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Abstract— Conventional designs of the extensively stud-
ied resistive-random access-memory (RRAM) cell involve
one transistor and one RRAM—“1T1R,;” i.e., two separate
devices thereby constraining its integration density. In this
work, we overcome this longstanding limitation by exper-
imentally demonstrating a novel memory architecture that
combines the 1T and 1R into a single hybrid device by
uniquely leveraging both lateral and vertical van der Waals
(vdW) heterostructures. This ultracompact device, which
can be considered as a “0.5T0.5R” memory cell, reduces the
device count by half—the first of its kind in RRAM technol-
ogy history, and simultaneously allows higher lateral as well
as vertical (3-D) integration density w.r.t. the conventional
1T1R architecture. The unique “smart” device that can retain
information after power is turned off is structurally designed
by utilizing a shared graphene edge-contact and resis-
tively switchable hexagonal boron nitride (h-BN) insulator.
Aided by design optimization, record performance (<10 ns
switching-speed),energy- (~0.07 pJ/bit), and area-efficiency
(smallest footprint among all reported vdW-material-based
RRAM memory units), as well as great retention (106 s)
and endurance (>1000), benchmarked against current vdW-
material-based RRAM devices, have been achieved by this
0.5T0.5R memory cell. Moreover, the RRAM’s fine tunability
with ultrashort pulsewidth, pulse amplitude, and gate volt-
age, enables synaptic plasticity and makes it an integrated
three-terminal RRAM with considerable potential for neuro-
morphic and in-memory computing applications.

Index Terms—1T1R, 2-D-FET, 3-D-integration, graphene,
h-BN, in-memory computing, memristor, neural circuit,
neuromorphic computing, plasticity, RRAM, smart transis-
tor, switching-energy, switching-speed, synapse, transition
metal di-chalcogenide, van der Waals (vdW) materials, WS5.
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I. INTRODUCTION

RADITIONAL von Neumann architecture with physi-

cally separated processing and memory units is under-
going a significant paradigm-shift since transistor-based serial
logic computing technology can no longer provide histor-
ical energy-efficiency and noticeable performance benefits
for the recent flourishing growth in highly data-driven arti-
ficial intelligence applications. Nonetheless, an alternative,
parallel computation-in-memory architecture [1], has been
proposed to perform with lower computational power and
resolve the bottlenecks of abundant data movement [2] for
boosting data processing speed. To achieve such a potent
memory-based matrix network for next-generation comput-
ing [Fig. 1(a)], robust and high-performance memory cell
is essential [3], [4]. RRAM is considered as one of the
most promising next-generation memory devices due to its
nonvolatility, high switching-speed, low switching-energy,
and small footprint [S]-[8], especially as the necessity of
data-centric applications is exponentially growing in this
twenty-first century. These merits make it a strong contender
not only for conventional digital memory such as cache
memory (SRAM) and dynamic RAM (DRAM), etc., but also
for analog memristors in the emerging neuromorphic com-
puting domain [9]-[12]. However, the formation of unstable
oxygen-ions in the metal oxide switching materials during
long-term SET/RESET cycling operation, in the form of unde-
sired redox reactions with electrodes, overgrowth of filaments,
or unwanted diffusion (or loss) of filament atoms, leads to
severe endurance failure [13]. In contrast, due to the rela-
tively larger formation energy of boron vacancy [14]-[16] and
dangling-bond-free surface [17], the oxygen-less hexagonal-
boron nitride (h-BN) as switching layer provides superior
chemical stability, alleviating any oxidation reaction to metal-
lic filaments and preventing redundant creation of undesirable
vacancies. Therefore, those aforementioned troublesome issues
in metal oxide switching materials induced by undesirable
oxygen ions can be avoided. On the other hand, monolayer
graphene with an atomically thin body, high conductivity, and
strong sp> bonding serving as source line (SL) electrode can
mitigate the oxidation at the interface between the electrode
and the switching layer. In order to fully exploit the advantages
of RRAM in large-scale memory array [Fig. 1(b)], one of
the practical solutions is to connect a transistor in series
with each RRAM, i.e., in the form of 1TIR, in order to
suppress the sneak current from the inactive memory units [18]
[Fig. 1(c) and (d)], thereby improving the reliability and sta-
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tic energy efficiency. However, with doubled device count,
the area efficiency of RRAM cell technology is inevitably
degraded. In this work, we revisit the structures of the
traditional 1T and 1R, and demonstrate an innovative way
to merge the two devices into one by uniquely exploiting
vdW heterostructures to share the dielectric layer and con-
tacts between the transistor and RRAM components, owing
to the extraordinary properties of van der Waals (vdW)
solids [19], [20]. We found that the graphene edge contact
scheme and resistively switchable #-BN insulator not only
structurally support this design, but also electrically benefit
the device performance [21]. In particular, the built-in ~-BN
RRAM cell embedded in 2-D-vdW-based transistor exhibits
the following tailored characteristics such as low program-
ming current, multiple resistance-state modulation, and large
dynamic working range, which are highly capable of providing
the foundation for memristive-based computing technology.
In fact, our hybrid device represents a “smart” transistor that
can retain information after the power is turned off. This
article begins by presenting the fabrication process of the
0.5T0.5R cell and heterostructure material characterization
in detail (Section II), and then manifesting device features
including conductive filament (CF) formation and electrical
properties of the solitary transistor and the RRAM component,
as well as that of the combined memory cell (0.5T0.5R)
(Section III). Finally, conclusions are drawn in Section IV
augmented by a benchmarking analysis that establishes the
superior characteristics of the 0.5T0.5R cell.

