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Bi-Stable Resistance Generation Mechanism for
Oxygenated Amorphous Carbon-Based Resistive

Random-Access Memory

Soo-Min Jin, Hea-Jee Kim, Dae-Seong Woo, Sung-Mok Jung, Dong-Eon Kim,

Tae-Hun Shim, and Jea-Gun Park*

The oxygenated amorphous carbon (a-CO,)-based resistive random-access
memory (ReRAM) generates a bi-stable resistance via electroforming or the
rupture of the conductive C—C sp? covalent bond filaments in the a-CO,
resistive layer, which can be determined by the dependency of the inten-
sity distribution of the oxygen ion (O%"), for the 3D cross-point nonvolatile
memory as the new memory hierarchical structure for an artificial neural or
network. The conductive C—C sp? and insulating C—C sp® covalent bonds
are formed near the top of the resistive layer by drifting and diffusing 0%~
toward the bottom and top parts of the layer in the set and reset processes,
respectively. The reset process has a different bi-stable resistance generation
mechanism from binary metal oxide-based ReRAM and conductive bridge
random-access memory. The conductive C—C sp? covalent bond intensity in
the o~CO, resistive layer affects the forming voltage and the write and erase
endurance cycle of the 0-CO,-based ReRAM cells. The result shows that a
lower proportion of conductive C—C sp? covalent bond leads to longer write

and erase endurance cycles.

1. Introduction

Recently, 3D cross-point memories have been extensively
studied to open a new memory area that covers memory
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characteristics between the NAND-flash
memory and dynamic random-access
memory (DRAM).2 Two types of 3D
cross-point memories have been prop-
erly documented, including the storage-
mapped memory using phase change
random-access memory (PCRAM)B~]
resistive random-access memory
(ReRAM)  and  memory mapped
memory using p-spin torque transfer
random-access memory (p-STT-
MRAM).12 [n addition, ReRAM or con-
ductive bridge random-access memory
(CBRAM)-based  neurons and  syn-
apses!’>~2 have been extensively studied for
artificial neural networks in contrast with
the complementary metal oxide semicon-
ductor field effect transistor-based neurons
and synapses that have a limited ability
to achieve a higher neural density.?>%]
Moreover, all memories have nonvolatile
memory characteristics unlike DRAM. The
binary metal oxide-based ReRAM and CBRAM have a bi-stable
resistance via electroforming or a rupture of oxygen vacancy
filaments or metal ion filaments in the resistive layer in con-
trast with p-STTMRAM, which generates a bi-stable resistance
state via spin-electron torque transfer and PCRAM producing
bi-stable resistance states via phase change between amorphous
and crystalline structures. On the other hand, an oxygenated
amorphous carbon (0~CO,)-based ReRAM has been recently
reported, which presented a different bi-stable resistance gener-
ation mechanism via electroforming or a rupture of the conduc-
tive C—C sp? covalent bond filaments for achieving nonvolatile
memory characteristics.?®! However, the bi-stable resistance
by which such mechanism was generated was not yet proven.
In particular, a precise correlation between the chemical bond
depth profile (i.e., relative chemical bond intensities for conduc-
tive C—C sp? and insulating C—C sp® covalent bonds) in the
0-CO, resistive layer and an applied bias condition (i.e., a write
or erase process) were not conducted.

Thus, in our study, 0+CO,-based ReRAM cells with a large
memory-cell size (i.e., 60 X 60 um? in memory-cell area) were
specially designed to investigate the distribution of oxygen ions
(O%) via electron energy loss spectroscopy (EELS) and chemical
bond depth profiles using X-ray photoelectron spectroscopy
(XPS) in the o~CO,, resistive layer, which were conducted just
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after a write or an erase process. In particular, the dependencies
of the 0%~ distribution and the chemical bond depth profile on a
set (i.e., write) or reset (i.e., erase) were investigated in detail to
determine the exact bi-stable resistance generation mechanism
of the 0-CO,, ReRAM cells. In addition, the difference in the bi-
stable resistance generation mechanism between a binary metal
oxide-based ReRAM, CBRAM, and o+CO,-based ReRAM was
reviewed by empirically observing nonvolatile memory character-
istics. Moreover, the dependency of the reliability (i.e., write and
erase endurance cycles) on the intensity of the conductive C—C
sp? covalent bonds in the ¢~CO, resistive layer for the 0-CO,-
based ReRAM-cells was examined by varying the partial pres-
sures of the oxygen during sputtering of the o~CO,, resistive layer.

2. Results and Discussion

2.1. Bi-Stable Resistance Generation Mechanism Difference
between Binary Metal Oxide-Based ReRAM, CBRAM, and
0-CO,-Based ReRAM

