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We report that a nanojunction composed of graphene, copper oxide, and Cu substrate exhibits
resistive switching behavior, revealed with conductive probe atomic force microscopy at ultrahigh
vacuum. The current-voltage curve measured between the titanium nitride-coated tip and the
nanojunction exhibited reversible bistable resistance states. We propose that the switching behavior
is controlled by the migration of oxygen ions in the copper oxide layer, leading to the reversible
formation/disruption of a CuOjy-associated charge tunneling barrier, which is consistent with
glancing-angle x-ray photoelectron spectroscopy analysis. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3694754]

Resistive random access memory (RRAM) is a promis-
ing candidate for next generation non-volatile memory
(NVM) because it utilizes the bistable resistances of the
high-resistance state (HRS) and low-resistance state (LRS)
in the materials."* RRAM has many advantages over future
NVM candidates, such as ferroelectric RAM and magnetore-
sistive RAM, including simple device architecture, low
power switching speed, and high density of cells.** A typical
device architecture of RRAM consists of a capacitor-like
metal-insulator-metal (MIM) structure. The insulator in
MIM functions as a resistive channel operating at the bista-
ble resistance mode. Many binary and complex transition
metal (TM) oxides were reported to have resistive switch-
ing.">® There are two distinguished categories of switching
mechanisms in TM oxides: thermochemical and valence
changes."”” The thermochemical mechanism is due to the
combined effects of local thermal heating and redox reac-
tions that create and control the conductive filaments. Typi-
cal switching behavior of the thermochemical mechanism is
unipolar switching, as shown in NiO (Ref. 8) and TiO,.° The
valence change mechanism is caused by the migration of
ionic oxygen that leads to changes in electronic conductivity.

Direct experimental observation of the proposed switch-
ing mechanisms is a crucial research topic for better under-
standing and further enhancements of RRAM, but this
analysis is challenging because the resistive switching phe-
nomenon stems from local changes in ionic oxygen migra-
tion or changes in the conductive filament channel (on the
order of nanometers). Recently, visualization of the conduc-
tive filament formation has been carried out using high-
resolution transmission electron microscope (HR-TEM)
studies of the Ti;O; RRAM system,” providing unique and
direct information about the properties of conductive fila-
ments, such as size and density.

In this study, we report the self-aligned formation of a
resistive switching device consisting of a graphene/CuQO,/
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Cu stack. The Cu-rich CuO, channel with resistive switch-
ing behavior is created on a Cu substrate by thermal reduc-
tion of a native Cu-oxide layer while forming graphene on
top of the Cu by chemical vapor deposition (CVD). We
detected the migration of ionic oxygen in the CuO, by
measuring the depth profile of CuOy on each bistable resist-
ance state using glancing-angle x-ray photoelectron spec-
troscopy (XPS).

The MIM cell was fabricated using the stack of gra-
phene/CuO,/Cu as the top electrode/switching oxide layer/
bottom electrode. The Cu-rich CuOy (x ~0.1) layer was cre-
ated by thermal reduction of the Cu surface, which was ini-
tially covered with an OH-adsorbed native Cu-oxide layer.
This thermal reduction was performed during the graphene
synthesis process. The graphene/CuQO, layer was grown by
CVD on a copper foil.'” The substrates were placed in a fur-
nace and heated to 1000 °C under a flow of H,. While still at
1000°C, a reaction gas mixture (CH4:H,;=35:0.1 sccm)
flowed for 20 min, then the furnace was rapidly cooled to
150°C.

The resistive switching behavior was measured using a
commercial RHK-Tech STM/AFM system mounted in a
chamber with a base pressure of 1.0 x 10~ '° Torr.'"*'? A vac-
uum is crucial to avoid graphene oxidation and capillary
forces between the tip and the sample caused by water at am-
bient pressure.13 We used TiN-coated cantilevers, which are
conductive and hard with a force constant of 3 N/m (Mikro-
Masch). The chemical composition and valence band (VB)
edge state of the graphene/Cu nano-junction were analyzed
by XPS (Physical Electronics, PHI 5400 ESCA/XPS system
equipped with an Al anode x-ray source (1486.6eV)). The
energy resolution for each point is 0.05eV. All of the peak
energy was self-calibrated to C 1s and O 1s reference peak
states. Glancing-angle XPS analysis was performed using
grazing take-off angles ranging from 10° to 90° between the
sample surface normal and the photoelectron analyzer.'* We
applied the bias voltage to change the electrical states before
the XPS experiments. The electrodes consist of two parts:
the top electrode is in electrical contact with the graphene,
and the bottom electrode is in contact with the copper.

© 2012 American Institute of Physics

Downloaded 24 May 2012 to 143.248.118.124. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3694754
http://dx.doi.org/10.1063/1.3694754
http://dx.doi.org/10.1063/1.3694754

123101-2 Kwon et al.

A scheme of the AFM measurement of the graphene/
CuO,/Cu stack is illustrated in Figure 1(a). We carried out
conductive AFM to measure I-V curves with nanometer-scale
resolution because this measurement allows us to exclude var-
iations in local conductance due to the presence of local disor-
dering and domain structures.'>'® The stack of graphene/Cu
acts as a resistive switching device. Figure 1(b) shows the
current-voltage (I-V) characteristics measured in the center of
a flat region of the graphene/Cu. During the voltage sweep,
the I-V curve exhibits a bipolar switching behavior. The ramp-
ing speed of the voltage is 9.7 V/s, and the applied load is 35
nN. As we apply a positive voltage greater than the threshold
voltage of ~1.5V, the device switches from LRS to HRS.
Switching back from HRS to LRS occurs when a negative
voltage was applied below approximately —2.0 V. The statisti-
cal distribution of the switching behavior was reported to be
typical in Cu,O."” Figure 1(c) shows the frequency of the
switching bias. It is postulated that this static distribution of
switching behavior is due to the energy distribution of the trap
level and to the kinetics of the charge trap.'” The current study
suggests that the static distribution of resistive switching at
the graphene/Cu junction is also caused by the migration of
ionic oxygen, which will be discussed later.

