of the Schottky barrier at the readout voltage for HRS and
LRS. Based on the effective layer resistance value near
the bottom electrode (BE) interface, a low resistance state
(LRS) and a high resistance state (HRS) can be distinguished.
In the case of HRS, the effective layer has a relatively
high resistance compared to LRS because the BE interfacial
voltage (¢pe,mrs) in HRS is much higher compared to
LRS (¢BE.Lrs). Instead, the top electrode (TE) interfacial
voltage (¢7E, Lrs) of the LRS is slightly smaller compared
to the HRS (¢7£ Hrs) since the oxide vacancy concentration
between the TE and effective layer interfaces varies less with
the resistance states. The SET operation from HRS to LRS
is achieved by applying a positive program voltage between
the anode and cathode to increase the concentration of Na+
cations in the effective layer, and the RESET operation from
LRS to HRS is achieved by applying a negative program
voltage to decrease the concentration of Na* cations in the
effective layer. For stable readout current, the readout voltage
is set to a voltage value sufficiently lower than the program
voltage.

B. PHYSICS-BASED SRR COMPACT MODEL
Fig. 5(a) shows a simplified two-terminal SRR structure
based on Pt/Na:TiO,/Pt. According to the program voltage,
the concentration of Na* ions in the active layer close to
the BE is redistributed to change the resistance of the active
layer and change the Schottky barrier at the Na:TiO,/Pt
interface. In the case of LRS, the concentration of Na* ions
in the active layer increases, resulting in low resistance and
lowering the Schottky barrier at the BE interface. In the case
of HRS, the concentration of Na* ions in the active layer is
reduced, resulting in a high-resistance state and increasing the
Schottky barrier of the interface.

An equivalent circuit model is proposed for the LRS/HRS
as shown in Fig. 5(b). Two Schottky barrier diodes (Dsc) at
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FIGURE 6. Schematic energy level diagrams showing thermionic-field
emission, and field emission for a Schottky barrier under the reverse-bias
voltage.

TE and BE are connected back-to-back, a forward-biased and
a reverse-biased. An effective layer variable resistance (R;)
and electromotive force (EMF) due to the nano-battery effect
(VeMmE) are connected in series between two Dgcs. Parasitic
resistance (Rp) and capacitance (Cp) are added in parallel
with the main current path. Rp represents the leakage current
between the two electrodes, such as direct tunnel, FN tunnel,
trap assisted hopping and so on. Cp represents the intrinsic
capacitance of the MIM structure of SRR cell. The voltage
across both terminals of the SRR can be expressed as the sum
of the voltages across the three elements in series, as shown
in equation (1)

v(TE, BE) = vpsc + VErr + VEur (D

where vpgc is summation between vpsc; at TE interface and
vpscz at BE interface and vggr is IR drop at effective layer.

1) SCHOTTKY BARRIER DIODE (Dsc, PT-TIO, CONTACT)
For a single Dgc, a forward-biased current is given as
equation (2) with a thermionic emission model when the
applied forward-bias voltage of vy > 3kT/q [22].

ir = ApA*T? exp (— qi?fo) exp (% — 1) )

where Agp represents the effective diode area, A" is the
effective Richardson constant for TiO, (6.71 x 10® A/m2K?),
q is the electron charge, ¢pfy is the effective Schottky
barrier height, k is the Boltzmann constant, T is the
absolute temperature, and n is the ideality factor defined as
equation (3).

q dv
n=—
kT d In (i)

3

Equation (1) shows rectifying behavior that varies expo-
nentially with the applied forward-bias voltage and has a very
small constant value for reverse-bias due to the fixed value
of ¢pro. However, the image force lowering effect caused
by Coulombic attraction due to the positive image charges
induced inside the Pt by the conduction band electrons in
the TiO, must be considered for reverse-bias condition. The
positive image charges reduce the effective Schottky barrier
height by Ag¢p from q¢p,o as shown in Fig. 6, and the
reverse current can be described by equation (4) when the
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applied reverse-bias voltage of |v,| > 3kT/q [22].

q (¢Br0 ]:TVV |Vr|)) @)

ir = —ApA*T? exp (—

where y is the barrier lowering factor.

For two Schottky diodes with different directions con-
nected in series, as shown in Fig. 5(b), one is forward-biased,
and the other is reverse-biased. It has ipsc = ir = —i, and
vpsc = Vy — V,. Here Vpgc is the voltage applied on the
two diodes, and ipgc is the current. When a positive bias is
applied to the TE, a forward-biased TE/TiO> contact and a
reverse-biased TiO/BE contact are created. The voltage drop
then comes mostly from the reverse-biased Schottky diode at
TiO,/BE. Therefore, the vpsc can be approximated as — V.,
and the ipsc can be approximated as the reverse-bias current
in Equation (4). When a negative bias is applied to the TE,
the situation is reversed: the TE/TiO, contact determines the
current flow.