Three types of nonvolatile memories, such as binary metal
oxide-based ReRAM, CBRAM, and a-CO,-based ReRAM were
fabricated, where the bottom W electrodes were used for all
nonvolatile memories with a diameter of 60 nm to find and
eliminate bi-stable resistance generation mechanism differences
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by the chemical reaction at the bottom electrodes, as shown in
Figure la—c. The electroforming process is essential for pro-
ducing oxygen vacancy filaments in the binary metal oxide-based
ReRAM.[7-3¢ The bottom electrode has been used by a reactive
electrode (e.g., W or Al), while the top electrode has been uti-
lized by an inert electrode (e.g., Pt or TiN). On the other hand,
the negatively charged oxygen ions (i.e., O?7) in a binary metal
oxide (i.e., HfO,) resistive layer drifted and diffused from the top
inert electrode (i.e., Pt) to the bottom reactive electrode (i.e., W)
when a negative bias was applied to the inert top electrode (i.e.,
Pt), resulting in the production of oxygen vacancy (V,*") fila-
ments. Moreover, the current increased rapidly above forming
voltage (Viorming), as shown by the pink line a of the voltage scan-
ning from 0 to =1.60 V (Vgyuming) in Figure 1a and the left figure
of Figure 1d. This process is called the electroforming process.
Note that the electroforming of oxygen vacancy filaments in a
resistive layer occurs locally on the bottom reactive electrode
with a high electric field, as shown in a, b, and ¢ of Figure S1b
in the Supporting Information. The oxygen vacancy filaments
would be ruptured near the bottom W electrode after an erase
(reset) process, as shown by the yellow line b of the voltage scan-
ning from 0 to 1.60 V reset voltage (Vi) in Figure la and the
right figure of Figure 1d. As a result, the read voltage (V;e.q) r€C-
ognizes a high-resistance state (HRS). Otherwise, the oxygen
vacancy filaments would be electroformed again from near the
bottom electrode when a negative bias was applied resulting in
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Figure 1. Comparison of the bi-stable resistance generation mechanism between binary metal oxide-based ReRAM, CBRAM, and ¢~CO,-based ReRAM.
Nonvolatile memory characteristics for a) binary metal oxide-based ReRAM, b) CBRAM, and c) 0~-CO,-based ReRAM. Schematic of the electroforming,
set, and reset for d) binary metal oxide-based ReRAM, e) CBRAM, and f) o~CO,-based ReRAM.
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Viead finding a low-resistance state (LRS), as shown by the red
line c of the voltage scanning from 0 to —1.20 V set voltage (Vi)
in Figure 1a and the left figure of Figure 1d. Therefore, a binary
metal oxide-based ReRAM can produce a bi-stable resistance
state through a set followed by a read (i.e., LRS) and a reset by a
read (i.e., HRS). Note that oxygen vacancy filaments in a binary
metal oxide resistive layer are produced when O%" drift and dif-
fuse toward the reactive electrode (i.e., W) during the set process
rather than an inert electrode (i.e., Pt)."-

Moreover, the generation mechanism of a bi-stable resist-
ance for CBRAM was reported to be different from that of
binary metal oxide-based ReRAM. An electroforming process
produced metal ion filaments in a crystalline resistive layer (i.e.,
CuO) for CBRAM when a positive bias was applied on the top
metal ion supplying electrode (i.e., Ag) and an inert electrode W
since the positively charged Ag ions (Ag") drifted and diffused
through the negatively charged metal vacancies (i.e., Vc,2), as
shown by the pink line a of the voltage scanning from 0 to 4.00 V
(Viorming) in Figure 1b and the left figure of Figure le. The Ag* fil-
aments with an inverse conical shape were electroformed in the
resistive layer.*”) Moreover, Ag* filaments in the resistive layer
near the bottom W electrode were ruptured after the electro-
forming and reset processes because Ag" located near the bottom
electrode (i.e., W) diffused back to the resistive layer, as shown by
the yellow line b of the voltage scanning from 0 to —2.00 V (Viege)
in Figure 1b and the right figure of Figure le. After a reset pro-
cess, the CBRAM presented an HRS when a positive V,q,q that
was less than V., was applied to the top electrode. On the other
hand, Ag" filaments in the resistive layer were electroformed
again when a positive bias was applied to the top Ag electrode,
which was called a set process. Therefore, the CBRAM exhibited
an LRS when a positive read voltage was applied to the top Ag
electrode, as shown by the red line c of the voltage scanning from
0to 1.40 V (V) in Figure 1b and the left figure of Figure le. A bi-
stable resistance of CBRAM was obtained by electroforming or a
rupture of metal ion filaments in the resistive layer.*#

Finally, oxygenated amorphous carbon-based (o~CO,) ReRAM
presents a different bi-stable resistance generation mechanism,
which was different from binary metal oxide-based ReRAM and
CBRAM.4] Tt utilizes an o-CO, resistive layer containing both
insulating C—C sp® and conductive C—C sp? covalent bonds.
Electroforming can produce conductive C—C sp? covalent bonds
in the a~CO, resistive layer because the negatively charged
07" drifted and diffused from the top inert electrode (e.g., Pt)
to the bottom reactive electrode (e.g., W) when a negative bias
was applied to the top inert (e.g., Pt). Therefore, the amount of
conductive C—C sp? covalent bonds was enhanced, while that of
insulating C—C sp? covalent bonds was considerably reduced.
This process is called an electroforming process of the con-
ductive C—C sp? covalent bond filaments in the resistive layer,
as shown by the pink line a of the voltage scanning from 0 to
=2.55 V (Viorming) in Figure 1c and the left figure of Figure 1f.
The negatively charged O?~ drifted and diffused back from the
bottom W electrode to the top Pt electrode when a positive bias
was applied to the top inert electrode. As a result, the amount of
conductive C—C sp? covalent bonds near the top electrode was
reduced, while that of insulating C—C sp? covalent bonds was
enhanced. This resulted in the rupture of the conductive C—C
sp? covalent bond filaments near the top electrode, called the
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reset process. A negative V.,q, Which is less than V., revealed
an HRS after the reset process, as shown by the yellow line b of
the voltage scanning from 0 to 1.60 V (Viese) in Figure 1c and
the right figure of Figure 1f. On the other hand, the negatively
charged O% drifted and diffused back again from the top Pt
electrode to the bottom W electrode when a negative bias was
applied to the top inert electrode. As a result, the conductive
C—C sp? covalent bonds near the top electrode of the a-CO,
resistive layer increased. This process is called a set process. A
negative V,.,q detected an LRS after the set process, as shown by
the red line c of the voltage scanning from 0 to —1.10 V (V) in
Figure 1c and the left figure of Figure 1f. Based on the review of
the bi-stable resistance generation mechanism, the stable resist-
ance state of the o+CO,-based ReRAM was originated via electr-
oforming or a rupture of the conductive C—C sp? covalent bond
filaments near the top electrode of the o-CO, resistive layer,
while the stable resistance state of the binary metal oxide-based
ReRAM and CBRAM was originated via electroforming or rup-
ture of oxygen vacancy filaments (Vo?") and metal ion filaments
near the bottom electrode of a resistive layer.

