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Oxynitride Amorphous Carbon Layer for Electrically and
Thermally Robust Bipolar Resistive Switching
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Dong-Wook Kim, and Jin Pyo Hong*

1. Introduction

Advanced resistive random-access memory (ReRAM) devices based on

resistive switching (RS) have been intensely studied for future high-density
nonvolatile memory devices owing to their high scalability, simplified integra-
tion, fast operation, and ultralow power consumption. Among the recently
considered active media, diverse carbon-based media have emerged because
of numerous benefits of simple chemical composition, desirable speed,

and cost-effective scalability. However, these media are still susceptible to
undesirable reliability issues, including poor endurance and retention and
uncontrollable operation voltage distribution. In this study, an oxynitride
amorphous carbon active medium governed by appropriate nitrogen content
during growth is introduced to facilitate high electrical stability, such as a dis-
tinct pulse endurance of more than 107 cycles, a high retention time of 10° s at
85 °C, and increased uniformity in the SET/RESET distribution with thermally
robust RS stability even at a high annealing temperature of 400 °C. The find-
ings are possibly the result of adapting an sp>~sp? conversion nature assisted
by the presence of pyridinic N or pyrrolic N as a substitution reaction.
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In recent years, resistive random-access
memory (ReRAM) devices based on
resistive switching (RS) behaviors are
becoming increasingly vital to satisfying
the demands of key memory markets,
facilitating high scalability for 3D inte-
gration, fast switching speed, and high-
reliability features.l!! The ReRAM devices
are expected to have numerous benefits,
including efficient compatibility with the
modern complex complementary metal—
oxide—semiconductor processes, ultralow
power operation, and affordable fabrication
cost with a geometrically simple metal-
insulator-metal configuration.”!. Among
the active materials developed as storage
media in ReRAM devices, carbon-based
materials have recently emerged due to
their low cost, simple chemical composi-
tion, and fast operation speed.’! Several
studies have examined the RS mechanism in these media and
offer significant opportunities to improve device performance.

To date, the most recently reported promising active
medium has been an oxygenated amorphous carbon (a-CO,)
active layer based on the conversion between the sp? conduc-
tive filaments (CFs) and sp? insulating characteristics caused by
bias-dependent oxygen ion drifts.’] C-C sp? bonds are highly
conductive due to their graphitic frame while C-C sp® bonds
are poorly conductive due to their diamond configuration.l®
The corresponding results give rise to two different conduction
levels, leading to two representative RS behaviors from sp?-sp?
conversion via bias. These o-CO, layer-based ReRAM devices
addressed the increased electrical performance, including the
high on/off ratio and appreciable switching speed. However,
the widespread utilization of these devices has been hindered
by the requirement of high forming voltages and poor stability
features.

Furthermore, these devices are highly susceptible to unde-
sirable instability in forming voltages during repeated sweeps,
caused primarily by the random rupture/formation events of
sp? CFs initially generated by the forming process.”l A compo-
sitional change in a-CO, during thermal annealing also causes
the carbon—-oxygen bonds to be rearranged as a C-C sp? bond,
experiencing rapid thermal degradation.? This phenomenon is
similar to that frequently observed from the oxide-based active
media, in which the oxygen ions are randomly released under
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thermal annealing.® Therefore, manipulating electrical and
thermal stability under bias is a challenge due to the demands
of high-performance practical applications.

To overcome these limitations of 0-CO, layer-based ReRAM
devices, our previous study manipulated sp?-sp> bonding ratios
by placing a suitable thin Cu layer into the 0.-CO,, active layer, in
which additional Cu—O bonds impacted the proportion of sp?
bonds and decreased sp* bonds in a specific region.”) The cor-
responding observations resulted from establishing thick CFs,
contributing to the relative increase in device stability. However,
practical questions remain concerning poor reliability issues,
including endurance/retention features and how the main RS
operates or is maintained after higher thermal annealing—a
high annealing temperature is required at the back end of the
line for practical devices.