[I. DEVICE FABRICATION AND MATERIAL
CHARACTERIZATION

The device fabrication starts from a canvas of chem-
ical vapor deposition (CVD) grown monolayer graphene
[Fig. 2(a)] on a sapphire substrate. Using inductively cou-
pled plasma (ICP), a narrow gap [Fig. 2(b)] is formed in
the graphene canvas, and later bridged, by area-selective
CVD under 850 °C growth temperature [22], with monolayer
(IL) WS, that forms a graphene-semiconductor-graphene
(GSG) heterojunction [Fig. 2(c)]. The gate length of the
GSG-heterojunction field-effect transistor (GSG-HFET) in
our fabricated 0.5T0.5R is 1 um. To prepare the graphene
edge electrode for the 2-BN RRAM component, part of the
graphene as well as the substrate underneath on one side of
the WS, strip is etched down by ~15 nm, thereby forming a
step [Fig. 2(d)]. ICP tool was employed to form the ultrasteep
Gr/Al,O3 step using BCl; as reacting gas for anisotropic
etching. Subsequently, 10/50 nm Pt/Au is deposited with
electron beam deposition (eBeamD) on the graphene on the
other side of the WS, strip [Fig. 2(e)], serving as the electrode
at the transistor component side. Next, a piece of a few-layer
h-BN is transferred on top [Fig. 2(f)], functioning as both the
gate dielectric [23] and active switching layer for the transistor
and RRAM components, respectively. The #-BN film was
synthesized on electro-polished Cu foil by the low-pressure
CVD method [24], with ammonia borane (NH3-BHj3, Sigma-
Aldrich, 97%, roughly 30 mg) as the precursor. Note that
before growth, the Cu foils were annealed at 1000 °C for
60 min at the pressure of 500 mTorr with the carrier gas of
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Fig. 1. (a) Schematic and (b) optical image of a large-scale 0.5T0.5R
memory array demonstrated at UCSB. (c) In a large-scale memory array,
leakage current of each memory cell (e.g., RRAM) in the inactive memory
units can lead to a large sneak current that may disturb the normal
operation of the active cell. (d) Although adding a series transistor to each
RRAM can effectively suppress the leakage current, but at the penalty of
additional area cost. By uniquely exploiting the unique properties of vdW

materials, an ultra-compact 0.5T0.5R cell can be constructed to alleviate
this penalty.