2.2. Bi-Stable Resistance Generation Mechanism for
-CO,-Based ReRAM

An intentional ¢o~CO,-based ReRAM cell with a large cell area
(i.e., 60 x 60 pum?) and an oxygen partial-pressure of 10.7%
during sputtering of the resistive layer were fabricated, as
shown in Figure 2a. The chemical composition (i.e., Pt, C,
O, and W) depth profiles of the o~CO, resistive layer were
performed via energy dispersive X-ray spectroscopy (EDS)
and EELS, to investigate the mechanism by which a bi-stable
resistance for the o~CO,-based ReRAM was generated. The
current-voltage (I-V) curve presented the bi-stable resistance
(i€ on/Iofr OF =1.25 X 10') at Vprming Of ~1.10 V, Vieger 0f 100 V,
and Vg of —0.60 V, as shown in Figure 2b. In particular, it was
confirmed that the photolithography process of the memory-
cell array did not induce the surface etching damage of the
0-CO,, resistive switching layer, as shown in Figure S2 in the
Supporting Information. In addition, the detailed current con-
duction mechanisms for electroforming, set, and reset process
were reviewed by I-V curves fitting with dominant current con-
duction mechanism, as shown in Figure S3 in the Supporting
Information. Electroforming and set process followed space-
charge-limited-conduction. The LRS followed Ohmic conduc-
tion due to the formation of C—C sp? covalent bonding filament
in 0-CO, resistive switching layer. The negative-differential-
resistance (i.e., reset process) followed Poole-Frenkel conduc-
tion due to the formation of C—C sp?® covalent bonding in the
o-CO,, resistive switching layer. A cross-sectional transmission
electron microscopy (TEM) image was obtained to examine the
crystalline structure of the o~CO, resistive layer in the pristine
state, indicating that the o-CO, resistive layer had an amor-
phous structure and the Pt and W had a polycrystalline struc-
ture, as shown in Figure 2c. Note that the o~CO, resistive layer
with a thickness of =20 nm showed an amorphous structure,
which was confirmed by X-ray diffraction (XRD), as shown in
Figure S4 in the Supporting Information. The chemical compo-
sition (i.e., C and O%") depth profiles in the a~CO, resistive layer
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Figure 2. Dependency of O% ions distribution on pristine, set, and reset. a) Schematic of the &-CO,-based ReRAM cell with an area of 60 x 60 um?.
b) Nonvolatile memory characteristics. c) Cross-sectional TEM image of the memory cell. Chemical composition (i.e., O, C, Pt, and W) depth profiles
d) at the pristine state, e) after the set process, and f) after the reset process using EDS and EELS. Normalized relative chemical composition intensity

was obtained by averaging the intensities of the lateral 100 pixels.

were analyzed as a function of the pristine state after a set pro-
cess and after a reset process using EDS and EELS elemental
mapping, as shown in Figure S5a—c in the Supporting Informa-
tion. In the pristine state, C and O atoms were uniformly dis-
tributed in the o-CO, resistive layer. Here, the integrated area
of the relative O intensity (i.e., concentration) from the top Pt
electrode to half the thickness of the &-CO,-based ReRAM-cell
(i-e., 0-32 nm in depth) was 1.35 arbitrary unit (a.u.), while that
from a half-thickness of o~CO,-based ReRAM cell to bottom W
electrode (i.e., 32-64 nm in depth) was 1.26 a. u., as shown in
Figure 2d. The relative intensity of O?" in the +CO, resistive
layer after the set process increased with the depth of the resis-
tive layer. Specifically, O>~ near the bottom W electrode were
piled up as they drifted and diffused from the top Pt electrode
to the bottom W electrode when a negative bias was applied
to the top Pt electrode, as shown in Figure 2e. In addition, the
relative C atomic intensity was sustained uniformly from the
Pt top electrode to the two-third depth of the a~CO, resistive
layer and then rapidly reduced toward the bottom W electrode.
Moreover, the integrated area of the relative O~ intensity from
the top Pt electrode to a half-depth of 0+CO,-based ReRAM cell
(i-e., 0-32 nm in depth) after a set process (i.e., 1.03 a.u.) was
reduced considerably compared to that for a pristine state
(i-e., 1.35 a.u.). Otherwise, the integrated area of the relative 0%~
intensity from a half-depth of ¢~CO,-based ReRAM cell to the
bottom W electrode (i.e., 32—-64 nm in depth) after a set process

Adv. Electron. Mater. 2022, 2101083 2101083 (4 of 12)

(i-e., 1.60 a.u.) was enhanced compared to that for a pristine
state (i.e., 1.26 a.u.), indicating that O~ covalently bonded with
C atoms drifted and diffused toward the bottom W electrode
when a negative bias was applied to the top Pt electrode. As a
result, the covalent bond states of C atoms in the &-CO,, resis-
tive layer between the top Pt electrode and a half-depth of the
resistive layer would be changed, which will be proven later.
Moreover, the integrated area of the relative O~ intensity from
the top Pt electrode to a half-depth of 0+CO,-based ReRAM cell
(i-e., 0-32 nm in depth) after the reset process (i.e., 1.28 a.u.)
was increased after the set process (i.e., 1.03 a.u.). Mean-
while, that from a half-depth of ¢&+CO,-based ReRAM cell to
the bottom W electrode (i.e., 32-64 nm in depth) for an after
a reset process (i.e., 1.33 a.u.) was decreased than that after a
set process (i.e., 1.60 a.u.), as shown in Figure 2f. In addition,
the relative C atomic intensity close to the bottom W electrode
after a reset process was increased back. These results imply
that O% ions covalently bonded with C atoms that drifted and
diffused back toward the top Pt electrode when a positive bias
was applied to the top Pt electrode, and the covalent bond states
of C atoms in the 0+CO, resistive layer would vary. Therefore,
the dependencies of the relative C and O? intensities on the
bias conditions demonstrate that the generation of a bi-stable
resistance in Figure 2b was correlated with the distribution of
the relative C and O? intensities in the o~CO, resistive layer
by comparing Figure 2d with Figure 2e,f, indicating that O%"

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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drifted and diffused based on the bias conditions to ensure that
the covalent bond states of C would be transformed based on
the bias conditions.