Herein, we report the advancing RS characteristics of as-
grown and annealed oxynitride amorphous carbon (a-CO,N,)-
based ReRAM devices by incorporating appropriate nitrogen
content into the a-CO, active layer during growth. The cor-
responding results exhibit prominent RS reliability features,
including high pulse endurance (>107 cycles), sufficient reten-
tion time at 85 °C (>10° s), and extremely narrow switching dis-
tribution. We verify the functionality of the additional nitrogen
on the improved electrical and thermal performance, which
may be governed by the presence of the C-N bond comprising
pyridinic N or pyrrolic N as a substitution reaction, using inten-
sive structural observations.

2. Results and Discussion

Two samples are chosen as follows: typical Pt/a-CO,/W
(Sample A) and new Pt/a-CO,N /W (Sample B) stacks for com-
parison of electrical and thermal RS characteristics. Figure 1a
illustrates the representative schematics of Samples A and B,
in which the cross-sectional TEM image of Sample B enlarged
by a red dotted rectangle indicates the uniformly grown 12 nm-
thick oxynitride amorphous carbon active layer (o-CO.N,)
between the Pt (inert metal) top and W (active metal) bottom
electrodes. The size of each sample is determined by an ini-
tially patterned W bottom nano-plug-shaped contact pad.
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During the device operation, a Pt top electrode is biased by
being grounded to the W electrode under a typical compliance
current of 10 mA, preventing the permanent breakdown of
each sample. Both samples require typical electroforming for
the RS activation under a negative voltage to the Pt top elec-
trode. Both samples also required a typical electroforming pro-
cess for the RS activation under a negative voltage to the Pt top
electrode, as seen in Figure S1, Supporting Information. More
detailed/similar I-V responses of Samples A and B under a
compliance current of 1 mA are depicted in Figure S2, Sup-
porting Information.

Figure 1b,c illustrates the DC resistance switching (RS) fea-
tures for Samples A and B at room temperature, in which the
DC cycle-to-cycle RS is tested in the sequence of 0 V— 1.7V —
0V — -3V — 0 V. The HRS of Sample A provides the random
distribution in the range from several 103 to 10° Q at a reading
voltage of 0.1 V only during the 100 consecutive cycles, while the
HRS of Sample B remains mostly unaffected even over the 1000
DC cycles. Such an increase in DC stability of Sample B may be
understood based on a possible reduction in random rupture/
formation of CF when appropriate nitrogen to the 0-CO, active
layer is introduced during growth (a more detailed description
is presented later). Figure 1d exhibits the cycle-to-cycle distribu-
tion characteristics of Samples A and B. Sample A provides a
high fluctuation in HRS states and a slight fluctuation in LRS
states. In contrast, Sample B remains mostly unchanged in LRS
and slightly varies in HRS. Furthermore, Sample B maintains
the 10> memory window over repeated 1000 cycles.

Initially, various nitrogen partial pressure-dependent I-V fea-
tures of Sample B are recorded to select an appropriate nitrogen
content and ensure augmented [-V responses (Figure S3, Sup-
porting Information). The use of 3.2% nitrogen partial pressure
results in a higher current on/off ratio and noticeably narrower
distribution in a cell-to-cell test than those of different partial
pressures during 100 consecutive switching cycles. However,
a nitrogen partial pressure of more than 3.2% causes unde-
sirable [-V fluctuations. These findings are likely associated
with a nitrogen partial pressure-dependent reduction in C-C
sp? bond contents, as described later. Therefore, appropriate
nitrogen incorporation during growth strongly impacts device
performance.
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Figure 1. Structural configuration and bipolar RS response. a) Representative schematic of Samples A and B and cross-sectional TEM image of
Sample B. b,c) DC endurance tests of Sample A (b) and Sample B (c) for the first cycle (black), 100 consecutive cycles (blue), and 1000 consecutive
cycles (pink). d) DC endurance characteristics for the LRS and HRS of Samples A and B, in which Sample B reveals highly stable RS features up to

1000 DC consecutive measurements compared with those of Sample A.
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In this study, Sample B is prepared at a nitrogen partial pres-
sure of 3.2%. Furthermore, a device-size dependent analysis
is conducted to identify the possible conduction nature of RS
behaviors by adopting initially patterned W bottom electrodes
in the range of 1.4 um to 81 nm (Figure S3, Supporting Infor-
mation), in which the device size is determined by the bottom
electrode size.