Target cells
— Designed current path
— Disruptive sneak leakage path

30-sccm Hj to create a smooth surface [25], then the precursor
was heated up to 90 °C and kept for 20 min to deposit a
5 nm thick #-BN film. To suppress potential gate leakage
(bandgap of #-BN is not large enough, ~5.5 eV), an additional
Al,O3 gate dielectric layer is formed by oxidizing 3 nm Al
thin film deposited on top of the 21-BN/WS, region [Fig. 2(g)]
with standard eBeamD and lift-off process. Next, using the
double-layer eBeam resist liftoff process, a T-shape Al top
gate is made, which also serves as the mask for the self-
aligned final metallization step (5/15 nm Ti/Au), to form the
electrode at the RRAM component side [Fig. 2(h)]. Before
electrical characterization, we annealed fabricated devices at
200 °C for 2 hr with H; carrier gas to improve their electrical
contact and to remove the residue H,O molecules introduced
during A-BN transfer. This thermal annealing treatment can
relieve the stress introduced during fabrication and remove
contaminants and humidity to enhance the inter-layer adhe-
sion [26]. Note that although the intrinsic interlayer attractive
force has been reported to be strong (>10 N cm™2) [27],
we believe process innovations are desired to further improve
the adhesion, thereby ensuring the robustness of large-scale
integration of layered materials for mass production. Fig. 2(i)
and (j) show the schematic illustration and optical image of
a finalized 0.5T0.5R memory cell, respectively, together with
three test pads, in which the active part of the device within
the yellow rectangle is graphene domain. The footprint of
our fabricated 0.5T0.5R memory cell is dominated by the
transistor size, which is also the case in conventional 1T1R
architecture with RRAM on top of the transistor. However,
our 0.5T0.5R exhibits: 1) enhanced electric field arising from
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Fig. 2. Fabrication process flow of the proposed 0.5T0.5R memory
cell. (a) Prepare CVD graphene on sapphire substrate. (b) Form a gap
in the graphene with ICP. (c) Grow WS, in the gap, forming a GSG
heterojunction channel. (d) Etch graphene and substrate on one side of
the WS, to form a step. (e) Deposit Pt/Au on the graphene on the other
side as the SL with electron beam deposition. (f) Cover with a few-layer
CVD h-BN film on top serving as both the gate dielectric and resistive
switching layer. (g) Deposit 3 nm Al on WS, and oxidize to Al,O3 as
the second layer gate dielectric. (h) Make a T-shape Al gate with double-
layer eBeam resist based liftoff process, and deposit 5/15 nm Ti/Au as
the bitline (BL) using the T-gate as a self-aligned mask. (i) Schematic
and (j) optical image of the finalized device.

the recessed edge, which can lower switching voltage as well
as switching energy; 2) confined CFs at recessed edge region,
resulting in lower off current; and 3) the potential for higher
vertical 3-D integration density.

During the device fabrication, the quality of the synthesized
materials was carefully examined. The WS, channel in the
GSG heterojunction is around 1 xm wide, as shown in the
optical image in Fig. 3(a), and the SEM image in Fig. 3(b).
Raman mapping at 353.1 cm™' (E;, mode of WS,) shows
clear feature signals for high-quality WS, [Fig. 3(c)]. The
as-grown wafer-scale CVD h-BN film shows a continuous and
uniform surface on SiO,/Si substrate, as shown in Fig. 3(d).
Raman spectrum of the #-BN film shows a characteristic peak

O
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Fig. 3. (a) Optical image, (b) SEM image, and (c) Raman mapping
of a GSG heterostructure fabricated through area-selective CVD tech-
nique. (d) Photograph of the wafer scale CVD h-BN film on SiO,/Si
substrate. (e) Raman spectrum of h-BN film shows a characteristic peak
at 1369 cm~! corresponding to the Eog vibration mode of the hexagonal
B-N bonds. (f) AFM image of the h-BN film on SiO»/Si substrate shows
the thickness of h-BN film to be ~5 nm.

at 1369 cm™! corresponding to the E,, vibration mode of the
hexagonal B-N bonds [Fig. 3(e)]. The thickness of the ~2-BN
film is measured to be ~5 nm by an atomic-force microscope
(AFM), as shown in Fig. 3(f).