In order to investigate detailed C—C covalent bond compo-
sition of the o~CO,-based resistive switching layer, the carbon
K-edge EELS spectrum of the 0+CO,-based resistive switching
layer as a function of pristine, after the set process, and after
the reset process was examined, as shown in Figure 3. The
cross-sectional scanning transmission electron microscopy
(STEM) image of the 0-CO,-based ReRAM-cell was presented,
as shown in Figure 3a. The carbon K-edge EELS spectrum was
extracted over the entire region of the ¢~CO,-based resistive
switching layer. In the pristine state, the integrated area of n*
peak and o* peak intensity were 3.18 and 18.75, respectively,
as shown in Figure 3b. After a set process, the integrated area
of * peak and o* peak intensity were 3.62 and 16.14, respec-
tively, as shown in Figure 3c. Otherwise, after a reset process,
the integrated area of 7* peak and o* peak intensity were 3.22
and 18.04, respectively, as shown in Figure 3d. Based on the
calculation of the fraction of C—C sp? covalent bond developed
by Berger et al.[** the fraction of C—C sp? covalent bond
for the pristine state, after the set process, and after the reset
process, was =55.6, =73.6, and =58.5%, respectively. Highly ori-
ented pyrolytic graphite was used as a reference. These results
indicate that the pristine state, after the set process, or after the
reset process of the o~CO,-based ReRAM cell was dominantly
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determined by the fraction magnitude of C—C sp? covalent
bond in the a-CO,-based resistive switching layer.

The dependence of the chemical bond depth profiles on the
bias conditions was investigated via depth scanning XPS using
the gas-cluster-ion-source (GCIS) with accelerating voltage of
4 KeV and cluster size of 2000 to determine how the 0% dis-
tribution depends on after a set process or after a reset pro-
cess influences the covalent-bond states of C atoms in the
0-CO, resistive layer. At the o+CO,-based ReRAM cells having
an area of 60 X 60 um?, as shown in Figure 2a, with a pris-
tine state, after the set and reset processes, the top Pt elec-
trodes were etched off by the GCIS (i.e., Ar,* cluster) for ion
milling in XPS. Subsequently, the o-CO,, resistive layers were
etched up to near the top Pt electrode (i.e., the o~CO, resistive
layer with a thickness of =4 nm: etching time of 1000 s) at one-
fourth depth of the o~CO, resistive layer (i.e., depth of 8 nm:
etching time of 3000 s), and at a half-depth of the o~CO,, resis-
tive layer (i.e., depth of 12 nm: etching time of 5000 s). There-
fore, chemical bonds were observed at the three locations using
XPS. The XPS peak signals of C—C sp? (conductive C covalent
bond), C—C sp? (insulating C covalent bond), C=0 (carbonyl),
O—C=0 (carboxyl), and O—(C=0)—0O (carbonate) were found
at 284.4, 285.2, 286.4, 2877, and 289.1 eV, respectively.*>>% First,
the integrated area of C—C sp?, C—C sp?, C=0, 0—C=0, and
O—(C=0)—0 near the top Pt electrode in the pristine state
was 5278, 5166, 1717, 791, and 433, respectively, indicating that
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Figure 3. Dependency of the fraction magnitude of C—C sp? covalent bond on pristine, after the set process, or after the reset process for the 0+CO,-
based ReRAM-cell. a) Cross-sectional scanning transmission electron microscopy (STEM) image of the o-CO,-based ReRAM-cell. The carbon K-edge
EELS spectrum was extracted over the entire region of the 0-CO,-based resistive switching layer. The carbon K-edge EELS spectrum of the o~CO,-based
ReRAM-cell b) in the pristine state, c) after the set process, and d) after the reset process.
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the integrated area percentages of C—C sp?, C—C sp?, C=O,
O—C=0, and O—(C=0)—0 covalent bonds in the o-CO,
resistive layer were 39.5%, 38.6%, 12.8%, 5.9%, and 3.2%, as
shown in Figure 4a and Figure S6a in the Supporting Informa-
tion. In particular, the integrated area percentage of the C—C
sp? bond (i.e., 39.5%) in the o~CO, resistive layer was almost
similar to that of the C—C sp?® bond (i.e., 38.6%), indicating
that the o~CO, resistive layer in the pristine state would be
an insulating resistive layer. In addition, the XPS intensities
for all covalent bonds at the one-fourth and half-depths of the
o-CO,, resistive layer in the pristine state were almost similar
to those near the Pt top electrode, as shown in Figure 4a—c and
Figure S6a—c in the Supporting Information, which are well
correlated with Figure 2d. Second, the integrated areas of C—C
sp?, C—C sp?, C=0, 0—C=0, and O—(C=0)—O0 near the top
Pt electrode after a set process were 7927, 1859, 1191, 457, and

