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Highly Stable Forming-Free Bipolar Resistive Switching in
Cu Layer Stacked Amorphous Carbon Oxide: Transition
between C—C Bonding Complexes

Da Seul Hyeon, Gabriel Jang, SunHwa Min, and Jin Pyo Hong*

Recent advances in resistive switching devices have garnered a considerable
amount of interest as an alternative option for next-generation nonvolatile
memories due to their distinct advantages of ultralow power consumption,
fast operation, and outstanding scaling potential. Among the recently
considered active media, amorphous carbon oxide (0-C:O,) shows promise
in terms of device performance, essentially due to the transition between
carbon sp?-sp? complex under bias. However, widespread utilization of this
media still remains a challenge due to its undesirable high forming voltage
and insufficient stability issues. Here, a simple approach to stack a suitable
Cu layer at the a-C:O, layer/W interface of simple Pt/a-C:O/W frames is
introduced to engineer resistive switching characteristics. Precise control of
a stacked Cu layer (2.5 nm thick) identifies numerous benefits of forming-
free characteristics, reliable switching time, and appreciably stable features To
compared with those of single a~C:O, active medium. The possible principle
underlying the experimental findings is described based on the oxygen ion
drift-driven transition between sp? and sp? bonds at the intermixed regions
of 0-C:0,/Cu interfaces under bias, which are systematically confirmed by

structural observations.

1. Introduction

Resistive random access memory devices based on resistive
switching (RS) characteristics are gaining importance as a prom-
ising alternative for next-generation memory due to their distinc-
tive features, including a geometrically simple frame, ultralow

D. S. Hyeon, G. Jang, |. P. Hong

Research Institute of Natural Science

Department of Physics

Hanyang University

Seoul 133-791, South Korea

E-mail: jphong@hanyang.ac.kr

S. H. Min, J. P. Hong

Research Institute for Convergence of Basic Science

Division of Nanoscale Semiconductor Engineering

Hanyang University

Seoul 133-791, South Korea
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202100660.

© 2021 The Authors. Advanced Electronic Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/aelm.202100660

Adv. Electron. Mater. 2022, 8, 2100660 2100660 (1 0of9)

power consumption, high speed operation,
and outstanding scaling potential.'% To
further ensure such features, substantial
efforts have been dedicated toward devel-
oping a suitable candidate for data storage
media.”? In recent years, carbon-based
media has shown great potential as a reli-
able option owing to its low cost, simple
chemical composition, affordable compat-
ibility with complementary metal-oxide-
semiconductor  processes, and fast
switching speed.'>3] Thus, numerous
studies have also been conducted to attain
a firm understanding of the nature and to
achieve improved device performance.

date, the possible underlying
nature of carbon layer-based RS has been
expected to the formation and rupture of
existing sp? conductive filament (CFs)
initially arising from the electroforming
step: that is, the conversion between the
sp? and sp? carbon complexes takes places
via bias, leading to two representative
RS behaviors. One class is unipolar RS
frequently observed from the tetrahedral amorphous carbon
(to-C)*B] or diamond-like carbon (DLC) layer.'*-®l The corre-
sponding unipolar RS is likely attributable to the fuse—antifuse
process induced by the current-driven temperature increase.
The second class is bipolar-RS, mainly observed in graphene
oxides!-2 or o~C:H?% layers, where bias-dependent oxygen or
hydrogen ion drift plays a crucial role in the transition between
the sp? and sp® bonds through the removal or absorption of
ions under bias. Recently, other promising work addressed
the advancing device performance of oxygenated amorphous
carbon (0~C:0,) layers, such as the high on/off ratio and fast
switching speed compared to graphene oxide.?'3 Further-
more, this 0+C:0,, active layer is also expected to play a key role
in providing simple wafer-scale fabrication allowing good repro-
ducibility at room temperature, amorphous nature, high degree
of tunable chemical characteristics by simply changing oxygen
content, and outstanding device performance, compared with
those of other resistive switching active layer. However, these o~
C:0,, layer-based devices exhibited higher forming voltages and
insufficient stability/reliability features, even if they did possess
an appreciable switching speed.'824 In addition, the stochastic
distribution in forming voltages during consecutive sweeps led
to significant variation in device performance, thus requiring
high power consumption to address all individual cells.l?>-?7]
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The presence of forming voltages in ¢~C:O, layer-based devices
may cause a possible hard-breakdown event to take places
owing to the requirement of a relatively high voltage during
forming operation, thereby significantly impacting adjacent
devices in future integrated crossbar array frames. The above
forming issue also reflects the inherent necessity of additionally
separate circuits which may lead to device design burdens. The
corresponding results seem to be mainly caused by uncontrol-
lable or random rupture/creation events of sp? CFs initially cre-
ated by the forming process. Thus, proper manipulation of sp>-
sp® conversion in the o~C:O, layer becomes a key step toward
extending their wide use, together with identifying the possible
nature of electrical transport.