[1l. DEVICE CHARACTERIZATION

Before diving into the 0.5T0.5R memory cell, we first
characterize the two components separately to examine their
individual performance.

A. Transistor Component

Fig. 4(a) and (b) shows the transfer curve I;—V,, and
output curve [;—Vy, respectively, exhibiting high ON-current
of 127 uA/um at Vg = 3V, V-V, = 2.5 V, large ON/OFF
current ratio of > 107, negligible drain induced barrier lowering
(DIBL), ohmic behavior in low V; region, and good current
saturation, which are attributed to the excellent electrostatic
integrity and the feature of dynamically tunable Schottky
barrier uniquely enabled by the graphene edge contact [22].
This high-quality transistor component guarantees that the
sneak current can be effectively suppressed, and thereby the
performance, energy efficiency, and robustness of the 0.5T0.5R
memory cell will not be limited. The lower-right inset in
Fig. 4(a) shows the transmission electron microscope (TEM)
image of the gate-stack of the transistor component, verify-
ing the thicknesses of the WS, channel, 4#-BN, and Al,O;
dual-layer gate dielectrics to be ~1, 5, and 5 nm, respectively.

B. RRAM Component

Also, discrete RRAMs are fabricated, for the purpose of
design and optimization. It is well known that the electric
field can be enhanced near the sharp edge of a conductor,
which is expected to benefit the RRAM performance. The
cross-sectional image of the recessed edge structure of a
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Fig. 4. (a) Transfer characteristics /;—Vg and (b) output characteristics
Iq—Vy of a solitary GSG-heterojunction-FET (GSG-HFET). The upper
inset in (a) shows the structure of the separately fabricated GSG-
HFET, and lower inset in (2) shows TEM image of the gate-stack of the
transistor component, verifying the thicknesses of WS, channel, h-BN
and AloOg dual-layer gate dielectrics to be ~1, 5, and 5 nm, respectively.

()

Ti/Au metal

Fig.5. (a) Cross-sectional TEM image of RRAM component. The energy
dispersive X-ray (EDX) analyses from blue rectangular region confirm the
(b) Au, (c) Ti, (d) B, and (e) Al elements in corresponding layers. (f) Two
CFs are clearly visible around the graphene edge. (g) EDX element
mappings of Ti uncovers that these filaments are attributed to Ti.

fabricated RRAM was obtained using high-resolution TEM
microscopy, clearly showing a 5 nm h-BN switching layer
sandwiched in between monolayer graphene and Ti/Au metals
[see Fig. 5(a)]. Through EDX analysis, it was found that
elemental composition mapping within the blue dash frame
distinctly conforms to the designed Gr-A-BN-Ti/Au RRAM
configuration, corresponding to Fig. 5(b) and (c) for Au/Ti
metallic leads and Fig. 5(d) for B element associated with
the 5 nm A-BN layer, respectively. Fig. 5(e) shows the rich
Al concentration attributed to the patterned Al,Os substrate.
After the SET process, two CFs are clearly visible in the #-BN
near the recessed edge [see Fig. 5(f)], which proves that the
graphene edge plays a dominant role in forming the CF in
this #-BN RRAM. Through EDX analysis [Fig. 5(g)], it is
found that CFs are mainly contributed by Ti ions injected
from the Ti electrode. In fact, to fully exploit the edge of
graphene, two test structures have been evaluated. Compared
to the planar structure [Fig. 6(a)], the eventually employed
recessed structure [Fig. 6(c)] is found to offer more than
100% higher near-edge electric field based on finite-element
electromagnetic simulation [Fig. 6(b) and (d)]. Although the
real structure [See TEM image, Fig. 5(f)] shows a rounded
edge as illustrated in Fig. 6(e), instead of a perfect rectangular

(a)

Planar edge

Rounded edge

Fig. 6. (a) Schematic of an RRAM with “planar edge” structure and (b)
simulated electric field distribution at the graphene edge. (c) Schematic
of an RRAM with “recessed edge” structure and (d) simulated electric
field distribution at the graphene edge. (e) Schematic of an RRAM with
“rounded edge” structure and (f) simulated electric field distribution at the
rounded edge. For all three structures, 1V is applied to the top electrode
(or BL), and graphene (or SL) is grounded. The switching mechanism of
RRAM: (g) SET process is achieved by applying positive voltage to metal
electrode, and (h) inversely, RESET process is achieved by applying
positive voltage to graphene.