The electroforming voltages of all samples remain approxi-
mately constant at —2.3 V (£ 0.2 V), regardless of device size.
This observation reflects the CF-type nature consistent with
previous studies.') As indirect evidence of the underlying
mechanism observed from the above analyses, the active layer
thickness-dependent forming voltages of Samples A and B are
also monitored (Figure S5, Supporting Information). The elec-
troforming voltage increases with increasing active layer thick-
ness, likely caused by the CF-type behavior in Samples A and
B. To test the electrical stability of Sample B, we have chosen
the 12 nm thick Sample B because it provided the best uniform
operating voltage, cell-to-cell distribution, and endurance, even
though a slight increase in the forming voltage was observed,
as seen in Figure S6, Supporting Information.

In validating the cycle-to-cycle stability and reproduc-
ibility features as crucial parameters in practical ReRAM
applications, the cumulative probability distributions of SET
and RESET voltages for Samples A and B are monitored at
a reading voltage of +0.1 V during the first 100 consecu-
tive sweeps. Figure 2a plots the cumulative probability dis-
tributions of LRS (black) and HRS (red) for Samples A and
B, where the current on/off ratios for Samples A and B are
1.2 x 10! and 102, respectively. Figure 2b exhibits the statis-
tical distribution of the SET and RESET voltages for Samples
A (upper) and B (lower) over the consecutive 100 DC sweeps.
Sample B reveals a distinct narrower variation in V. (-1.4
to —0.95 V) and V (0.7 to 0.8 V) than those of Sample A.
The SET and RESET voltage distributions of Sample A are in
the range from —2.35 to —0.6 V and 0.8 to 1.15 V, respectively
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while Sample B ensures high cycle-to-cycle uniformity in its
RS characteristics.

Typical ReRAM devices frequently exhibit a wide range
of distribution behaviors in operating voltage and resistance
states—strongly expressed by the random rupture/formation
models of CFs mainly induced from the random oxygen ion
movement and diffusion events under electrical pulses.'l How-
ever, introducing the appropriate amount of nitrogen partial
pressure in this study contributes to a distinct increase in the
LRS and HRS stability of Sample B. More cell-to-cell distribu-
tion results of Samples A and B are given in Figure S7, Sup-
porting Information. Figure 2c plots the retention features of
Samples A and B collected at 85 °C and a read bias of 0.1 V.
The corresponding observations illustrate a slight variation in
Sample B’s currents without significant degradation over 10° s.
In contrast, Sample A experiences a sudden conductance drop
in LRS and HRS only after 3 x 103 s and 4 x 10° s, respectively.
These results validate the highly stable retention of Sample B.
The consecutively applied voltages might represent the pres-
ence of the randomly ruptured/generated CFs, causing the
unintendedly weakened connection strength of CFs.["

Figure 2d plots the pulse endurance responses of Samples
A (upper) and B (lower), in which the measurements are con-
ducted with consecutive AC voltage pulses to verify the elec-
trical stability under Vi, =—1.7 V and Ve = +2.2 V, as seen in
Figure S8, Supporting Information. The writing pulse widths
and reading voltages are 1 s and 0.2 V, respectively. Sample B
identifies an increase in reliable characteristics over 107 cycles,
while Sample A provides the randomly distributed resistances
in HRS and LRS, possibly caused by the randomly distributed
oxygen ions in 0-CO, active layer containing diverse electro-
philic sp? bond sites.