2) EFFECTIVE LAYER RESISTANCE (Rggf)

In SRR devices, the resistance of the effective layer depends
on the density of the cations and anions. For HRS, the
effective layer holds a high-density of anions and a low
density of cations. For LRS, it has the opposite ion densities.
In forward-bias, Ra has a different resistance value depending
on the value of the state variable @ which is defined as a
value between 0 and 1 depending on the ion density of the
effective layer. For @ = 0, the resistance is in the HRS state
and corresponds to Rgrr = Rygrs. For w = 1, the resistance is
in the LRS state and corresponds to Rgrr = Ry rs. In reverse-
bias, the resistance is fixed at Rgrs. Therefore, the resistance
of Ra is defined by equation (5).

Rugs (RLRS )W va >0
Rerr = Rugs) =~ 7

Rurs

&)

VEFfr < 0

where Vgpr is the applied voltage across the effective layer.

LRS is programmed by applying a forward-bias voltage
to the RRAM that is greater than the positive reference
voltage, V1 L. Conversely, HRS is programmed with a value
less than -V y, the negative reference voltage. For bias
voltages between -Vryn and VtyL, the resistance state
remains unchanged. Thus, The dynamic behavior of the state
variable w is defined as equation (6) [23].

dw a(a=Vrar), va=Vrmr
Friml e (va+ Virg), va<—Vianm (6)
otherwise

where « is programming rates.

3) NANO-BATTERY EFFECT (V)

After the setup and reset process of SRR, ion accumulation
can be detected at the electrode-solid electrolyte interface,
which leads to a chemical potential gradient within the cell
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and the generation of electromotive force (emf), the nano-
battery effect [24]. The accumulation effect is particularly
pronounced in materials where the mobile ions are not ini-
tially present or cannot tolerate deviations in stoichiometry.
The nano-battery effect affects the RRAM for ON/OFF
steady-state and SET/RESET switching voltages; therefore,
this effect must be considered in the CBA design. The emf
voltage can be defined as equation (7) empirically.

kT Cion
V =Vo+—In— 7
EMF 0 PR @)
where Cjon is ion concentration, and Vg is defined as the
condition where In (Cijon/Co) = 0 on the Vgmp versus log-
scaled Cjo, curve.

4) VARIATION, ENDURANCE, AND RETENTION

Variations in resistive switching kinetics are an important
factor affecting the adaptation of RRAM devices to high-
density CBAs, so the compact models must predict the
potential impact of the variability. The Schottky barrier
inhomogeneities present at the TE and BE interfaces result
in variations in the I-V characteristics of the SRR based
on Schottky emission. The inhomogeneous Schottky barrier
model, given by Equation (8), uses a Gaussian approximation
of the Schottky barrier height distribution to account for the
potential variability at the interface [25].

2

app _ 7
o5 =95 2kT /q

®)

where ¢ is the apparent Schottky barrier height obtained
as a result of the convolution of the Gaussian distributed
Schottky barrier height with temperature in the thermionic
emission model, ¢ is the mean Schottky barrier height and
o is the standard deviation of the Gaussian distribution.

The stability including endurance and retention of the
RRAM is an obstacle for the application of CBAs with the
resistive switching devices. Interface-type RRAM devices
have good endurance performance but poor retention per-
formance. Retention time degradation of the interface-type
RRAM occurs naturally, and it has been found that read
voltage pulses can exacerbate the degradation process. The
resistance of interface-type RRAMs tends to increase over
time, which depends on the recombination process of oxygen
vacancies and ions [26]. Most of the vacancies are clustered
near the TiO,/BE interface due to their thermodynamic
stability [27], and the interface dominates this vacancy
recombination process by trapping oxygen or Na ions.
Therefore, the resistance stability and failure time depend on
the recombination rate of vacancies and ions. This process
follows a decay function of e=*/, and the Schottky barrier
variation with the applied voltage in time can be expressed
by equation (9).

ipsc (t) = ipsc (0) B exp (—At) 9)

where ipsc (0) is the initial current, A is the decay constant,
a parameter related to the average recombination time t of
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FIGURE 7. Consecutive I-V loops of the proposed Pt/Na:TiO, /Pt SRR
model (a) without and (b) with Cp effect under the applied voltage cycles
shown in the bottom left inset.

the vacancies with A = 1/, and 8 is a correction factor (0 <
B < 1) that reflects the strength of the recombination process.

Ill. MODEL VALIDATION WITH MEASUREMENTS

Fig. 7 shows the measured current-voltage (I-V) characteris-
tics of the 10 samples and the simulation results for the Na-
doped TiO, SRR at an external bias voltage that cyclically
switches between —2 V and +2 V. The applied bias voltage
has a sweeping sequence of 0 - +2 — 0 — -2 —
OV that is a cycle triangle wave over time, as shown in
the bottom left inset of Fig. 7(a). When a positive bias is
applied to the top electrode, that is, a reverse-bias to the
bottom interface, Na cations migrate to the bottom interface.
Therefore, the electron injection from the bottom electrode
into the Na-doped TiO; layer increases due to the increased
concentration of Na ions at the bottom interface, which is the
SET operation. When a negative voltage is applied after the
positive voltage sweep, the electron injection from the top
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electrode is suppressed due to the decreased concentration
of Na at the top interface, resulting in HRS at the negative
bias, which is the RESET behavior. Therefore, it exhibits
a resistive switching characteristic within £2 V, and the
switching occurs in the order of HRS — LRS — HRS. The
progressive switching characteristic occurs without a forming
process, unlike filamentary switching. For the 10 different
SRR samples, an I-V characteristic is observed that is not a
zero crossing. Non-equilibrium states are inherently induced
during SRR device operation due to non-uniform cation
distribution, and these non-equilibrium states can be modeled
as a nano-battery (Vgmr) of 600 mV.