In this work, we address a simple Cu layer stacking approach
to improve device performance in @-C:O, layer-based RS
devices. The initial concept of this work is the manipulation of
sp?-sp® bonding ratios by placing a suitable thin Cu layer into
the o~C:0O, active layer/W bottom electrode interfaces, which
tailors the sp?/sp® bonding ratio in the intermixed regions of
o-C:0,/Cu interfaces created during device fabrication. Pre-
cise control of the stacked Cu layer thickness enhanced the
device performance, including forming-free characteristics
and improved reliability features. Extensive X-ray photoelec-
tron spectroscopy (XPS) and transmission electron microscope
(TEM) measurements were conducted to verify the improved
device performance. Experimental observations identified effi-
cient conversion between the sp? and sp* bonds in the inter-
mixed region of the -C:0,/Cu interfaces.

2. Results and Discussion

Two sets of samples were prepared: Pt/0~C:0,(8)/W and Pt/o+
C:0,(8)/Cu(2.5)/W. The former and latter are hereafter termed
as Samples A and B, respectively, where the numbers in paren-
theses indicate the nominal thickness of each layer in nanom-
eters. During operation, a bias voltage was applied to the top Pt
electrode with the bottom W electrode grounded. Figure 1a,b
plots the representative -V responses of Samples A and B with
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320 nm diameters in W bottom electrodes, respectively, exhib-
iting bipolar RS behaviors. It can be seen that Sample A required
typical negative electroforming voltages of about —3 to —4 V as
in most RS setups. Sample B contained a 2.5 nm thick Cu layer
and exhibited forming-free characteristics upon applying a com-
pliance current (I.) of 100 pA (black line). Figure S1 in the Sup-
porting Information displays more detailed -V characteristics
of Sample A, including various oxygen contents induced by the
application of different oxygen partial pressures during fabrica-
tion. As evident in the figure, Sample A with no oxygen content
did not exhibit typical RS behavior, while increasing the oxygen
content in the o~C:O, layer yielded increased forming voltages
(Vf). These results are likely associated with the presence of dif-
ferent contents in the sp? bonds, depending on oxygen ions, as
will be explained later. As depicted above, it is widely believed that
the possible RS nature of carbon or ¢+C:O, layer-based devices
directly relates to the contents of sp? bonds constituting the CF
paths, which in turn leads to a low resistance state (LRS). Thus,
to elucidate the influence of oxygen ion content on the perfor-
mance of 0-C:O, layer-based devices, oxygen content-dependent
XPS analyses were conducted by adapting various oxygen partial
pressures during device fabrication (Figure S2, Supporting Infor-
mation). The results suggest that the oxygen content generated
by different oxygen partial pressures inversely contributes to the
content of sp? bonds; that is, a possible reaction between the
oxygen ions and sp? bonds establishes the conversion from sp?
to C—C sp?® bonds, which leads to a relatively resistive state. This
means that the C—C sp® bonds are also converted to sp? bonds
in a reverse process when the oxygen ions are eliminated under
reverse bias.?’! In addition, Sample A with a relatively low sp?
bonds content caused by the higher oxygen pressure exhibited a
higher V. It seems to be owing to the inherent requirement of
a higher electric field which is associated with more oxygen ion
drifts necessary for the CF formation. Figure 1c plots the Cu layer
thickness-dependent forming voltages of Sample B, depending
on the Cu thickness. Forming-free-like behaviors were observed
(Figure 1b). Thus, suitable use of stacked Cu layers in Sample B
allows for gradual reduction in V; up to 5 nm and then finally
permits forming-free characteristics to take places. More detailed
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Figure 1. Representative [-V characteristics of Samples A and B exhibiting typical bipolar resistive switching behaviors. I-V responses of a) Sample A
and b) Sample B, where Sample B reveals the forming-free feature through insertion of a suitable 2.5 nm thick Cu layer. Insets of panels (a) and (b)
show the geometric layouts of Samples A and B, respectively. c) Cu thickness-dependence of forming voltages for Sample B, along with that of Sample

A (black dot) for comparison.
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Figure 2. Representative DC endurance tests of a) Sample A and b) Sample B for 100 consecutive cycles. c) Set (red) and reset (blue) voltage distribu-
tions of Samples A and B during 100 consecutive DC cycles. d) Cumulative probability distributions of LRS (red) and HRS (blue) for Samples A and B
taken at a real voltage of 0.1 V. Sample B identified the more stable electrical performance than that of Sample A.