profile at the edge, due to the non-uniformity of etching rate
around it, according to the simulation results, the electric
field maxima near the rounded edge [Fig. 6(f)], ~1.2 x
10° V/m, is still much larger than that at the planar edge
(0.67 x 10° V/m). Moreover, our simulation results indicate
that the recessed architecture can make CFs more confined,
localized, and sizeable to bridge the graphene-fringe and metal
electrodes for achieving low resistance state with relative ease
[Fig. 6(g)]. This is due to the stronger electric-field distribution
at the recessed edge, thereby alleviating the possibility of CFs
being randomly generated out of the edge region, resulting
in a tightly distributed SET/RESET voltage [see the statistics
shown in Fig. 7(c)]. Fig. 6(h) shows the RESET state driven
by the application of inverse voltage, where Ti ions can be
migrated back to the top electrode, thereby disconnecting
the CFs and achieving a high-resistance state (HRS). It is
also noted that the use of #-BN as an oxygen-free switch-
ing layer can further mitigate the oxidation at the metal-
to-active layer contact to minimize variability of the operation
voltage of SET/RESET and any unexpected changes in the
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Fig. 7. (a) 65-DC switching cycles of an individual Gr-h-BN-Ti/Au RRAM cell. (b) Cumulative distribution of the resistance per cycle (read at 50 mV)
in HRS and LRS. (c) Statistics of SET/RESET voltages for two-state switching in (a). (d) Resistive-state retention time of HRS and LRS over 30 days
at ambient condition. (e) 1000 SET/RESET cycles (see the waveform in the inset) does not change the resistive states. Read current versus voltage
of a Gr-h-BN-Ti/Au RRAM (1R) cell before and after a 10 ns wide - (f) SET pulse (see inset), and (g) RESET pulse (see inset). Three successive
10 ns wide pulses are needed to RESET the cell completely, suggesting a possible multi-bit implementation scheme. (h) Measured current versus
voltage within a pulse. Switching energy of the RRAM can be obtained by integrating (current x voltage) over the entire pulse period.

resistance-dominated storage states, respectively. In contrast,
oxide-based switching layers are likely to cause performance
degradation due to the nonpreferred oxidization reaction in
terms of oxygen migration into metallic electrode/filament
over extended storage cycling [28]. These attractive electrical
characteristics of the designed conductive bridge Gr-i#-BN-
Ti/Au RRAM, such as small operation voltages, relatively
large ON/OFF ratio, and robust endurance cycling, are demon-
strated in Fig. 7.

Fig. 7(a) shows the measured DC switching characteristics
over 65 loops. As shown, the butterfly shape has barely
changed post cycling, indicating that the used materials are
of high quality and the fabrication process did not intro-
duce much degradation, in agreement with [29] and [30].
Cumulative probability versus cell resistance is extracted at
50 mV and shown in Fig. 7(b). The HRS and low-resistance
state (LRS) resistance ratio of over 10*, provides a sufficiently
large window for the implementation of multi-bit cell and
analog memristor, and greatly reduces the static leakage power.
The steep/sharp distribution of state resistance [Fig. 7(b)] and
SET/RESET [Fig. 7(c)] voltages over cycling, again, confirms
the low variability of resistance and operation voltage dis-
tribution, i.e., high device robustness. The LRS is obtained
by the formation of CFs and the resistance varies due to the
variation in the thickness and the number of CFs. The HRS
is obtained when the CFs are ruptured. The mechanism of
conduction in the HRS can be Poole-Frenkel emission, Schot-
tky emission, and/or space charge limited current injection,
etc. [31]. HRS shows larger variability w.r.t LRS. Possible
factors that lead to the larger variability of HRS include non-
ideal dielectric properties of the switching layer, fabrication
process conditions, and interfacial properties of the switching
layer and the electrode. Fig. 7(d) shows that both HRS and
LRS resistances remain unchanged over 30 days, proving
the extraordinary retention capability of this device. Fig. 7(e)