Fig. 7(a) also shows simulation results using the model
described in Section II-B without parasitic capacitance to
neglect the parasitic capacitance (Cp) effect (inset in the
upper left corner of Fig. 7(a)). The proposed model is mainly
coded in Verilog-A, a behavioral language standardized in
the semiconductor industry because it can be run on various
industrial circuit simulators (Spectre, HSPICE, Eldo, etc.)
due to its ease of use and flexibility. The simulation results
show well-matched behaviors with the experimental data for
the SET/RESET operations and readout current at a readout
voltage (VR) of 1V. For the LRS and HRS conditions, the DC
error between the measured and modeled readings is -1.04%
and 1.03%, respectively, and the AC error is 0.195% and
1.38%, respectively. However, the simulation results show
that the I-V zero crossings of LRS and HRS are the same at
600 mV without parasitic capacitance (Cp), which is different
from the measurement of two different zero crossings at
600 mV for LRS and -900 mV for HRS.

Fig. 7(b) shows the simulation results using a model that
includes the parasitic capacitance effect (inset in the upper
left corner of Fig. 7(b)). During the sweep from 0 — 42V in
the HRS state, the current through the capacitor flows in the
direction of increasing the overall current. During the sweep
from +2 — —2V in the LRS state after a SET operation
at 2 'V, the current flowing through the capacitor flows in
the direction of decreasing the overall current. This means
that the zero crossing of the HRS is formed at a voltage
lower than the Vgymr and the zero crossing of the LRS is
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formed at a voltage higher than the Vgmp. Therefore, the
model with the parasitic capacitor has two different I-V zero
crossings as measured. However, since the amount of current
flowing through the capacitor is insignificant compared to the
amount of current in the LRS state and is compatible with
the amount of current in the HRS state, the zero-crossing of
the LRS varies little with VgmE, but the zero-crossing of the
HRS varies significantly so that only the zero-crossing of the
HRS appears to deviate significantly from Vgyg. Therefore,
the proposed model matches well with the measurements
in the SET/RESET operations, the readout currents, and the
low-current region where zero crossings occur.

A simulation of electrical pulses applied to successive SET,
RESET, and read operations using the proposed model is
shown in Fig. 8. The pulse widths were fixed to 20 nsec. The
simulation shows that the SRR changes from the HRS state to
the LRS state after a +2 V program pulse, and from the LRS
state to the HRS state after a —2 V program pulse. The state
changes occur in less than 0.5 nsec. After the SET/RESET
operation, a steady LRS/HRS current value is delivered at a
continuous 41 V readout voltage. The current values for LRS
and HRS are 180 nA and 314 pA, respectively. Based on these
results, the fabricated pt/Na:TiO,/Pt structures are operated
with programmable pulses commonly used in conventional
electronics, demonstrating excellent applicability.

Device-to-device variations which is attributed to the
nonuniformity of the patterned electrodes have created
significant challenges for circuit design for SRR CBA
integration. After applying the SET and RESET voltages
to form the LRS and HRS, the experimental read-out
currents of the 10 different samples are obtained. The current
distributions are illustrated in Fig. 9 for LRS and HRS, and
the average value and the percentage change from the average
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FIGURE 10. Measurements and simulation results for retention time of
Pt/Na:TiO, /Pt SRR.

value are calculated. The LRS distribution has a standard
deviation of 9.06 % and the HRS has a standard deviation
of 1.92 %. In Verilog-A, the Gaussian distribution of the
apparent Schottky barrier height of ¢7 " is generated using
the $rdist_normal(seed, i, o) command, where the seed is
an integer used to initialize the random number generation
process, w is set to 0, and o is set to the corresponding values
of the measured LRS and HRS current distributions. After
performing simulations with 100 different devices with the
proposed model, the standard deviations of the simulation
results for LRS and HRS are found to be 9.50 % and
2.08 %, respectively. The histogram of the simulation results
is normalized to 10 samples to match the measured data.

Fig. 10 shows the retention properties of the Pt/Na:TiO,/Pt
device with a repeated reading procedure for 10* sec at +1 V
of the read voltage after +2 V for the SET or —2 V for
the RESET operations as shown in the bottom left inset of
Fig. 10. High temperature of 125°C accelerate the movement
of ions and aggravate the degradation and instability. The
LRS and HRS tend to drift toward the higher resistance after
SET/RESET operations. This suggests that both the HRS and
LRS decay spontaneously, and the HRS variation is more
pronounced than the LRS variation. The current degradation
rate of the HRS and LRS can be calculated by the slope
of linear fitting in log(I)-log(time) scale respectively. The
equation (9) is used to fit the current decay process, and the
excellent agreement between simulation and measurement
results confirms the retention validity of the proposed
compact model.

Fig. 11 shows a 1000-cycle endurance test with SET
and RESET voltages of +2 V and —2 V and a readout
voltage of 41V, respectively. The measurement voltage pulse
sequence is shown in the inset of Fig. 11. The device shows
excellent endurance performance, and the proposed compact
model provides the same current for the first readout current
immediately after SET and RESET operations.