I-V responses of Sample B with various Cu thicknesses are given
in Figure S3 in the Supporting Information.

Figure 2 shows the representative I-V responses of Samples
A and B taken as DC endurance tests. As seen in this figure,
Sample A displayed undesirable [-V fluctuations even for 100
consecutive DC cycles (Figure 2a), while Sample B exhibited
relatively stable -V responses during the same 100 cycles
(Figure 2b) by a simple stacked Cu layer. More additional -V
responses of Sample B for the test of device uniformity are
given in Figure S4 in the Supporting Information. In particular,
Sample A exhibited abnormally large fluctuations in a high
resistance state (HRS) after 100 switching cycles. This unstable
fluctuation mainly arises from the presence of unintended large
CF gaps during repeated reset processes;?¥l that is, random or
nonuniform rupture and formation in the CFs occur, thereby
providing unstable I-V characteristics when a suitable Cu layer
is not used. The set and reset voltage distributions for Sam-
ples A and B during 100 consecutive DC cycles are given in
Figure 2c, along with the thickness of o-C:O, layer-dependent
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[-V response of Sample B (Figure S5, Supporting Information).
Sample B exhibited a relatively stable set voltage (Vi) distribu-
tion in the range of —0.4 to —0.7 V, while Sample A displayed a
wider range distribution from —0.8 to —2.1 V. Similarly, Sample
B led to the improved reset voltage (Vi) distribution from 0.3
to 0.5 V compared to that of Sample A in the range of 0.3 to
1.2 V. Figure 2d plots the cumulative probability distributions
of LRS (red) and HRS (blue) for Samples A and B, respectively,
where the measurements were taken at a real voltage of 0.1 V.
The experimental findings suggest that suitable integration of
the Cu layer in Sample B also enhances the stability for LRS
and HRS, which will be described in more detail later. In addi-
tion, a detailed I-V response of Samples A and B with a 720 nm
diameter is also given in Figure S6 in the Supporting Informa-
tion for comparison, where particular measurement was car-
ried out under a relatively higher compliance current of 10 mA.

To clarify the difference in device performance for Samples
A and B, the composition and chemical bonding states of Sam-
ples A and B were carefully examined via XPS depth profile
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Figure 3. XPS depth profile spectra of C, O, W, and Cu observed from a) Sample A and b) Sample B. XPS spectra of C 1s core levels for c) Sample A
and d) Sample B taken at the o-C:O,/Cu interfaces after the etching time of 150 s. ) Summarized peak area ratios of sp? to the total areas for Samples
A and B acquired at various in situ etching times ranging from 0, 40, 80, and 120 s. The plot of Sample B revealed an obvious increase in sp? ratio with
increasing etching times. f) XPS spectra of C Is and O Ts core levels at the o~C:O,/Cu interfaces of Sample B versus sputtering etching time. Possible
chemical bonding schematics of Sample B at g) the o~C:O, active region and h) intermixed regions of ¢~C:O,/Cu interfaces, where the intermixed

regions provided more sp? bonds due to the presence of C—O bonds.