The pulse responses for forming, SET, and RESET states
are tested to validate the pulse endurance of Samples A and B
(Figures S9 and S10, Supporting Information). In this analysis,
the chosen voltages are several times larger than those taken
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Figure 2. DC and pulse reliability analyses. a) Cumulative resistance probability at the LRS (black) and HRS (red), and b) statistical distributions of
SET (blue) and RESET (red) voltages for Samples A (upper) and B (lower) for the first 100 DC sweep cycles. Sample B exhibits a significantly narrower
variation than that of Sample A. c) Retention characteristics of the LRS and HRS for Samples A and B, in which the measurements are performed
at 85 °C with a read bias of 0.1 V. Sample B leads to sufficiently stable features without significant degradation. d) Pulse endurance performance of
Samples A and B, in which Sample B proves more reliable characteristics over 107 cycles.
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for the DC RS measurement since the relatively shorter pulse
width is used in the pulse analyses than that of the DC measure-
ment approach. Figure S9a—c, Supporting Information shows
the forming, SET, and RESET voltages of Sample B, which are
—3.4, —1.6, and 2.4 V, respectively. Figure S10a—c, Supporting
Information exhibit the forming, SET, and RESET voltages of
Sample A, which are —2.4, —-1.42, and 1.4 V, respectively. The
switching speed is determined by employing the square wave
input signals to examine the memory characteristics of Sam-
ples A and B. Figure S9d,e, Supporting Information displays
the SET and RESET pulses applied to Sample B with —4.5 V
for 1 us and 3.2 V for 2 us, respectively. The corresponding
results confirmed the switching speeds (SET < 55 ns at =2.25 V
and RESET < 50 ns at 2.8 V) for Sample B. Figure S10d,e,
Supporting Information exhibit the switching speeds of Sample
A, where the SET pulse (4 V, 1 us) is used to switch the Sample
A between LRS and HRS. Subsequently, the RESET pulse (3 V,
2 us) is applied to Sample A. The corresponding results are
55 ns at —2.9 V and 50 ns at 2.6 V, respectively.

XPS depth profile analyses were conducted to clarify the
chemical composition and bonding states associated with
carbon hybridization bonds in Samples A and B. Figure 3a,b
illustrate the representative XPS depth profiles for Samples A
and B. Both samples reveal the typical C 1s, O 1s, and W 4f
elements, except N 1s in Sample B, where the N1s elements
are uniformly well-distributed throughout the active layer.
Figure 3c,d plot the Cls spectra of Samples A and B, collected
over an etching time of 100 s. The Cls core-level spectra for
Samples A and B are determined by the sp? (284.3 + 0.1 eV),
sp® (285.2 £ 0.1 eV), and Cg,,-N (285.8 eV), where the C-O
group directly relates to C-O (286.4 eV), C=0 (288 eV), and
COOH (289.4 eV).I®l Figure 3d exhibits the clear presence of
a C-N bond in Sample B. Previous studies on the o-CO,-based
ReRAMs have demonstrated that the sp? bonds constituting the
CF paths reflect metallic properties, while the C-C sp® bonds
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incorporated with O ions represent insulating characteristics.
This implies that the presence of a proper amount of C-C sp?
bonds is highly related to the RS nature.>!¥

Figure 3e plots the N 1s binding energy of Sample B, which
can be de-convoluted into three peaks. Each peak corresponds
to the pyridinic N, pyrrolic N, and oxidized N at 398.5, 400.1,
and 403 eV, respectively”® The two dominant peaks at 398.5
and 400.1 eV reflect the C-N sp? and C-N sp? bonds, respec-
tively.'! As described by previous studies,”] the pyridinic
N bonds with two carbon atoms at the boundary or defect of
amorphous carbon bonding states, has a lone pair of electrons,
and donates one p electron to the 7 system. Furthermore, the N
atom in pyrrolic N substitutes a carbon atom of the five-mem-
bered ring and gives two p electrons to the m system. Conse-
quently, the N atoms integrated with the two dominant bonds
serve as substitutional doping elements at carbon sites. A more
detailed role of p electrons generated by substitutional bonds
will be described later. However, in this work, we excluded the
possibility of the RS effect arising from the possible WO, for-
mation that may be formed during oxygen plasma sputtering
due to the following reasons: Figure S1la,b, Supporting Infor-
mation plot the O 1s spectra for Samples A and B collected at
an etching time of 280 s on the active layer/W interfaces. The
corresponding observations suggest that the oxygen atoms are
mainly bound to carbon atoms without exhibiting the forma-
tion of the WO, layer at the active layer/W interfaces.