IV. CBA APPLICATIONS WITH SRR
A distinctive feature of RRAM is that its conductivity
depends on past electrical signals, allowing it to operate
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FIGURE 11. 1000 cycles of continuous switching in an Pt/Na:TiO, /Pt SRR
for endurance measurement and simulation analysis.

as a non-volatile memory. In addition, unlike the binary
states of “0” and ““1” in traditional digital storage systems,
memristors can store multiple bits of information using
continuously adjustable conductivity, enabling higher bit
densities. Due to their non-volatility, fast programming, low
programming energy, and small footprint, memristors are
emerging as a promising solution for the next generation
of embedded memory that can combine the advantages
of SRAM and floating gate transistors. The simple two-
terminal metal-insulator-metal (MIM) structure of RRAMs
allows them to be integrated into high-density crossbar
arrays. In the readout operations, the sneak-path mentioned
in the introduction leads to additional energy consumption in
unselected cells, which degrades the read margin and limits
the array size. It is important to note that the average current
issue, which is prominent in sequential read and write isolated
memristors in crossbar arrays, has less of an impact on both
machine learning and neuromorphic computing.

To mitigate the sneak-path problem, a bias scheme has
been proposed for the write/read process by applying a
fractional voltage to unselected cells. The floating bias
scheme keeps all unselected words and bit-lines floating,
as shown in Fig. 12(a). CBAs with the floating method can
exhibit good energy efficiency with very high-density, but the
sneak currents flow if the unselected three cells in series are
not adequately suppressed. In the 1/2V bias scheme, the full
voltage of V and 0 V are applied to the selected word-lines
and the selected bit-lines, respectively, and 1/2V is applied to
unselected word-lines and bit-lines, as shown in Fig. 12(b).
This results in a V bias for selected cells, 1/2V for half-
selected cells, and a OV bias for unselected cells. The 1/3V
bias scheme shown in Fig. 12(c) applies full voltage of V
and 0 V to the selected word-line and the selected bit-line,
respectively, the same as the 1/2V situation. 1/3V is applied to
the unselected word-line and 2/3V is applied to the unselected
bit-line. This puts the selected memory cells in a V bias, the
semi-selected memory cells in a 1/3V bias, and the unselected
memory cells in a 1/3 or —1/3V bias. A nano-battery bias
scheme that utilizes the nano-battery effect is proposed. For
SRR with Pt/Na:TiO,/Pt structure, it has zero current at VEmp
bias rather than at OV bias. A full voltage of V and 0 V is
applied to the selected word-lines and selected bit-lines as

5088

o7,
&
o

=
»
e

0
"=
ol

o
®

o2
S

2
G
-

%

AANANA,.

V. Y. V.V.V.N

°

8
Word-Lines
o=
-

S
o
‘Word-Lines

o

AANANA,
= 2| A 2 7

o= S
-

.a

NL—
-

AL
AWV
AL 4

5
g

]
O~
=
w

////5‘:

<
2

<
™

%///;I;

ANANANA,.
= 2 21 21
7AW W4

e
<
)

i
=
5
o

Word-Lines
-
z
[+
Word-Lines

A48,
.y,

o
=
"
o

= Read current Bit-Lin
----- Sneak current c)

WL[0]
wL1]

FIGURE 12. Conventioanl bias schems (a) with floating bias, (b) with 1/2v
bias, and (c) with 1/3V bias. (d) Proposed nano-battery bias scheme and
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in the 1/2 V and 1/3 V bias schemes. The bit-lines of the
unselected cells are floated and the word-lines are biased
at VEmF, as shown in Fig. 12(d).

The read current is measured with a 64 x 64 SRR CBA.
The current error is calculated as Igrr = IiT / IcgLL based
on the four bias methods mentioned earlier. Igyt is the current
flowing on one bit-line in a 64 x 64 CBA when applying
the full voltage of V and 0 V to one cell and the other
biases determined by each bias scheme to the remaining cells,
while Icgy 1 is the current obtained by applying the maximum
voltage V and OV to only one cell without considering the
64 x 64 SRR cell arrangement. Igrr is the sum of Icgrp
and Isnk, where Ignk is the sneak-path current in the CBA.
The current error of the floating bias method is 176.8 %
since the sneak current cannot be suppressed even with the
SRR cells when the three unselected cells are connected in
series. The conventional 1/2V and 1/3V bias schemes apply
partial bias voltages in series to the three unselected cells to
reduce the current error to 0.45 % and 0.70 %, respectively.
The 1/2V bias scheme has less error than the 1/3V bias
scheme since the current at 0.33 V using the 1/3V scheme
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is higher than the current at 0.5 V using the 1/2V scheme,
as shown in Fig. 13. The proposed Vgmr bias scheme can
reduce the current error to 0.02 % because it provides zero
current to unselected cells. It can also reduce the complexity
of the readout circuit because it only requires a word-line bias
circuit compared to the 1/2V and 1/3V bias schemes that use
both word-line bias and bit-line bias, as shown in Fig. 12(e).