(a) (b)
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266, showing that the integrated area percentages of C—C sp?,
C—C sp?, C=0, 0—C=0, and O—(C=0)—0 were 67.7%, 15.9%,
10.2%, 3.9%, and 2.3%, respectively, as shown in Figure 4d
and Figure S6d in the Supporting Information. The integrated
area percentage of the C—C sp? bond was enhanced from
39.5% to 67.7%, while those of the C—C sp?, C=0, 0—C=0,
and O—(C=0)—O0 covalent bonds were reduced from 38.6% to
15.9%, 12.8% to 10.2%, 5.9% to 3.9%, and 3.2% to 2.3%, respec-
tively. In particular, the integrated area percentage of the C—C
sp? bond was increased by =28.2%, while that of the C—C sp?
bond was decreased by =22.7%, indicating that after a set pro-
cess of the a-CO,-based ReRAM cell enhances the conductive
C—C sp? covalent bonds and reduces the insulating C—C sp?
covalent bonds in the o-CO, resistive layer. As a result, conduc-
tive C—C sp? covalent bond filaments were produced near the
top electrode of the o~CO, resistive layer. The integrated area
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Figure 4. Dependency of chemical bond depth-profiles on pristine, set, and reset for 0-CO,-based ReRAM-cells, analyzed by depth scanning XPS using
the gas cluster ion source (GCIS). The chemical bond intensities for C—C sp? (conductive C covalent bond), C—C sp? (insulating C covalent bond),
C=0 (carbonyl), O—C=0 (carboxyl), and O—(C=0)—0 (carbonate) for a pristine state located a) from top electrode to a depth of 4 nm, b) depth of
=4-8 nm, and c) depth in the c+CO, resistive layer of =8-12 nm. Result after the set process located d) from top electrode to a depth of 4 nm, e) depth
of =4-8 nm, and f) depth in the a~CO, resistive layer of =8-12 nm. Those for after the reset process located g) from top electrode to a depth of 4 nm,
h) depth of ~4-8 nm, and i) depth in the 0~CO, resistive layer of ~8-12 nm.
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percentages of all covalent bonds near the top Pt electrode after
the set process were almost similar to those of the one-fourth
and half-depth of the &-CO, resistive layer since the O% inten-
sity was uniformly distributed between the near top Pt elec-
trode and half-depth of the o~CO, resistive layer, as shown in
Figures 2e and 4d-f. Note that O% drifted and diffused from
the top Pt electrode to the bottom W electrode after a set pro-
cess to ensure that the relative intensity of O?~ near the top Pt
electrode was considerably reduced, as shown in Figure 2d.e.
Therefore, the conductive C—C sp? covalent bonds in the o~CO,,
resistive layer near the top Pt electrode after the set process
were significantly increased, while the insulating C—C sp? cova-
lent bonds were considerably decreased. In addition, the pres-
ence of a covalent O atom with C—C covalent bonds determines
the insulating C—C sp? and conductive C—C sp? covalent bonds
in the o~CO, resistive layer. Finally, the integrated areas of C—C
sp?, C—C sp?, C=0, 0—C=0, and O—(C=0)—O0 near the top Pt
electrode after the reset process were 6269, 4283, 1480, 596, and
304, respectively, indicating that the integrated area percentages
of C—C sp?, C—C sp?, C=0, 0—C=0, and O—(C=0)—0 were
48.5%, 33.1%, 11.4%, 4.6%, and 2.4%, as shown in Figure 4g
and Figure S6g in the Supporting Information. The integrated
area percentage of the C—C sp? bond decreased from 677%
to 48.5%, while those of the C—C sp?, C=0, O—C=0, and
0O—(C=0)—0 covalent bonds increased from 15.9% to 33.1%,
10.2% to 11.4%, 3.9% to 4.6%, and 2.3% to 2.4%, respectively. In
particular, the integrated area percentage of the C—C sp? bond
was decreased by =19.2%, while that of the C—C sp? bond was
increased by =172%. This implies that after a reset process of
the a-CO,-based ReRAM cell significantly reduces the conduc-
tive C—C sp? covalent bonds and increases the insulating C—C
sp® covalent bonds in the o~CO, resistive layer. The integrated
area percentages of all covalent bonds near the top Pt electrode
of the set process were similar to those of the one-fourth and
half-depth of the a-CO, resistive layer because the O?~ inten-
sity was uniformly distributed between the near-top Pt elec-
trode and half-depth of the o~CO, resistive layer, as shown in
Figures 2f and 4g-i. A reset process performed the drift and
diffusion of 0%~ from the bottom W electrode back to the top
Pt electrode so that the relative intensity of O?~ between the Pt
electrode and half-depth of the o~CO, resistive layer was con-
siderably increased, as shown in Figure 2e,f. As a result, the
conductive C—C sp? covalent bonds in the a-CO, resistive layer
were decreased while the insulating C—C sp® covalent-bonds
were increased near the top electrode of the o+CO, resistive
layer, called a reset process. In summary, the dependency of the
C—C sp? or C—C sp? covalent bond integrated area percentages
on a set or reset evidently proved a considerable transformation
from the insulating C—C sp? covalent bonds to the conductive
C—C sp? covalent bonds during the set process in the o-CO,
resistive layer near the top Pt electrode, accomplishing an LRS,
while a significant transformation from the conductive C—C
sp? covalent bonds to the insulating C—C sp?® covalent bonds
during the reset process ruptured the conductive C—C sp? fila-
ments in the 0-CO, resistive layer near the top Pt electrode,
achieving an HRS, as shown in Figure S7a—c in the Supporting
Information. Therefore, the correlation between the chemical
bond intensities and an applied bias condition via simulta-
neous EDS, EELS, and XPS analysis proved that a bi-stable

Adv. Electron. Mater. 2022, 2101083 2101083 (7 of 12)

MATERIALS

www.advelectronicmat.de

resistance generation mechanism for the a-CO,-based ReRAM
was different from those for binary metal oxide-based ReRAM
and CBRAM.