Figure S12, Supporting Information reveals that an increase
in nitrogen partial pressures contributes to an increase in
the C-N/C-C sp?® bond amount in C 1s and a decrease in the
C-C sp? area. It is plausible that during the o-CO,N, deposi-
tion process, N interfered with the binding of oxygen by sub-
stitutional binding to the C site. Introducing a large amount
of nitrogen (for example, nitrogen partial pressure of 12.5%)
produces numerous C-N bonds in the active layer, possibly
reflecting the difficulty in sp?-sp® conversion under bias. A
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Figure 3. XPS analysis and possible chemical structural model. a,b) XPS depth profiles of Sample A (a) and Sample B (b) for C, O, W, and N elements.
c,d) XPS spectra of the C 1s region of Sample A (c) and Sample B (d), where Sample B reveals the presence of the C-N bond peak. e) XPS spectra of
N 1s for Sample B with three dominant peaks of pyridinic, pyrrolic, and oxidized N, where the pyridinic N seems to be the predominant component.
f) Potential chemical bonding schematics of Sample B, including the possible three deconvoluted nitrogen configurations.
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Figure 4. Hybrid orbital geometries and UPS analyses. a) Schematic illustration of bonds between an electrophilic sp? hybridized orbital of carbon and
oxygen atomic orbital, where the end-to-end overlap between the atomic orbitals indicates the presence of sp> hybrid orbitals in the C atom. b) Rep-
resentation of the sp? hybrid orbital bonding between an electrophilic carbon and pyridinic N. The unshared electron pair of pyridinic N is in an sp?
orbital parallel to the six-carbon membered ring. c) Orbital structure of pyrrolic N incorporated in the five-membered heterocyclic ring and pyrrolic N
resonance structure. Pyrrole’s every atom of the five-membered ring is nucleophilic by resonance. d) UPS spectra of Sample A (pink) and Sample B
(purple) measured with He | (21.2 eV) radiation, confirming the presence of the C-N ©t peak and ¢ peak in Sample B.

closer investigation of the N 1s spectra at each partial pres-
sure also implies that an increase in nitrogen partial pressures
represents a decrease in the pyridinic N component and an
increase in the pyrrolic N component. Therefore, a choice of
the appropriate amount of nitrogen has a significant impact on
the occurrence of electrically and thermally stable sp?~sp* con-
version in this study. Thus, in line with the above XPS obser-
vations, a possible schematic of nitrogen incorporation in the
0-CO,, layer is illustrated in Figure 3f, with the possible N loca-
tions in a-CO4N, layer.

The orbitals in each active layer are also considered to pos-
sibly predict the possible chemical bond states of Samples A
and B. Figure 4a illustrates a possible schematic for bonds
between the sp? hybridized orbital of the C atom and the sp?
orbital of the O atom. The sp? hybridized orbital of the C atom
would have positive charges functioning as electrophilic sites
(Lewis acids), attractively interacting with electron-rich sites.
As illustrated in Figure 4b, the pyridinic N generates the C-N
6 bond parallel to the six-carbon membered ring and has an
unshared electron pair in the same plane. Therefore, the C-N
bonds associated with the pyridinic N are likely related to the
reduction in sp? orbits of C atoms.

Figure 4c exhibits the representative orbital (left) and reso-
nance (right) structures for the pyrrolic N incorporated with the
C ring, in which each C atom in the pyrrolic N generates the
negative formal charge by the C-N n bond.>*! Thus, a negative
charge characteristic of the C-N bond may represent a reduc-
tion in the C-O bonds. However, this scenario may suggest that
the C-C sp? bond can be stabilized by the N as a substitution
bond when appropriate nitrogen is introduced. The UPS (He
I) valence band spectra are recorded to gain further insight
into the electronic states of the a-CO,N, layer (Figure 4d). The
spectra of Samples A and B identify the presence of six com-
ponent peaks in the valence band structure in the range of 2
to 14 eV. Both samples provided four similar peaks, assigned

Adv. Electron. Mater. 2023, 2201090 2201090 (5 of 10)

as C-C 2p m at =4 eV, C-C 2p n—c overlap at 6.2 eV, C-C 2p &
at 7-8 eV, and 2s-2p mixed states at 10.5 eV. However, Sample
B provides two additional peaks of the C-N 2p © and C-N 2p
o electronic states at 72 eV and at 9 eV, respectively.'® These
two peaks may suggest the probability of reducing the bonds
between the C-C sp? and O ions caused by the unshared elec-
tron pair of pyridinic N and the negative formal charge of pyr-
rolic N, as described previously.