The non-volatile property of RRAM naturally lends itself
to consolidating computations into memory and converting
them into weighted sums. The MAC capabilities of memory
arrays can greatly improve the computational efficiency of
in-memory computing. The MAC, also known as vector
matrix multiplication (VMM), is an important and expensive
operation often used in neural network structures. The VMM
performs the multiplication and accumulation process of
computing the product of two numbers and adding that
product to an accumulator. Many basic operations, such
as dot multiplication, matrix multiplication, digital filter
operations, and even polynomial evaluation operations, can
be decomposed into VMM operations, as expressed in
equation (10) [28].

Gt G ... G Vi
Gy G - Gu| | V2 "
) ) i S| = Z Gij-Vi=1
: o

Gnl Gn2 e Gnn Vn
(10)

VOLUME 12, 2024

The total current on the i-th bit-line, I;, is the sum of the
currents through each RRAM cell in this column according
to Kirchhoff’s current law, where the current through each
RRAM cell is the j-th word-line input voltage, Vj, and the
conductance of the RRAM cell at the i-th and j-th indices, G;,
according to Ohm’s law. The ability to perform parallel VMM
operations using RRAM thus enables general acceleration of
all matrix operations, which naturally translates to the analog
domain for low-power, high-speed operations. The scalability
and flexibility of the array architecture also makes it very easy
to reprogram, providing excellent hardware acceleration for
a wide variety of VMM-based applications.

The proposed Pt/Na:TiO2/Pt SRR model is used to
simulate the power consumption and energy efficiency of a
64 x 64 CBA in 180 nm CMOS technology for inference
operation. In addition to the unit cell model, the parasitic
resistance and capacitance of the CBA interconnects that
affect the voltage drop, time delay, and power consumption
are also included. Every cell in a 64 x 64 CBA performs a
VMM operation with a 100 nsec period, and the cell read
voltage is +1V. With an LRS to HRS ratio of 30:70, the power
consumption of the CBA is 3.4uW. As the LRS to HRS
ratio increases, the power consumption increases linearly to
8.02uW for an LRS to HRS ratio of 70:30. TOPS/W (tera
operations per second per watt) is used as a metric to estimate
computational energy efficiency, where 1 OPS is defined as
one analog multiplication or addition operation per second.
The energy efficiency is estimated with 32-bit fixed-point
precision. The energy efficiency of the CBA is 5.88 TOPS/W
with an LRS to HRS ratio of 30:70, which decreases to
2.49 TOPS/W with a 70:30 ratio.

A deep neural network (DNN) is a type of machine learning
algorithm, similar to an artificial neural network, that aims to
mimic the brain’s information processing. DNNs have one
or more hidden layers between the input and output layers,
as shown in Fig. 15(a). Each layer contains a given number of
neurons that apply a specific functional transformation to the
input. VMMs are the most common operation implemented in
hardware for DNNs. However, DNNSs are quite deep in layers
and require an enormous amount of VMM operations, which
require a large number of weights and a large input dataset.

The open-source simulator MNSIM [29] is used to evaluate
the combined impact of all SRR non-idealities on DNN
inference accuracy for the CIFAR-10 dataset. Simulations
are performed using built-in DNN models including LeNet,
AlexNet, VGGS8, VGGI16, and ResNetl8. The accuracy is
compared by applying the idealized RRAM model from the
MNSIM package and the proposed SRR compact model to
each DNN model. The accuracy depends on the number
of convolution layers of the networks and the number
of channels of each layer. Figure 12 shows the top-5
accuracy of each DNN model. VGG-16 and VGG-8§ achieve
higher accuracy than LeNet, AlexNet, and Resnet-18. The
degradations of VGG-8 and VGG-16 are 1.36% and 4.46%
respectively, which is much lesser than those of LeNet,
AlexNet, and Resnet-18 since there is more redundancy in
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FIGURE 15. (a) Structure of the VGG-8 convolutional neural network for
CIFAR-10 32 x 32 color image classification and (b) accuracy comparison
with different neural network architectures.

VGG-8 and VGG-16. The Resnet-18 network has the worst
accuracy degradation of 17.54% as it typically uses a much
smaller number of fully connected layers than the other
networks.

V. CONCLUSION

In this paper, a physics-based compact model for
self-rectifying RRAM devices with bipolar switching char-
acteristics is presented, and it is validated with the measured
data from Pt/Na:TiO,/Pt devices. The model simplifies the
RRAM switching mechanism by using essential equations.
The model considers the concentration of Na+ cations in
the effective layer near the bottom electrode and the effect
of Schottky barrier lowering under forward and reverse-bias.
The developed compact cell model consists of Schottky bar-
rier diodes, effective layer resistance, nano-battery effect, and
parasitic resistance and capacitance. The I-V characteristics
in HRS and LRS of with self-rectifying resistive switching
behavior can be reproduced with high accuracy of 98.97%
on DC and 98.05% on AC by the proposed model. Moreover,
the proposed model also reproduces the behavior of different
non-zero I-V crossings in HRS and LRS when the bias volt-
age is applied in a triangular waveform alternating between
positive and negative with time. It also includes physics-
based models of device-to-device variability, retention, and
endurance, and is validated with measurement data.