measurements. Figure 3a,b shows the XPS depth profiles of
Samples A and B, respectively, depending on the Ar ion etching
time. As evident, the Cu peak in Sample B after an etching
time of 150 s implies the presence of an intermixed region at
the o-C:0,/Cu interfaces. More detailed C 1s XPS spectra of Sam-
ples A and B monitored at an etching time of 150 s are provided
in Figure 3c,d. The C Is core-level spectra observed from Sam-
ples A and B were identified by the sp? (284.4 eV), sp® (285.3 eV)
and C-O groups, which were composed of C-OH, C=0, and
COOH at 286.4, 2877, and 289 eV, respectively.2*31 In Sample B,
stacking a proper Cu layer reflects an increase in intensity of sp?
bonds higher than that of Sample A. Figure S7 in the Supporting
Information shows the XPS spectra of O 1s and Cu 2p;,,. The
O 1s spectra of Sample A presented only two dominant peaks
of C-O/C=0 at 533.4 and 531.7 eV, respectively. Sample B pro-
vided three dominant peaks: the same C-O/C=0 peaks as in
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Sample A and an additional Cu—O bond peak at 530.6 eV.?2 The
de-convolution of the Cu 2p;; spectrum for Sample B provided
two main peaks at 932.4 and 933.6 eV, indicating the presence of
Cu* and Cu?', respectively.33l However, Sample A exhibited no
Cu 2p3), spectrum since no Cu layer was used. Figure 3e shows
the peak area ratios of sp? to the total area for Samples A (blue)
and B (red) acquired at various in situ etching times of 0, 40, 80,
and 120 s. As seen in this figure, Sample B revealed an obvious
increase in the peak area ratios of sp? with increasing etching
time when a 2.5 thick Cu layer was adapted. Figure 3f plots the
atomic percentage of sp? and Cu,O for Sample B versus the sput-
tering etching time. The results also support the presence of the
intermixed regions described above. These XPS analyses imply
that stacking a suitable Cu layer may provide additional sp? con-
tent at the intermixed regions via the presence of Cu—O bonds,
which are inevitably created during sputtering in the reaction

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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process between oxygen and carbon ions. Thus, the thickness of
a Cu stacked layer seems to impact the proportion of sp? bonds
in intermixed region through the formation of Cu—O bonds
and a decrease in sp? bonds. Figure 3gh illustrates the sp? and
sp® bonds in the &-C:0, bulk and intermixed regions, respec-
tively, where the presence of additional Cu—O bonds is shown
in Figure 3h, along with the representative sp* and sp? bonds.
As plotted in Figures Sle and S2 in the Supporting Information,
forming voltages increased from —1 to —3.5 V with decreasing sp?
bonds, which means that the forming voltage is strongly affected
by the sp? bonds at the a-C:O, layer. It is worth noting that the
XPS measurements for Sample B identify the appearance of
more sp? bonds in the intermixed regions. These results reflect
a higher possibility of establishing thick CFs via more sp? bonds
even at a low operating voltage, thereby leading to a forming-free
I-V response. In addition, the appearance of additional Cu—O
bonds has a significant impact on reliability characteristics.

To examine the RS nature for Sample B at pristine, SET, and
RESET states, the oxygen and Cu distribution in the SET/RESET
states were carefully monitored because the elemental line pro-
files of TEM images at each state provide indirect information
on the switching nature. In these TEM analyses, the other Pt/or
C:0,(70)/Cu(2.5)/W stacks with a crossbar configuration and
relatively thick active layer were prepared, which was denoted
as Sample C for convenience. More detailed [~V responses of

(a)

(b)
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Sample C with/without having a Cu-stacked layer is given in
Figure S8 in the Supporting Information. As seen, the results of
Sample C exhibited the similar -V responses to the behaviors of
Sample B. The Sample C also confirmed the forming free char-
acteristics, which are similar to those of Sample B. This was the
main reason why we have chosen a relatively 70 nm thick active
layer for the TEM analyses. Figure 4a shows a crosspoint geo-
metric sketch and its enlarged cross-sectional picture of Sample
C. Figure 4b displays the cross-sectional TEM images exhibiting
the uniform growth of each layer, where a closer investigation
identifies the appearance of the intermixed regions (yellow box).
Figure 4c plots the elemental line profiles of Pt, W, O, C, and Cu
of Sample C. In a pristine state, the carbon and oxygen elements
were well-uniformly distributed over the whole o~C:O, active
region and extended to the top region of the W bottom elec-
trode. After the SET operation, a clear increase in oxygen ions at
the intermixed region and Cu layer reflects the bias-dependent
oxygen ion drift. Their results support an increase in sp? bonds
at the SET state, thereby establishing the CFs. During the RESET
operation, the oxygen ions return back toward the ¢-C:O, active
regions, indicating a reduction in sp? bond content at the inter-
mixed regions. This results in rupture events of the CFs, thus
staying in HRS. Thus, the number and thickness of C—C sp?
bonds can be reduced or ruptured by the oxygen ions accumu-
lated under negative bias; that is, the release and accumulation
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Figure 4. a) Schematic views of Sample C with a 30 x 30 um? cell area, which were prepared for efficient TEM analyses. b) Cross-sectional TEM images
of Sample C exhibiting the presence of the intermixed regions (yellow box) of 0+C:O,/Cu interfaces. c) Plots of EELS line profiles (O, C) and EDS line
profiles (Cu, W, and Pt) taken at the pristine (top), set (middle), and reset (bottom) states, respectively. The pristine state exhibited uniformly distributed
oxygen and carbon elements at the o-C:O, active region. The SET operation reflected an increase in oxygen ions at the intermixed regions and Cu layer,
while the copper element remains nearly unaffected. The RESET operation caused oxygen ions to drift back toward the o~C:O, active regions, without