2.3. Dependencies of Nonvolatile Memory Characteristics
on the Conductive C—C sp? Covalent Bond Intensity for
0-CO,-Based ReRAM

The dependencies of nonvolatile memory characteristics on the
chemical composition were observed as a function of the chem-
ical composition intensities because the O?~ intensity in the
o-CO,, resistive layer near the bottom W electrode determined
the bi-stable resistance of the o~CO,-based ReRAM cells. The
chemical composition of the o~CO, resistive layer was varied
by controlling the partial pressures of the oxygen (i.e., 0%,
3.8%, 74%, 10.7%, and 13.8%) during sputtering of the 0~CO,
resistive layer. Then, the nonvolatile memory characteristics
were estimated and correlated with the chemical bond of the
o-CO,, resistive films sputtered with five different partial pres-
sures of the oxygen for all o-CO,-based ReRAM cells. Moreover,
memory cells with a diameter of 60 nm were fabricated for
commercial memory applications, as shown in Figure 5a. The
values for Viyrming Viesets Vsetr and memory margin (I, / Log) were
-1.80, 1.60, —1.05, and =3.6 x 102, respectively, for &-CO,-based
ReRAM cells without oxygen flow during sputtering. This dem-
onstrates a typical bi-stable resistance, as shown in Figure 5b.
Otherwise, Vioming increased linearly from —1.80, -2.00, —2.20,
and —2.55 V, Vet and V., were sustained at =1.60 and —1.05 to
-1.10 V, and memory margin (I,,/I,q) increased from =3.6 x 102,
4.3 x 10%, 8.1 x 10%, and 1.0 x 10° respectively, as shown in
Figure 5b—e and inset of Figure 5f, for the o~CO,- based ReRAM
cells using the increased partial pressures of the oxygen during
sputtering. In particular, the nonvolatile memory characteris-
tics completely disappeared for the o+CO,-based ReRAM cells
using an oxygen partial pressure of 13.8% during sputtering
because the a~CO, resistive layer would be changed toward the
insulating layer, as shown in Figure 5f. In addition, the depend-
ency of reliability on the chemical composition determined by
the partial pressure of the oxygen during sputtering was meas-
ured. The write and erase endurance cycle was 6.0 x 10% cycles
and a set-stuck failure occurred for the 0~CO,-based ReRAM
cells without oxygen flow during sputtering. Otherwise, the
write and erase endurance cycle increased from 6.0 x 102,
2.0 x 10% 5.0 x 10%, and >1.0 x 10° cycles for the a-CO,-based
ReRAM cells when oxygen partial pressure increased from 0%
to 3.8%, 7.4%, and 10.7%, as shown in Figure 5g—j,l. Note that
the endurance cycle could not be measured for the partial pres-
sure of 13.8% because the resistive layer would be a complete
insulating layer, as shown in Figure 5k,1. Moreover, the depend-
ency of the retention time on oxygen partial pressure for the
0-CO,-based ReRAM cells is shown in Figure S8 in the Sup-
porting Information. The retention time for the o-CO,-based
ReRAM cells sputtered at oxygen partial pressure of 0%, 3.8%,
74%, and 10.7% was =5.3, =6.4, =7.6, and =8.6 years, indicating
that the retention time increased with oxygen partial pressure.
These results indicate that the nonvolatile memory characteris-
tics of the 0+CO,-based ReRAM cells greatly depended on the
chemical compositions determined by the partial pressure of
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Figure 5. Dependency of nonvolatile memory characteristics and reliabilities (i.e., write and erase endurance cycle) on the chemical composition
(i.e., conductive C—C sp? and insulating C—C sp® covalent bonds) determined by the partial pressure of the oxygen during sputtering the -CO, resistive
layer for ReRAM cells. a) Schematic o~CO,-based ReRAM cell with a diameter of 60 nm. Nonvolatile memory characteristics b) without oxygen flow,
and with oxygen partial-pressure of c) 3.8%, d) 7.4%, e) 10.7%, and f) 13.8%. The inset of Figure 4f presents the dependencies of Viyrming, Vsetr Vresets
and I,,/log ratio on the partial pressure of the oxygen. Write and erase endurance cycles for g) without oxygen flow, and oxygen partial-pressure of
h) 3.8%, i) 7.4%, j) 10.7%, and k) 13.8%. |) Statistical write and erase endurance depending on the partial pressure of the oxygen.
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Figure 6. Chemical bond (i.e., C—C sp? (conductive C covalent bond), C—C sp? (insulating C covalent bond), C=O (carbonyl), O—C=0 (carboxyl),
and O—(C=0)—0 (carbonate)) intensities depending on the partial pressure of the oxygen during sputtering the 0~CO, resistive layer. The chemical
bond intensities for the o~CO, resistive layer at a pristine state were measured at the surface of the resistive layer. Chemical bond intensities a) without
oxygen flow, and oxygen partial-pressure of b) 3.8%, c) 7.4%, d) 10.7%, and e) 13.8%. f) Integrated area percentages depending on the partial pressure

of the oxygen.

the oxygen during the resistive layer sputtering. This indicates
that a higher partial pressure of the oxygen led to an improved
nonvolatile memory characteristic and reliability. The detailed
chemical bonds of the o~CO,, resistive films were characterized
using XPS as a function of the partial pressure of the oxygen
to correlate nonvolatile memory characteristics with the chem-
ical bond. The integrated area percentages of the conductive
C—C sp? covalent bond in the 0-CO, resistive layer decreased
to 82.6%, 71.6%, 52.3%, 44.0%, and 37.6%, respectively, while
those of the insulating C—C sp? covalent bonds were enhanced
to 7.7%, 15.5%, 31.7%, 374%, and 39.4% when the oxygen partial
pressure increased from 0%, 3.8%, 74%, 10.7%, and 13.8%, as
shown in Figure 6a—f. In particular, the integrated area percent-
ages of the covalent bonds C=0, 0O—C=0, and O—(C=0)—-0 in
the o~CO,, resistive layer were increased as the partial pressure
of the oxygen increased. It is evident from the comparison of
Figure 5b—f with Figure 6a—e that as the oxygen partial pres-
sure increased from 0%, 3.8%, 74%, and 10.7%, respectively,
HRS (Ig at —0.1 V V,,q) decreased from 2.71 x 107, 2.29 x 107,
1.23 x 107, and 6.33 x 10~® A, respectively. Furthermore, the
integrated area percentages of the conductive C—C sp? covalent
bonds decreased from 82.6%, 71.6%, 52.3%, 44.0%, and 37.6%,
respectively, while those of the insulating C—C sp® covalent
bonds increased from 77%, 15.5%, 31.7%, 374%, and 39.4%,
respectively. Note that a lower integrated area percentage of
the conductive C—C sp? covalent bonds shown through the
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comparison of Figure 5g-1 with Figure 6a—f resulted in a longer
write and erase endurance cycles of the o+CO,-based ReRAM.
Moreover, it was confirmed that the retention time of the
o-CO,-based ReRAM cells was =8.6 years at 85 °C, as shown
in Figure S8d in the Supporting Information. The ¢o+CO,-based
ReRAM cells presented a typical forming (i.e., =280 ns), set
(i.e., =85 ns), and reset (i.e., =75 ns) speeds such as binary metal
oxide-based ReRAM and CBRAM cells, as shown in Figure S9
in the Supporting Information.