The proposed model is applied to a neuromorphic
64 x 64 SRR CBA to simulate the sneak current. The
proposed bias scheme utilizing the nano-battery voltage
rather than the conventional 1/2V or 1/3V reduces the sneak

5090

current error to 0.02% in the interface-type SRR SRR array.
Moreover, the SRR CBA also achieves 3.44 TOPS/W at a
50:50 LRS to HRS ratio in 32-bit fixed-point precision VMM
operations. The computation of the DNN is significantly
expedited by the resistive CBA since the RRAM devices can
save weight factor, and the CBA provides multiplication and
accumulation in one cycle in analog domain as explained
in Section IV. From the proposed model, we can extract
the degree of non-ideality of SRR cells as a function of the
size of the crossbar array and use it to estimate the accuracy
degradation of DNNs using SRR CBA. Several DNN bench-
marks using MNSIM for CIFAR-10 datasets are observed
that the accuracy degradation can be significant, ranging from
1.36 % to 17.54 %. The excellent agreement between model
predictions and measured data shows promising prospects
for future implementation of this compact model in circuit
simulations and optimizing the design of SRR CBAs.

ACKNOWLEDGMENT
(Jin-Wook Kim and Jun-Seok Beom are co-first author.)

REFERENCES

[1] P. H. Winston, Artificial Intelligence. Reading, MA, USA:
Addison-Wesley, 1992.

[2] C. Zhang and Y. Lu, “Study on artificial intelligence: The state of
the art and future prospects,” J. Ind. Inf. Integr., vol. 23, Sep. 2021,
Art. no. 100224, doi: 10.1016/}.jii.2021.100224.

[3] O. Mutlu, S. Ghose, J. Gémez-Luna, and R. Ausavarungnirun, ‘Pro-
cessing data where it makes sense: Enabling in-memory computa-
tion,” Microprocessors Microsyst., vol. 67, pp. 28—41, Jun. 2019, doi:
10.1016/j.micpro.2019.01.009.

[4] M. Horowitz, 1.1 computing’s energy problem (and what we can do about

it),” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,

Feb. 2014, pp. 10-14, doi: 10.1109/ISSCC.2014.6757323.

A. Sebastian, M. Le Gallo, R. Khaddam-Aljameh, and E. Eleftheriou,

“Memory devices and applications for in-memory computing,” Nature

Nanotechnol., vol. 15, no. 7, pp. 529-544, Jul. 2020, doi: 10.1038/s41565-

020-0655-z.

[6] A. Biswas and A. P. Chandrakasan, “Conv-RAM: An energy-efficient
SRAM with embedded convolution computation for low-power CNN-
based machine learning applications,” in IEEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, Feb. 2018, Art. no. 488490, doi:
10.1109/ISSCC.2018.8310397.

[7] H.-S. P. Wong, H.-Y. Lee, S. Yu, Y.-S. Chen, Y. Wu, P.-S. Chen, B. Lee,

F. T. Chen, and M.-J. Tsai, “Metal-oxide RRAM,” Proc. IEEE, vol. 100,

no. 6, pp. 1951-1970, Jun. 2012, doi: 10.1109/JPROC.2012.2190369.

X. Fong, Y. Kim, K. Yogendra, D. Fan, A. Sengupta, A. Raghunathan, and

K. Roy, “Spin-transfer torque devices for logic and memory: Prospects and

perspectives,” IEEE Trans. Comput.-Aided Design Integr. Circuits Syst.,

vol. 35, no. 1, pp. 1-22, Jan. 2016, doi: 10.1109/TCAD.2015.2481793.

[9] H.-S. P. Wong, S. Raoux, S. Kim, J. Liang, J. P. Reifenberg,

B. Rajendran, M. Asheghi, and K. E. Goodson, ‘“Phase change mem-
ory,” Proc. IEEE, vol. 98, no. 12, pp.2201-2227, Dec. 2010, doi:
10.1109/JPROC.2010.2070050.

[10] B. Chen, X. Wang, B. Gao, Z. Fang, J. Kang, L. Liu, X. Liu,
G.-Q. Lo, and D.-L. Kwong, “Highly compact (4F?) and well behaved
nano-pillar transistor controlled resistive switching cell for neuromorphic
system application,” Sci. Rep., vol. 4, no. 1, pp. 1-10, Oct. 2014, doi:
10.1038/srep06863.

[11] V. von Kaenel, D. Aebischer, C. Piguet, and E. Dijkstra, “A 320 MHz,
1.5 mW@1.35 V. CMOS PLL for microprocessor clock generation,” IEEE
J. Solid-State Circuits, vol. 31, no. 11, pp. 1715-1722, Nov. 1996, doi:
10.1109/JSSC.1996.542316.

[12] H. Yeon, P. Lin, C. Choi, S. H. Tan, Y. Park, D. Lee, J. Lee, F. Xu, B. Gao,
H. Wu, H. Qian, Y. Nie, S. Kim, and J. Kim, “Alloying conducting channels
for reliable neuromorphic computing,” Nature Nanotechnol., vol. 15,no.7,
pp. 574-579, Jul. 2020, doi: 10.1038/s41565-020-0694-5.