experiencing distinct variation in Cu. The experimental findings verify indirect evidence for the formation of oxygen ion drift-driven sp? conductive fila-
ment, which is highly linked with the RS behavior.
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of oxygen ions at intermixed regions are expected to chemically
help the rupture and generation of the conductive carbon paths,
which is called as predominantly electrochemical redox reaction
of carbon complex through assistance of oxygen ion drifts. How-
ever, a more close analysis of Cu elements indicated that the Cu
elements remained nearly unaffected during the SET and RESET
operations. Thus, the dominant or main RS switching nature of
Sample B may be described by the rupture and formation events
of sp? bond CFs in the intermixed region, even though partial or
less contribution of electrochemical memory effect (ECM) caused
by the previously well-known Cu filaments to the RS event is also
possible. In addition, we can exclude the possibility of oxygen
vacancy contribution on the formation of conductive filaments
mainly observed from various oxide-based RS. Previously repre-
sentative work by other groupl?’! reported the switching nature
arising from both hydrogenated amorphous carbon (o-C:H) and
o-C:0,, active layers for comparison. Their [-V responses indi-
cated that the conductive paths of both o~C:H and ¢o~C:O,, devices
mainly comes from the carbon. Thus, we anticipate that the
release and accumulation of oxygen ions at intermixed regions
could chemically help the rupture and generation of the conduc-
tive carbon paths, even though the conductive paths contributed
by oxygen ions may partially take places.

To provide indirect evidence concerning sp? bond CFs, plots
of the temperature-dependent LRS resistance for Samples A and
B are given in Figure S9 in the Supporting Information. This
measurement estimates the thermally activated electrical trans-
port characteristics, which indicate whether the RS relies on
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the rupture and formation of Cu metallic filaments frequently
extracted from the previous RS devices.}*3¢ For example, it is
widely believed that increasing LRS resistance with increasing
temperatures reflects the presence of Cu metallic CFs in the
case of the ECM process. But, as seen in plots of Figure S9a,b
in the Supporting Information, both samples exhibited a
decrease in LRS with increasing temperatures in the range of
300 to 450 K. These results support that the possible dominant
RS behavior for both samples is mainly the consequence of sp?
bond CFs via the electrochemical redox reaction upon bias. In
addition, the possibility of interface effect on resistive switching
nature was excluded owing to the following reasons: One is due
to the higher electron affinity of carbon, where the carbon does
not oxidize easily: that is in 0~C:O, memory device, a higher
electron affinity of carbon likely may contribute to the possi-
bility of excluding the carbon oxidation event at interfaces since
the carbon/metal electrode interface does not serve as oxygen
reservoir, thereby providing no oxidation reaction process at
interfaces. This was one reason for the exclusion of interface
effect in our work, even though any complex reaction process at
interfaces may probably occur. The other evidence is the inde-
pendent [-V features of samples with different diameter sizes
of 340 and 720 nm, thereby ensuring the filamentary-type resis-
tive switching nature (Figure S10, Supporting Information).
With the above observations, a more detailed RS nature of
Samples A and B is proposed in Figure 5. In Sample A, the
initial state before electroforming has randomly distributed
oxygen ions over the whole ¢-C:O, active layer (Figure 5a).