Based on the above observations, the possible RS nature for
Samples A and B is proposed in Figure 5. The starting concept
is as follows: in both samples, the C-C sp? bonds constituting
the CF paths convert to the C-C sp® bonds through the pos-
sible reaction between the sp? bonds and O induced by bias-
dependent oxygen ion drift events. In addition, C-C sp? bonds
directly relate to the rupture of CF paths. In contrast, a reverse
bias enables the C—C sp® bonds to be converted to the C-C sp?
bonds by eliminating oxygen ions. As described in previous our
work, the formation of CF came from the increase in C-C sp?
bonds in the active layer. The rupture of CF is highly related
to an increase in C-C sp? ratio, thereby providing a lower C-C
sp? intensity in the active layer.”d Figure 5a displays the pris-
tine state of the as-grown a-CO, layer containing randomly
dispersed oxygen ions over the entire carbon oxide layer. A
negative bias on the Pt top electrode drives oxygen ions to flow
toward the W bottom electrode as an electroforming step, gen-
erating the local CFs by forming sp? bonds (Figure 5b). Under
a positive bias, the initially created CFs (possibly filament 1 in
Sample A) are annihilated as a RESET step by the oxygen ions
drifting to the TE (Figure 5c). However, the SET step of Sample
A may generate the random creation of other CF paths (fila-
ment n) at different locations.

Thus, the corresponding results are highly relevant to the
unstable RS behaviors of Sample A under repeated sweeps
(Figure 5d): Sample A would experience the indiscriminately
distributed oxygen ions, creating the random rupture/formation
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Figure 5. Proposed RS nature for Samples A and B. a-d) Schematic illustration of RS process based on bias-dependent oxygen ion drift in Sample A.
a) Pristine state containing randomly dispersed oxygen ions in an entire carbon oxide layer. b) Electroforming step creating the local CFs of sp? bonds
by the movement of oxygen ions toward the BE under a negative bias on the TE. c) RESET step causing the annihilation of the initial CF path (possibly
filament 1) by the reverse movement of oxygen ions to the TE under a positive bias. d) SET step providing random creation of other CF paths (filament
n) at different locations. Consequently, the corresponding results lead to unstable switching behaviors of Sample A. e-h) Schematic of RS process in
Sample B. e) Pristine state containing randomly distributed oxygen ions and additional nitrogen atoms in an entire a-CO,N, layer. f) Electroforming
step generating the local CFs of sp? bonds by the movement of only oxygen ions towards the BE under a negative bias on the TE, where the nitrogen
atoms remain unaffected via bias. g) RESET step leading to a partial rupture of the CF path (filament 1) pre-existing from the electroforming process.
h) SET step generating the main CFs (filament 1) governed by the electroforming step caused by the pre-existing nitrogen atoms related to the sp?
orbital. Thus, suitable integration of nitrogen in Sample B increases the electrical stability.

of the sp? bonds during consecutive sweeps. In the Sample B
case, Figure 5e exhibits the possible pristine state of Sample B,
including the randomly distributed oxygen ions and additional
nitrogen atoms in an entire a-CO,N,, layer. The nitrogen com-
ponents are mostly pyridinic N and pyrrolic N because of the
substitution reaction with the sp? bonds. The electroforming
step generates the local CFs of C-C sp? bonds by the movement
of only oxygen ions toward the BE under a negative bias on the
TE (Figure 5f). The N atoms remain mostly unaffected via bias,
as seen in Figure S13, Supporting Information, in which the
typical bipolar RS behavior was not clearly observed from the
pure o-CN,-based device with no oxygen element. But it can
be expected that the nitrogen atom would also have a slight
impact on the RS behavior. The RESET step under a positive
bias causes oxygen ions to move toward the CFs or TE, rup-
turing the initial CFs (possibly filament 1 in Sample B) created
by the electroforming step (Figure 5g). However, in a SET step
of Sample B, the proper presence of pyridinic N and pyrrolic N
as substitution reactions with sp? bonds permits the initial CFs
(filament 1) created by the electroforming step possibly to be
restored (Figure 5h) even though the CFs will not be entirely

Adv. Electron. Mater. 2023, 2201090 2201090 (6 of 10)

linked with the RS: the rupture/formation of the CFs initially
determined by the electroforming step is likely to be a critical
factor in enabling the achievement of the stable RS behaviors
in Sample B. However, more research is required to clarify the
deterministic mechanism for electrically robust RS features
observed when appropriate nitrogen is introduced.