shows that the SET/RESET cycling endurance can be larger
than 1000. To examine how fast this RRAM can operate, we
perform SET and RESET operations with a series of pulses
with widths ranging from 10 us down to 10 ns, which is the
resolution of our pulse generator. It is found that the device can
be SET with a single 10 ns wide pulse (2.6 V in height), with
cell resistance reduced by four orders of magnitude [Fig. 7()].
Note that the upper bound of SET operation speed should be
smaller than 10 ns. 10 ns wide pulse (with the same amplitude
of 2.6 V but reversed polarity) can realize RESET as well, but
end up with a smaller resistance window. Three successive
RESET pulses can fully restore the cell resistance to the
original status before SET [Fig. 7(g)]. This property suggests
that the multi-bit implementation of this cell can be realized
in the RESET period with <10 ns per bit. The switching time
t; can be expressed as [32]

Iy leﬂ(Eran) (1)

)

where v is the attempt frequency; f is the inverse thermal
energy, i.e., = 1/kgT (kp is Boltzmann’s constant and T is
the temperature); E, is the activation energy; a is the lattice
constant; g and E are the charge of the ion and the elec-
tric field, respectively. Given that the formula (1) expresses
switching time as a function of E, #; can be exponentially
reduced as the E is enhanced further, leading to the diminished
operation time in SET/RESET switching processes. Compared
to the E of planar structure, the field intensity of recessed
edge contact is 2-fold larger as shown in Fig. 6(d). Thus,
smaller ¢ is anticipated in the Gr-edge-contacted --BN RRAM
device. Fig. 7(h) shows the measured current of the RRAM
cell as a function of voltage within a SET impulse. The
likely sub-10 ns SET/RESET time of this device aided by
its compactness makes this device competitive not only for
DRAM but even for cache memory applications. Moreover,
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the 7-BN RRAM with such swift access latency of less than
10 ns, thereby significantly reducing storage cycle time, can
meet the demands for stringent energy-efficient computation
units. Such a significant reduction of access latency results
in the minimal switching energy consumption of 0.07 pJ/bit,
which can be calculated with the equation

la
Eswilching = / IxVvdt (2)
0

where I, V, and t#; represent the current response, input
voltage, and spike duration, respectively. On the other hand,
the average energy consumed per switching event of a single
transistor can be extracted through the power-delay product
(PDP) formula [33], defined as

PDP = CV3, (3)

where C is transistor gate capacitance, Vpp is the supply
voltage. Compared to current 2-D transistors used in-memory
technology (Table I), our GSG heterojunction transistor adopt-
ing stacked gate dielectrics (5 nm A-BN/5 nm Al,O3) with
a capacitance of ~364 nF/cm? exhibits a minimal power
consumption calculated at 0.096 plJ/bit, which is attributed
to the optimized contact resistance [34], [35]. To analyze
the device-to-device variability, 20 RRAM cells have been
characterized using DC cycling measurements for extraction
of electrical properties. Fig. 8(a) shows the SET/RESET I —V
loops of all 20 devices, in which ten have 3 nm thick
h-BN (in red color) and the rest have 5 nm thick /4-BN (in
blue color). Compared to those 3 nm hA-BN RRAM cells, a
significant reduction in OFF-state current can be achieved using
5 nm thick #-BN switching layer, as expected. Moreover,
the histogram plot [Fig. 8(b)] shows that RRAM cells with
5 nm thick provide lower variation of ON/OFF ratio compared
to those with 3 nm A-BN. As shown in Fig. 8(c), the critical
SET voltage has a distribution, which could be improved
in the future through materials engineering, programming
methodology, and fabrication process improvements.