3. Conclusion

Generally, the o~CO,-based ReRAM cell have presented advan-
tages compare to binary metal oxide-based ReRAM, since it
can be produced by low cost due to a cheap graphite target and
can ensure reliable nonvolatile memory characteristics due to
superior resilience to external stimuli such as friction, heat, and
shock.*®l In addition, as shown in Figure S10 in the Supporting
Information, the -CO,-based ReRAM cell could demonstrate
a better synaptic device performance than binary metal oxide-
based ReRAM and CBRAM, >3 showing at least 32-level (i.e.,
5-bit) conductance, where online learning of neuromorphic
system is necessary at least 32-level (i.e., 5-bit) conductance.*l
Moreover, the a-CO, ReRAM cells demonstrated a different bi-
stable resistance mechanism than the binary metal oxide-based
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ReRAM cells and CBRAM cells. In particular, the bi-stable
resistance generation of the o-CO, ReRAM cells was deter-
mined by the O% distribution near the bottom W electrode,
depending on the applied bias polarity on the top electrode.
The conductive C—C sp? covalent bond filaments were electro-
formed near the top Pt electrode when O?~ were accumulated
near the bottom W electrode due to the diffusion and drift of
the O% toward the bottom W electrode after applying a negative
bias on the top Pt electrode. On the other hand, the conductive
C—C sp? covalent bond filaments were ruptured near the top Pt
electrode when O?- drifted and diffused back toward the top Pt
electrode after applying a positive bias. In addition, the inten-
sity of conductive C—C sp? covalent bond in the @-CO, resis-
tive layer determined the forming voltage of the o-CO, ReRAM
cells, which was dependent on the partial pressure of the
oxygen during the sputtering of the a-CO, resistive layer. The
proportion of conductive C—C sp? covalent bond decreased as
the partial pressure of the oxygen increased during sputtering.
Therefore, a lower proportion of conductive C—C sp? covalent
bond led to a higher forming voltage. Subsequently, the set
voltage or reset voltage was almost independent of the partial
pressure of the oxygen during sputtering after forming the con-
ductive C—C sp? covalent bond filaments in the a~CO, resistive
layer. Moreover, the conductive C—C sp? covalent bond inten-
sity in the o-CO,, resistive layer affected the forming voltage and
the write and erase endurance cycle of the 0~CO,, ReRAM cells.
A less proportion of conductive C—C sp? covalent bond led to
longer write and erase endurance cycles. However, a bi-stable
resistance was not produced at less than a specific proportion
of conductive C—C sp? covalent bond in the pristine state (i.e.,
the integrated area percentage of =376%). Furthermore, LRS
and HRS depended on the operating temperature of memory
cells, indicating that the resistance of both LRS and HRS
decreased as the temperature increased and the slope of HRS
decreased more than that of LRS, which was similar to binary
metal oxide-based ReRAMP>~l and different from CBRAM
cell,’8-60 as shown in Figure S11 in the Supporting Informa-
tion. Note that the resistance of both HRS and LRS for o~CO,-
based ReRAM and binary metal oxide-based ReRAM decreased
as the operating temperature increased. Otherwise, the resist-
ance of LRS for CBRAM increased as the operating tempera-
ture increased. Finally, the 0-CO, ReRAM cells fundamentally
require a relatively high forming voltage of conductive C—C sp?
covalent bond filaments. Therefore, further studies are neces-
sary to achieve forming-free in commercial 0~CO, ReRAM cells
and understand the mechanism by which the intensity of the
conductive C—C sp? covalent bonds in the o-CO, resistive layer
influences the memory characteristics and reliability. In addi-
tion, a novel study that focuses on a memristor-type synapse
using o~CO,, ReRAM cells and integrate-and-fire neurons using
the negative-differential-resistance (NDR) of the 0-CO, ReRAM
cells is necessary.