‘w

Figure 5. Possible resistive switching models for Samples A and B. a—d) Schematic oxygen ion-migration-dominated switching kinetics of Sample A.
a) Pristine state containing randomly distributed oxygen ions. b) Forming process causing oxygen ion movement toward the bottom electrode followed
by the formation of the CF by sp? bonds under a negative bias. c) RESET process under a positive voltage, creating random rupture events of CFs in a
relatively wide region. d) SET process forming a full CF path. e-h) Schematic oxygen ion-drift-driven switching kinetics of Sample B. €) Pristine state
including an additional increase in sp? bond content at the intermixed region of &~C:0,/Cu interfaces. f) Forming process causing oxygen ion move-
ment toward the Cu layer. g) RESET process leading to the main rupture events of CFs in the intermixed region. h) SET process generating the full CF
paths, where relatively thick CFs at the intermixed region are expected, owing to the presence of more sp? bonds.
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The results indicate that the resistances are primarily governed
by the bulk properties of o-C:O, active layer. Upon a negative
forming voltage, oxygen ions drift toward the W bottom electrode
(Figure 5b), resulting in the formation of CFs. The oxygen ion
drift causes the formation of CFs from the upper Pt electrode.
Under the RESET process, the existing CFs randomly ruptured
in the wide regions (Figure 5c), thus providing device insta-
bility. Application of a negative voltage (SET process) allows for
oxygen ion drift toward the W bottom electrode (Figure 5d), thus
leading to the LRS. In Sample B, the initial state also has ran-
domly distributed oxygen ions over the o~C:O,, active layer, except
for an additional increase in sp? bonds at the intermixed region
(Figure 5€). More sp? bonds appear in the intermixed regions due
to the presence of the Cu—0 bonds created by a stacked Cu layer,
thus providing the relatively thick CFs (Figure 5f). When the top
electrode is negatively biased, the oxygen ions drift toward the
Cu layer and accumulated at the intermixed region. The positive
bias (RESET process) permits the accumulated oxygen ions to
move away from the intermixed regions, thus creating ruptured
CFs in the intermixed regions (Figure 5g). Afterward, applying
a negative voltage also enables the accumulation of oxygen ions
at the intermixed regions again, thereby generating thick CFs
(Figure 5h). The possible presence of relatively thicker filaments
by sp? bonds in Sample B means an increase in the number of
carbon bonds constituting of the filaments, compared with those
of Sample A. In addition, the appearance of thicker filaments in
Sample B may suggest a possible suppression in the number of

(@) 10 .
Sample A a
:g.—' , ° oumﬂ@
= 107k :
Q ° SET
© @ RESET .
0 402l h‘ Salp
3 ? o0
(14
101 1 2 2 l3 l4 5
10 10 10 10 10
Time [s]
(c)
,—.104 '0\0 /0 @
e TR NG
8 —e—SET
£ —o— RESET
E 10 -a—*—d"“—__u\-o.”
o
o Sample A
02 ul. L \l ol ul. L
10° 10" 10* 10° 10* 10°

Cycle number

MATERIALS

www.advelectronicmat.de

the generated filaments with respect to the given sample area,
thereby enabling decrease in the randomness of Sample B, com-
pared with that of Sample A. Thus, all of the above reasons seem
to result in the stable RS phenomena in Sample B.

In addition, to predict possible contribution of a Joule heating
effect under bias to the RS nature of Sample B, the thermal con-
ductivity (k) of each material was considered. Previous works
found the k values of Cu—O bonds and ¢-C to be 33 and 0.01
W m! K7, respectively.””] However, the thermal conductivity of
0-C:0O, was not clearly identified because research on this mate-
rial was in the early stages. However, such carbon-based mate-
rials are expected to have a low thermal conductivity. Therefore,
it is predicted that the k value of Cu—O bonds is greater than
that of C—O. The higher k of Cu—O bonds suggests the possi-
bility of excluding the Joule heating effect in Sample B because
of rapid thermal energy transfer from the intermixed regions
toward neighboring active regions; that is, the dominant nature
of Sample B is primarily associated with sp?/sp*® conversion at
the intermixed regions, while a possible joule heating effect has
less contribution to the RS behaviors of the whole operating
process. In particular, the presence of Cu—O bonds at the inter-
mixing region is likely attributed to reduction in random forma-
tion and rupture of the conductive paths by the sp? bond because
the sp?/sp? conversion arises mainly from electric field contribu-
tion, along with extremely small contribution of Joule heating.