Furthermore, in terms of brain-inspired neuromorphic com-
puting, one of the pivotal characteristics of the biological
synapse is synaptic plasticity. Synaptic plasticity can be mim-
icked by the proposed RRAM by increasing (potentiation)
and decreasing (depression) the resistance (weight) value
by appropriate voltage pulses [36]. To illustrate the A-BN
RRAM cell’s ability to compatibly serve as an artificial neural
synapse [Fig. 9(a)] that can implement spike-induced weight
updates, a designed 10 ns pulse train with increasing amplitude
is employed to manipulate the resistance states of RRAM,
indicating that the long-term potentiation and depression
functionalities of a synapse can be emulated, as shown in
Fig. 9(b). Notably, the quantized switching phenomenon in the
RRAM RESET process has been demonstrated in a previous
report [37], which is attributed to an atomic-level reaction in
metallic filaments leading to gradual rupture of the CFs. Given
this unique feature, multi-step resistance modulation of our
RRAM-based bionic synapse can be conducted by step-wise
voltage pulse input to implement the tunable weight update
for neuromorphic computing.

(a) (b)ﬁ I3 nm BN
i 0 g 5 nm h-BN
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5510,5 © 5
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Fig. 8. (a) Comparison of median /— V curves of a total of twenty RRAM
cells with 3 nm/5 nm thick h-BN switching layer current. Cumulative
distribution of (b) ON/OFF ratio and (c) critical set voltages of ten devices
with 3 nm thick h-BN and ten devices with 5 nm thick h-BN, respectively.
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Fig. 9. (a) Schematic of synaptic transmission in neural system and

illustration of an RRAM-based bionic neural cell. (b) Emulation of the
long-term potentiation and depression features of a synapse, by applying
a pulse train with increasing amplitude to the RRAM cell. Each pulse is
only 10 ns wide, indicating the potential of this RRAM cell for implement-
ing a high-speed synapse.