4. Experimental Section

Fabrication of Nanoscale Binary Metal Oxide-Based ReRAM Cells,
CBRAM, and o-CO,-Based ReRAM Cells: Three types of nanoscale
nonvolatile memory cells with a bottom electrode (diameter of =60 nm),
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such as binary metal oxide-based ReRAM cells, CBRAM, and o-CO,-
based ReRAM cells, were fabricated. A SiO, film with a thickness of
~30 nm was deposited on a 12 in. SiO, wafer by chemical vapor
deposition, and nanoholes with electrodes (diameter of =60 nm) were
patterned by photolithography and dry etching. Subsequently, plug-type
W bottom-electrodes with thickness of 50 nm were fabricated by W-film
deposition on the nanoholes and chemical mechanical planarization. In
addition, 850 uL of a photoresist (AZ5214E) was spin-coated on the plug-
type W patterned wafer at 5000 rpm for 30 s and soft baked at 120 °C for
1 min and 40 s to fabricate HfO,-based ReRAM cells. Then, a photomask
with 60 X 60 um? patterns was aligned on the plug-type W-patterned wafer
and exposed to UV light with a beam intensity of 20 mW cm™2 for 12 s.
The exposed patterned photoresist was developed using a developer
(AZ300MIF) for 70 s. The HfO, switching layer with a thickness of
=10 nm was deposited on the plug-type W bottom electrode patterned
wafer, which had square-shaped photoresist patterns with dimensions of
60 X 60 um? by sputtering the HfO, target at RF with a power of
40 W under an Ar flow of 40 sccm. Subsequently, a top Pt electrode
with a thickness of 50 nm was sputtered using a Pt target that was set
at DC 30 W under an Ar flow of 30 sccm. Finally, the lift-off process
was performed. Thus, the HfO,-based ReRAM cells were completely
fabricated with a vertical structure of a bottom W electrode with a
diameter of 60 nm, HfO, switching layer, and top Pt electrode. In
addition, a similar photolithography process for 60 x 60 um? photoresist
patterns was conducted to fabricate CuO-based CBRAM cells. Then,
the CuO resistive layer with a thickness of 10 nm was deposited on a
plug-type W bottom electrode patterned wafer with square-shaped
60 x 60 um? photoresist patterns by sputtering the CuO target at RF
with a power of 90 W under an Ar flow of 40 sccm. Subsequently, a
top Ag electrode with a thickness of 50 nm was thermally evaporated
using Ag pellets at a pressure of 107 Pa, and a TiN top electrode with a
thickness of 20 nm was sputtered using a TiN target at DC 40 W under
an Ar flow of 30 sccm. Finally, N, annealing was performed 500 °C for
30 min after the lift-off process. Therefore, CuO-based CBRAM cells
with a diameter of 60 nm were fabricated with a vertical structure of the
bottom W electrode with a diameter of 60 nm, CuO resistive switching
layer, top Pt, and TiN electrode. Finally, a similar photolithography
process for 60 X 60 um? photoresist patterns was performed to fabricate
0-CO,-based ReRAM cells. The o-CO, switching layer with a thickness of
5 nm was deposited on a plug-type W bottom electrode patterned wafer
for 60 x 60 um? photoresist patterns by sputtering a graphite target
at DC 250 W under an Ar flow of 10 sccm and various O, flows (i.e.,
0 to 0.4, 0.8, 1.2, and 1.6 sccm) to adjust the partial pressure of oxygen
corresponding to 0% to 3.8%, 7.4%, 10.7%, and 13.8%. Subsequently, a
top Pt electrode with a thickness of 50 nm was sputtered using the Pt
target at DC 30 W under an Ar flow of 30 sccm. Finally, a lift-off process
was performed. The o-CO,-based ReRAM cells were fabricated with a
vertical structure of a bottom W electrode with a diameter of 60 nm,
an a-CO, resistive switching layer, and a top Pt electrode. Moreover, W
bottom electrodes with a diameter of 60 nm were used for all three types
of nonvolatile memories to compare the bi-stable resistance generation
mechanism between binary metal oxide-based ReRAM cells, CBRAM
cells, and o-CO,-based ReRAM cells.

Fabrication of Micrometer Scale 0-CO,-Based ReRAM for Characterizing
a Bi-Stable Resistance Generation Mechanism: A W film, which was
the bottom electrode, with a thickness of 100 nm was sputtered on a
SiO, film grown on a Si substrate using a W target at DC 40 W under
an Ar flow of 30 sccm. Then, a similar photolithography process was
conducted to produce square-shaped 60 x 60 um? photoresist patterns.
Then, the o~CO, resistive switching layer with a thickness of 20 nm was
deposited on the square-shaped 60 x 60 um? photoresist patterns by
sputtering a graphite target at DC 250 W under the Ar and O, flows of
10 and 1.2 sccm, respectively. Subsequently, the top Pt electrode with a
thickness of 100 nm was sputtered using a Pt target at DC 30 W under
an Ar flow of 30 sccm. After conducting the lift-off process, o~-CO,-based
ReRAM cells with a memory cell area of 60 x 60 Lm? were fabricated with
a vertical structure of a W bottom electrode (=100 nm), o~CO, resistive
switching layer (=20 nm), and a Pt top electrode (=100 nm). After a

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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pristine, reset after a set, and set after a reset, the depth profiles of the
chemical composition of the o-CO,-based ReRAM cells with a memory
cell area of 60 x 60 um? were analyzed using EELS, EDS, and XPS.

Material Characterization: The surface morphology of the plug-type
W bottom electrode with a memory cell size diameter of =60 nm was
investigated by atomic force microscopy (AFM, XE7). The crystallinity
of the a~CO, layer was observed using XRD (Rigaku SmartLab). The
aberration-corrected STEM, EDS, and EELS (JEM-2100F) measurements
were conducted with a beam energy of 200 keV. In addition, the EELS
elemental mapping images of C-K and O-K edges were obtained at
=0.66 nm pixel intervals. The XPS intensities of C—C sp?, C—C sp?, C=0,
O—C=0, and O—(C=0)—0 covalent bonds in the o~CO, resistive layer
were examined by XPS (K-Alpha+) using a monochromatic Al Ker X-ray
source of 1486 eV. The GCIS was utilized for ion milling. The acceleration
voltage of the GCIS (i.e., Ar,* cluster) was 4 KeV and cluster size was
2000 (i.e., n = 2000) to minimize the chemical and structural damage to
the 0~CO, resistive layer.

Electrical Measurements: The current-voltage (I-V) curves of the 0+CO,-
based ReRAM cells were estimated using an Agilent B2902A semiconductor
parameter analyzer. In addition, the reliability (i.e., write and erase
endurance cycle) and switching speed measurements were performed
using the Keithley 4200 A semiconductor parameter analyzer. The 0~CO,-
based ReRAM cells were placed on a hot chuck where the temperature was
regulated by a TAS 1000 temperature controller to measure the bi-stable
resistance at a high operating temperature of 120-160 °C.
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