Figure 6 shows the representative retention and endurance
characteristics of LRS and HRS for Samples A and B, where the
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Figure 6. Switching reliability analyses of Samples A and B. Retention characteristics of a) Sample A and b) Sample B taken at a read voltage of
0.1V, ensuring improved characteristics of Sample B up to 10° s. AC endurance features of c) Sample A and d) Sample B, where Sample B displayed

relatively stable electric characteristics for 10° cycles.
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measurements were taken at a reading voltage of 0.1 V at room
temperature. In Sample A, the HRS resistance was observed
for a period of 5 x 10* s, while the LRS resistance was held for
4 x 10* s (Figure 6a). Sample B led to enhanced LRS and HRS
resistances up to 10° s (Figure 6b). More detailed retention
characteristics of Samples A and B monitored at 85 °C serving
as one of harsh condition are given in Figure S11 in the Sup-
porting Information. Similarly, pulse endurance measurements
were conducted (Figure 6¢,d), where the data were monitored
at 0.1 V during repeated switching between the LRS and HRS.
Sample B revealed more stable switching behaviors during 10°
pulse cycles than that of Sample A. To further validate the useful-
ness of Sample B, the pulse switching responses of Sample B at
the Forming, SET, and RESET states were recorded (Figure S13,
Supporting Information), in which triangular pulse shapes were
employed. The corresponding voltages of the Forming, SET,
and RESET states appeared at 1.6, 1.3, and 1.6 V, respectively
(Figure S13a—c, Supporting Information). These results are com-
parable to the voltages taken from the DC analyses. Figure S13d,e
in the Supporting Information plots the square pulse shape
responses of Sample B in the SET and RESET states to identify
their switching speeds. The corresponding switching speeds of
the SET and RESET states were around 30 and 20 ns, respec-
tively, which were comparable to those found in other works[383
without undergoing device degradation via the stacked Cu layer.
Detailed pulse characteristics of Sample A are also given for com-
parison in Figure S14 in the Supporting Information.

3. Conclusions

In summary, we introduced a simple approach to enhance
device performance by stacking a suitable Cu layer on the Pt/ o+
C:0,/W frame. The structural and electrical observations indi-
cate that the intermixed region of the ¢-C:0O,/Cu interfaces by
a stacked Cu layer seems to be essential to forming-free and
stable device characteristics; that is, the intermixed region has
the additional Cu—O bonds, resulting in increase in sp? bond
CFs, as confirmed from the XPS analyses. Thus, the presence of
these Cu—O bonds is likely attributable to reduction in random
formation and rupture of sp? bond CFs, thus contributing to
the improved stability. Thus, we anticipate that the suitable use
of stacked Cu on carbon oxide-based RS devices might lead to
progress toward the enhancement of device performance, even
though more experiments must be conducted.

4. Experimental Section

Growth of o-C:O, by Off-Axis Sputtering: In general, direct growth
of the o~C:O, active layer via conventional sputtering systems has the
disadvantage of introducing the oxygen plasma etching issue during the
growth. This phenomenon seems to be the consequence of the active
reaction between O, plasma and carbon ions. This in turn produces
carbon dioxide (CO,) or carbon monoxide (CO) gas, which can easily
disappear during sputtering. To overcome this issue, an off-axis
sputtering technique was employed to avoid direct reactions between
reactive species such as oxygen and carbon ions in the work. Preparation
of the o~C:O, layer was conducted via DC magnetron off-axis sputtering
using a graphitic carbon target at a DC plasma power of 120 W, where
the base and working pressures were 1 x 107 and 3 x 10~ Torr under
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an Ar/O, gas mixture ambient, respectively. To determine the oxygen
content-dependent device performance, the oxygen partial pressure
(Poy) was varied from 0% (amorphous carbon layer) to 7% at a fixed total
pressure of 3 mTorr. For the XPS analyses, the o~C:O, layer of 20-30 nm
thickness was prepared on the bare Si wafer at different Pg,. In general,
the amorphous pure carbon layer created by a graphite target only with
Ar gas produced the conductive sp? bonds, while the use of additional
oxygen plasma during growth of @-C:O, generated both sp?/sp?
bonds, as seen in Figure S1in the Supporting Information.

Device Fabrication: For electrical analyses, two set of samples were
prepared on the micro/nanosized W bottom electrodes predetermined
on the Si3N, substrates to define the device active areas for comparison.
In addition, a particular crosspoint configuration was adapted for the
TEM analyses by employing a conventional optical lithography process.

Chemical and Electrical Characterization: Chemical bonding and
component distribution of the pristine, SET, and RESET states were
determined via XPS measurements using K-Alpha+ and STEM-EDS/
EELS. DC and pulse -V characteristics of devices were determined at
room temperature using a Keithley 4200 semiconductor parameter
analyzer (Keithley 4200 SPA, Keithley Instrument, Inc.).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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