C. 0.5T0.5R Memory Cell

Fig. 10(a) shows the DC switching characteristics of a
0.5T0.5R memory cell, as shown in the optical image in the
inset, over 54 loops with gate voltage set to be 2 V/3 V for
SET/RESET. It can be observed that the SET/RESET voltages
increase to 2.5 V w.r.t the 0.8 V of a discrete RRAM cell. Also,
the ON/OFF current ratio is reduced to be 102, w.r.t the 10* of a
discrete RRAM cell, which is expected. The transistor compo-
nent limits the compliance current of the entire memory unit
and consumes an appreciable portion of the voltage applied
between SL and BL, thus degrading the SET/RESET voltage
and ON/OFF ratio. This can be mitigated by enlarging the
transistor or increasing the gate voltage, but with the penalty
of increased footprint or affected robustness, respectively. The
cell resistance variation is also degraded as shown in the
widened distribution in Fig. 10(b). Although these numbers
are better than previous reports on 2-D materials-based 1T1R
memory cells [38], [39], more follow-up efforts are needed to
derive further improvements. It is noteworthy that the transistor
component introduces one more knob (the gate voltage, V)
to control the memory cell resistance. As shown in Fig. 10(c),
a series of V, pulses of different amplitudes are applied to
the transistor component along with 10 ns wide SET/RESET
pulse voltage, resulting in different current (or resistance)
status of the cell. During the V, tuning, SET/RESET voltages
are set to be 1.85/—1.75 V. The SET current value can
be further modulated using various gate voltages, showing
the maximum difference in the ON/OFF ratio of up to one
order of magnitude, which provides an additional degree of
freedom for multi-bit control. Moreover, this gate-controllable
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TABLE |
COMPARISON OF 0.5T0.5R MEMORY CELL AGAINST PREVIOUS REPORTS ON VAN DER WAALS MATERIALS-BASED RRAM DEVICES AND CELLS
Reference [38] [39] [40] [41] [42] [43] Thi k
Metrics 1S wWor
Active Switching Layer CVD h-BN WO,/ WSe, CVD h-BN CVD h-BN | CVD h-BN CVD h-BN CVD h-BN
Layer Thickness 5 nm 6 nm 0.4 nm 8 nm Multilayer Multilayer 5 nm
Forming Voltage Forming-free Forming-free Forming-free NA NA 3-8V Forming-free
Switching Voltage 0.5/-0.8V 0'8/.0‘3 v 0.7/-0.5V 3.0/-2.0V 2.0/-2.0V 2.75/-2.5V 0.9/-2.0V
(Unipolar)
Switching Time NA 700 ns <15 ns NA <5pus 200 ns <10 ns
6
Retention Time >5000 s >10%s >10°s >10¢s >3%x10%s NA > 10%
(30 days)
Endurance > 50 cycles 90 cycles 50 cycles 1500 cycles 70 cycles 80,000 cycles | > 1000 cycles
. IR:5 IR: 103 . i ing e 1R: 104
ON/OFF Ratio ITIR: 4 ITIR: 102 1R: 10 IR: 10 1R: 10 1R: 10 0.5T0.5R: 102
Transistor 2.88 pl/bit 2.15 pl/bit 0.096 pJ/bit
Switching Part (Back Gate) (Back Gate) NA NA NA NA (Top Gate)
Ener
A RRAM Part NA 2.6 pJ/bit NA NA NA 20 fI/bit 0.07 pJ/bit
On-current 15 pA/um 150 pA/pum 127 pA/pm
(Transistor Part) (1L MoS,) (Multilayer WSe,) NA NA NA NA (IL'WS,)
2 2 2 2 ~ 2 ~ 2 2
Working Area 1040 pm 28 pm I pm 25 pm 10 pm 0.02 pm 12 pm
(IT+IR) (IT+1R) (RRAM only) | (RRAM only) | (RRAM only) | (RRAM only) | (0.5T0.5R)
(a)1 o (b) into a single “smart” device, which is uniquely enabled by
10% = 33, §1oo On/off >100 vdW materials, leveraging CVD grown lateral graphene-WS,-
—10* e F ¢ .
< Z 80p RS HRS graphene heterostructure as well as vertical heterostructured
= 10° 3 60 h-BN/WS, and h-BN/graphene stack configurations, thereb
10 S grap g y
9] [ TP . N « \ .
= 13: e oy g 40 justifying the designation of “0.5T0.5R” memory cell. This
G106} peet @ g g 20 hybrid structure reduces the device count of a conventional
toel Vesz30V ® . 2 o ITIR cell by half and is shown to exhibit extraordinary
_1 0 1 2 3 4 5 6 7 8 .
Voltage (V) 3 " Resistance (O) ° performance, energy efficiency, and compactness, as bench-
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Fig. 10. (a) 54-DC switching cycles of a fabricated 0.5T0.5R cell. Inset:
optical image. (b) Cumulative distribution of the resistance per cycle
(read at 50 mV) in HRS and LRS. Due to the impact of the transistor
component on the compliance current, ON/OFF ratio is reduced to 100.
(c) Gate voltage (Vy) of the transistor component can be used to fine
tune the cell current (or resistance), which represents an additional
knob, beside SET or RESET voltage, for weight manipulation of neural
networks.

memory cell also exhibits rapid response and stabilization
during various current states’ modulation as the storage-states
undergo RESET-to-SET transition and vice versa, suggesting
low cycling hysteresis. These aforementioned properties make
our device a unique three-terminal RRAM that can record the
analog weight information, suitably serving as a bionic neuron.

IV. CONCLUSION
This work demonstrated a novel compact memory cell that
integrates the functionalities of both transistor and RRAM

marked against previous reports on vdW-material based mem-
ory cells/devices [38]-[43] in Table I. Specifically, sub-10 ns
SET/RESET, 0.07 pl/bit energy consumption, and 12 um?
cell footprint are achieved, which represents a great leap in
advancing RRAM and “ITIR” memory technology. Addition-
ally, the ultra scalability of any TMD-channel based FET [44],
including the GSG-HFET [22], indicates that this “0.5T0.5R”
memory cell has great potential to further reduce the entire
memory cell’s lateral footprint. Furthermore, the demonstrated
0.5T0.5R hybrid memory cell array can be monolithically
3-D-stacked [45] to build the ultimate high-density nonvolatile
memory arrays and neuromorphic/in-memory computing sys-
tems, with significantly higher vertical density than the con-
ventional 1TI1R architecture (with RRAM on top of the
transistor), unprecedented performance, and energy-efficiency
to emulate the workings of the human brain in the near future.
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