It is well-known that the conduction nature of the RS device
can be understood on a log-log scale. To do this, the I-V
responses in Figure 1b,c are redrawn in a double log scale, as
shown in Figure S14, Supporting Information. The LRSs of
Samples A and B in the whole bias region are close to almost
one, implying Ohmic conduction nature.!' On the other hand,
the HRSs of both samples exhibit two different slope regions
in low and high voltage ranges, respectively. Therefore, both
samples exhibited the slope of one in a low-voltage region
and a nonlinear increase in a high-voltage region. The latter
likely links to the trap-related space charge limited conduction
(SCLC) nature.?% The representative log-log I-V curves of Sam-
ples A and B are given in Figure S14, Supporting Information.

Post-annealing is a generic approach for validating thermal
stability issues due to the demand for a high temperature at the
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Figure 6. Thermal stability test and SEM images for Samples A and B under annealing. a—h) Representative |-V responses of Samples A and B for
the 100 consecutive DC cycles at various annealing temperatures: a—d) as-grown, 200, 300, and 400 °C-annealed Sample A; e-h) as-grown, 200, 300,
and 400 °C-annealed Sample B. After exceeding 200 °C, Sample A exhibits rapid electrical degradation in RS, while Sample B provides a thermally
promising feature of Sample B even at an annealing temperature of 400 °C. i-p) SEM images of Samples A and B at various annealing temperatures:
i-l) as-grown, 200, 300, and 400 °C-annealed Sample A; m—p) as-grown, 200, 300, and 400 °C-annealed Sample B.

back end of the line at approximately 400 °C.2! Therefore, both
samples are carefully annealed at 200, 300, and 400 °C for 1 h
in an argon (Ar) atmosphere. Figure 6a—d plot the annealing-
dependent [-V characteristics of Sample B. The as-grown state
of Sample B exhibits relatively stable RS behaviors up to 100
consecutive sweeps. However, Sample A experiences a rapid
thermal degradation only after annealing at 200 °C, and then
Sample A remains in an insulating state: no conduction paths
in Sample A are generated after annealing at temperatures
greater than 300 °C. The corresponding results are likely linked
with the distinct suppression or loss of oxygen ions, which
significantly affects the rupture/formation of CFs—a previous
study predicted an abrupt oxygen vaporization event in oxide
materials via a higher annealing process.[?%

Surprisingly, Sample B ensures the thermally robust
annealing -V characteristics without any degradation: con-
tinuous DC [-V features of Sample B are maintained even
at a higher annealing temperature of 400 °C, as illustrated in
Figure 6e-h, in which the on/off ratio is slightly decreased with

Adv. Electron. Mater. 2023, 2201090 2201090 (7 of 10)

increasing annealing temperatures. Thus, SEM measurements
on both samples are conducted to provide indirect evidence for
the above annealing observations. As illustrated in Figure 6i—p,
the top electrode surface morphologies of Sample A are signifi-
cantly affected by post-annealing, while Sample B maintains the
initially grown top electrode surface, regardless of the annealing
temperature. Typically, a dramatic variation in surface states of
Sample A occurs from 200 °C, followed by large surface defor-
mations. After post-annealing at 400 °C, a black image seems to
be likely a carbon material without oxygen elements.

The XPS depth profiles for both samples are monitored
after annealing at 400 °C to clarify the possible contribution
to the thermally robust electrical features in annealed Sample
B. Figure 7 exhibits the composition ratios of Pt, C, O, and N
elements in the as-grown state of Samples A and B before/
after annealing at 400 °C, where each constituent element is
collected through Ar etching for 100 s. Figure 7a exhibits the
uniformly deposited 12 nm thick active layer of Sample A, as
expected. After annealing at 400 °C (Figure 7b), the Pt 4f peak
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Figure 7. XPS depth profile analyses for Samples A and B as-grown and annealed at 400 °C. a—d) XPS depth profiles of as-grown (a) and 400 °C-annealed
(b) Sample A and for as-grown (c) and 400 °C-annealed (d) Sample B for Pt, C, O, and N elements. Sample A provides the presence of the Cls elements
in the Pt layer after annealing, whereas, in Sample B, the Cls elements increase until Pt elements decrease even after annealing.

decreases and the C 1s peak increases but partial oxygen ions
existing in the active layer out-diffuses to the Pt top electrode
via a possible vaporization process, supporting a possible reduc-
tion/suppression in oxygen ions initially bonded to the carbon
atoms after annealing.