[5

—

[8

—

VOLUME 12, 2024


http://dx.doi.org/10.1016/j.jii.2021.100224
http://dx.doi.org/10.1016/j.micpro.2019.01.009
http://dx.doi.org/10.1109/ISSCC.2014.6757323
http://dx.doi.org/10.1038/s41565-020-0655-z
http://dx.doi.org/10.1038/s41565-020-0655-z
http://dx.doi.org/10.1109/ISSCC.2018.8310397
http://dx.doi.org/10.1109/JPROC.2012.2190369
http://dx.doi.org/10.1109/TCAD.2015.2481793
http://dx.doi.org/10.1109/JPROC.2010.2070050
http://dx.doi.org/10.1038/srep06863
http://dx.doi.org/10.1109/JSSC.1996.542316
http://dx.doi.org/10.1038/s41565-020-0694-5

J-W.

Kim et al.: Compact Model for Interface-Type Self-Rectifying Resistive Memory

IEEE Access

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

S.-O. Park, H. Jeong, J. Park, J. Bae, and S. Choi, “Experimental
demonstration of highly reliable dynamic memristor for artificial neuron
and neuromorphic computing,” Nature Commun., vol. 13, no. 1, p. 113,
Jun. 2022, doi: 10.1038/s41467-022-30539-6.

B. Gao, H. Wu, J. Kang, H. Yu, and H. Qian, “Oxide-based ana-
log synapse: Physical modeling, experimental characterization, and
optimization,” in [EDM Tech. Dig., Dec. 2016, pp. 7.3.1-7.3.4, doi:
10.1109/IEDM.2016.7838367.

M. Leskel and M. Ritala, “Atomic layer deposition (ALD): From
precursors to thin filmstructures,” Thin Solid Films, vol. 409, p. 138,
Apr. 2002, doi: 10.1016/S0040-6090(02)00117-7.

S. Kim, J. Lee, L. Ling, S. E. Liu, H. Lim, V. K. Sangwan, M. C. Hersam,
and H. Lee, “Sodium-doped Titania self-rectifying memristors for crossbar
array neuromorphic architectures,” Adv. Mater., vol. 34, no. 6, pp. 1-11,
Feb. 2022, doi: 10.1002/adma.202106913.

Y. Liao, B. Gao, F. Xu, P. Yao, J. Chen, W. Zhang, J. Tang, H. Wu,
and H. Qian, “A compact model of analog RRAM with device
and array nonideal effects for neuromorphic systems,” IEEE Trans.
Electron Devices, vol. 67, no. 4, pp.1593-1599, Apr. 2020, doi:
10.1109/TED.2020.2975314.

P. Huang, X. Y. Liu, B. Chen, H. T. Li, Y. J. Wang, Y. X. Deng, K. L. Wei,
L. Zeng, B. Gao, G. Du, X. Zhang, and J. F. Kang, “A physics-based
compact model of metal-oxide-based RRAM DC and AC operations,”
IEEE Trans. Electron Devices, vol. 60, no. 12, pp. 4090-4097, Dec. 2013,
doi: 10.1109/TED.2013.2287755.

Y. Zhao, P. Huang, Z. Zhou, C. Liu, S. Qin, L. Liu, X. Liu, H.-S. P. Wong,
and J. Kang, “A physics-based compact model for CBRAM retention
behaviors based on atom transport dynamics and percolation theory,”
IEEE Electron Device Lett., vol. 40, no. 4, pp. 647-650, Apr. 2019, doi:
10.1109/LED.2019.2901754.

W. Wang, A. Bricalli, M. Laudato, E. Ambrosi, E. Covi, and
D. Ielmini, “Physics-based modeling of volatile resistive switching mem-
ory (RRAM) for crosspoint selector and neuromorphic computing,” in
IEDM Tech. Dig., Dec. 2018, pp. 40.3.1-40.3.4, doi: 10.1109/IEDM.2018.
8614556.

T. F. Tiotto, A. S. Goossens, A. E. Dima, C. Yakopcic, T. Banerjee,
J. P. Borst, and N. A. Taatgen, “A compact model of interface-type mem-
ristors linking physical and device properties,” 2022, arXiv:2210.01455.
S. M. Sze, Physics of Semiconductor Devices. New York, NY, USA: Wiley,
1969.

E. Lehtonen, J. Tissari, J. Poikonen, M. Laiho, and L. Koskinen,
“A cellular computing architecture for parallel memristive stateful logic,”
Microelectron. J., vol. 45, no. 11, pp. 1438-1449, Nov. 2014, doi:
10.1016/j.mejo.2014.09.005.

1. Valov, E. Linn, S. Tappertzhofen, S. Schmelzer, J. van den Hurk, F. Lentz,
and R. Waser, “Nanobatteries in redox-based resistive switches require
extension of memristor theory,” Nature Commun., vol. 4, no. 1, p. 1771,
Apr. 2013, doi: 10.1038/ncomms2784.

Y.-D. Lin, P-S. Chen, H.-Y. Lee, Y.-S. Chen, S. Z. Rahaman, K.-H. Tsai,
C.-H. Hsu, W.-S. Chen, P.-H. Wang, Y.-C. King, and C. J. Lin, “‘Retention
model of TaO/HfO, and TaO/AlO;, RRAM with self-rectifying switch
characteristics,” Nanosc. Res. Lett., vol. 12, no. 1, pp. 1-9, Jun. 2017, doi:
10.1186/s11671-017-2179-5.

B. Traoré, P. Blaise, E. Vianello, H. Grampeix, S. Jeannot, L. Perniola,
B. De Salvo, and Y. Nishi, “On the origin of low-resistance state retention
failure in HfO,-based RRAM and impact of doping/alloying,” IEEE
Trans. Electron Devices, vol. 62, no. 12, pp. 4029-4036, Dec. 2015, doi:
10.1109/TED.2015.2490545.

X. Zhong, 1. Rungger, P. Zapol, H. Nakamura, Y. Asai, and
O. Heinonen, “The effect of a Ta oxygen scavenger layer on
HfO;-based resistive switching behavior: Thermodynamic stability,
electronic structure, and low-bias transport,” Phys. Chem. Chem.
Phys., vol. 18, no. 10, pp.7502-7510, 2016, doi: 10.1039/
c6cp00450d.

A. Shafiee, A. Nag, N. Muralimanohar, R. Balasubramonian, J. P. Strachan,
M. Hu, R. S. Williams, and V. Srikumar, “ISAAC: A convolutional neural
network accelerator with in-situ analog arithmetic in crossbars,” ACM
SIGARCH Comput. Archit. News, vol. 44, no. 3, pp. 14-26, Oct. 2016, doi:
10.1145/3007787.3001139.

L. Xia, B. Li, T. Tang, P. Gu, P.-Y. Chen, S. Yu, Y. Cao, Y. Wang,
Y. Xie, and H. Yang, “MNSIM: Simulation platform for memristor-based
neuromorphic computing system,” IEEE Trans. Comput.-Aided Design
Integr. Circuits Syst., vol. 37, no. 5, pp. 1009-1022, May 2018, doi:
10.1109/TCAD.2017.2729466.

VOLUME 12, 2024

2

1

Py

k>

JIN-WOO KIM is currently pursuing the degree
with Chungbuk National University, South Korea.
He is majoring in ICT engineering. His research
interests include memristive device modeling, and
analog circuit design and simulation.

JUN-SEOK BEOM is currently pursuing the
degree with Chungbuk National University. He is
majoring in ICT engineering. His current inter-
ests include circuit simulation and analog circuit
design.

HONG-SUB LEE received the Ph.D. degree
from the Department of Materials Science and
Engineering, Yonsei University, in 2015.

He was a Postdoctoral Researcher with
Northwestern University, from 2016 to 2018.
He was appointed as an Assistant Professor
with the Department of Materials Engineering,
Kangwon National University, in 2018, and
worked there, until 2021. Since 2021, he has
been an Assistant Professor with the Department

of Advanced Materials Engineering for Information and Electronics,
Kyung Hee University. His research interests include memtransistors (3)-
dimensional memristor, ionic memristor, ferroelectric tunnel junction,
transition metal oxides, and oxide semiconductors for neuromorphic
hardware, and nonvolatile memories.

m
)

-

e

~afl

NAM-SEOG KIM (Member, IEEE) received the
B.S. degree in electronics engineering from Korea
University, South Korea, in 1997, the M.S. degree
in electrical engineering from Seoul National Uni-
versity, South Korea, in 1999, and the Ph.D. degree
in electrical engineering and computer science
from the University of California at Berkeley, CA,
USA, in 2014.

He is currently an Associate Professor with the
School of Information and Communication Engi-

neering, Chungbuk National University, South Korea. From 1999 to 2007,
he was with Samsung Electronics, South Korea, where he was involved in
developing analog/mixed-signal circuits for the SRAMs/DRAM:s high-speed
links. From 2014 to 2019, he was with Qualcomm Inc., San Diego, USA, and
Samsung Electronics, Hwasung, South Korea, where he worked on designing
RF ICs and analog ICs for wireless communications, and the IoTs. He was
a Senior Researcher with the Agency for Defense Development (ADD),
Daejeon, South Korea, while focusing on small-sized RADAR sensors. His
research interests include RF ICs, analog/mixed-signal ICs, and digital ICs
for artificial intelligence systems, biosensors, RADAR sensors, and energy-

efficient systems.

5091


http://dx.doi.org/10.1038/s41467-022-30539-6
http://dx.doi.org/10.1109/IEDM.2016.7838367
http://dx.doi.org/10.1016/S0040-6090(02)00117-7
http://dx.doi.org/10.1002/adma.202106913
http://dx.doi.org/10.1109/TED.2020.2975314
http://dx.doi.org/10.1109/TED.2013.2287755
http://dx.doi.org/10.1109/LED.2019.2901754
http://dx.doi.org/10.1109/IEDM.2018.8614556
http://dx.doi.org/10.1109/IEDM.2018.8614556
http://dx.doi.org/10.1016/j.mejo.2014.09.005
http://dx.doi.org/10.1038/ncomms2784
http://dx.doi.org/10.1186/s11671-017-2179-5
http://dx.doi.org/10.1109/TED.2015.2490545
http://dx.doi.org/10.1039/c6cp00450d
http://dx.doi.org/10.1039/c6cp00450d
http://dx.doi.org/10.1145/3007787.3001139
http://dx.doi.org/10.1109/TCAD.2017.2729466