Figure 7c illustrates the uniformly distributed nitrogen and
oxygen ions over the entire area of the active layer in the as-
grown state of Sample B. After annealing at 400 °C (Figure 7d),
the peaks of the Pt 4f and C 1s reveal a similar tendency to
those of as-grown states, implying that Sample B seems to be
primarily unaffected by a thermal breakdown event frequently
observed from previously reported a-CO,-based devices when
appropriate nitrogen is introduced during growth. The peaks of
O 1s and N 1s seem to shift slightly toward the Pt layer without
dramatic variation.

Previous studies suggested that the oxidized compounds can
be vaporized and expanded under annealing.®l However, using
an appropriate amount of nitrogen with oxygen may provide an
inherently low thermal expansion rate of the C-N during oxygen
vaporization compared with those prepared by pure oxygen
gas.l?’l Accordingly, because the C-C sp? and oxygen in Sample
A are sterically bonded in a 3D structure, an empty space appears
in the active layer. However, the nitrogen as substitution reac-
tion with a C-C sp? bond or ring likely enables the appearance
of weak van der Waals force between carbon atoms, allowing for
a reduction in the 3D space: Sample B containing appropriate
nitrogen may have relatively less agglomerated space.

Adv. Electron. Mater. 2023, 2201090 2201090 (8 of 10)

3. Conclusion

We address the electrical and thermal increase in RS perfor-
mance by the introduction of appropriate nitrogen on Pt/
o-CO, /W devices during growth. The extensive analyses of the
structural and electrical observations imply that the presence of
nitrogen component possibly reduces random rupture/forma-
tion of directly related sp? CFs bonded by the pyridinic/pyrrolic
N as a substitution reaction: the less-C—C sp? sites bonded by O
ions seem to be critical to electrical and thermal stability even
after higher annealing of 400 °C. Thus, we anticipate that the
appropriate use of nitrogen could be generalized and extended
to establish carbon-based RS devices, although additional exper-
iments are necessary to enhance further device performance
including memory windows.

4. Experimental Section

Sample Preparation: Samples A and B were prepared on the nano-
sized W bottom electrodes, defining the sample size. In this experiment,
the conventional on-axis sputtering approach generated oxidation
etching by reacting oxygen plasma with carbon ions during the growth,
limiting the direct deposition of both active layers. Therefore, an off-axis
sputtering approach was specifically selected to minimize active layer
etching events during the growth, where the target was perpendicular to
the substrate. The 0-CO,N, was prepared by employing a graphite target
via reactive sputtering at the base and working pressure of 1 x 107 Torr
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and 3 x 1073 Torr, respectively. The Ar/O, sputtering gas flow was fixed at
20/1 sccm, in which the nitrogen gas was in the range of 0 to 12.5% to
achieve the optimum growth conditions for various a-CO, and a-CO,N,
active layers. A DC plasma power of 110 W was used to deposit the
active layer at room temperature.

Sample Characterization: All the DC and pulse |-V electrical features
were monitored in the air at room temperature using the Keithley
4200 semiconductor parameter analyzer (Keithley 4200 SPA, Keithley
Instrument, Inc.). A field emission scanning electron microscope (FE-
SEM), X-ray photoelectron spectroscopy (XPS), and UV photoelectron
spectroscopy (UPS) were used to verify the chemical characteristics
of both active layers. First, the SEM images were captured with a
HITACHI (SU8010) system at an acceleration voltage of 10 keV and a
current emission of 10 YA. Second, with the K-Alpha+ measurements,
XPS measurements were conducted to identify the possible chemical
bonding and component distribution. Finally, UPS analyses were
conducted with the 21.2 eV photon irradiation (He | line).

Supporting Information

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