Figure 2(a) shows the XPS spectra of Cu 2p, O 1s, and
C Is binding states on a graphene/CuO,/Cu stack. The ele-
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FIG. 1. (Color online) (a) Scheme of the measurement and memristive sys-
tem that is composed of graphene/Cu with interfacial CuO. (b) I-V charac-
teristics of the graphene/Cu memristive system that exhibits bipolar
switching behavior under the dc voltage sweep. (c) The frequency of switch-
ing bias from LRS to HRS and from HRS to LRS.
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mental XPS peaks were deconvoluted using Gaussian fits.
The Cu 2p spectra revealed a major metallic Cu’ peak (the
peak areal fraction in Cu 2p >90%) at 931.9eV and a weak
Cu'" peak (<10%) in Cu,O at 933.6eV. In the C 1s XPS
spectra, the major peak at 284.5eV originates from the C-C
bond in graphene. Another binding state at 285.7 eV is possi-
bly due to the C-O/C-OH bond formed on the partial defect
sites of pristine graphene exposed to air. Corresponding to C
and Cu oxidation states, the O 1Is spectrum shows O-C
(532.2eV) and O-Cu (529.7 V) binding states as well as OH
groups (531 eV) at the surface. All of these peak assignments
coincide with previous XPS studies.'®!'” XPS measurements
indicate that a CuOy (x ~ 0.1) layer, composed of a Cu-rich
layer, is created by thermal reduction of the Cu surface at
~1000°C. Once graphene forms, the Cu surface is chemi-
cally passivated by the graphene overlayer, with no environ-
mental surface oxidation.?® In this CuOy layer, ionic oxygen
(0?7) can migrate electronically under an external bias, lead-
ing to resistive switching.

It is noted from the Cu 2p spectra that native oxide is
not dominantly formed on the Cu surfaces. Typically, Cu
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FIG. 2. (Color online) (a) XPS spectra of C 1s, Cu 2p, and O 1s binding
states on the graphene/Cu substrate (HRS) at a 50° take-off angle. (b) The
depth profile of bond fractions in the graphene/Cu surface region obtained
from O 1s spectra for the sample in the HR state. (c) The depth profile of the
O-Cu fraction in the graphene/Cu surface region obtained from O 1s spectra
for the samples in the initial, HR, and LR states.
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surfaces exposed to air suffer from significant native oxide
and OH group adsorption, inhibiting observation of the me-
tallic Cu 2p peak in XPS analysis because of the short escape
depth of the Cu 2p photoelectron (on the order of ~6 10\).]8
However, in the case of a Cu surface covered with graphene,
the two-dimensional, dense, hexagonal network of graphene
effectively blocks oxygen diffusion/surface reaction and OH
adsorption from the air onto the Cu lattice and preserves the
reduced Cu surface. The VB edge spectra in Figure 2(a) indi-
cate that the VB maximum consists of a mixed partial metal-
lic and oxidation state in the Cu 3d and C 2p states of the
graphene/CuO,/Cu. The depth profile of the O-Cu fraction in
the graphene/Cu surface region has been analyzed by
glancing-angle XPS. Figure 2(b) unambiguously reveals a
positive gradient of the O-Cu fraction from the top surface
(17%) to a depth of ~2nm (42%) below the Cu surface in a
chemical depth profile opposite to the native oxide at the
Cu surface. The positive gradient of oxygen in the Cu is
consistently found in the Cu 2p depth profile where the Cu-
O fraction increases with depth. Therefore, this reinforces
that the graphene acts as a buffer layer to prevent environ-
mental oxidation of the Cu surface and, more interestingly,
creates a Cu-rich CuO, phase that enables migration of
ionic oxygen.

Figure 2(c) shows a depth profile of the O-Cu fraction
obtained from O 1s for three electrical states: initial, LRS,
and HRS. The depth profile from the surface was obtained
by changing the XPS take-off angle. In the initial state, Cu is
relatively rich and oxygen is depleted at the top surface and
vice versa deep below the surface, as shown in Figure 2(c).
After biasing the bottom electrode from 0 to —2V, the de-
vice switches to the LR state. The negative bias at the bottom
electrode leads to the migration of the ionic oxygen in the
CuOy lattice toward the surface. This migration of ionic oxy-
gen is clearly detected in Figure 2(b), showing a 1.5 fold
increase of the O-Cu fraction at the top surface, compared to
the fresh device. Next, the device was biased from 0 to 2V
and the device switched from the LR to the HR states. In the
HR state, ionic oxygen migrates toward the bottom electrode
under positive bias. This is also proved by the higher O-Cu
fraction deep below the surface, compared to the fresh and
LR state devices. The bipolar switching mechanism of the
stack is proposed in Figure 3, based on experimental analysis
of Figure 2. The correlation between the resistance state
switching and the glancing-angle XPS provides an excellent
and insightful explanation for the resistive switching mecha-
nism in the graphene/CuO,/Cu device. It is important to note
that spectroscopic detection of migrating ionic oxygen in the
interfacial CuOy is possible due to the graphene acting as a
chemical buffer layer thin enough for photoelectrons to
escape from the Cu surface without significant environmen-
tal interfacial oxide formation between the graphene and the
Cu. Because of the nature of (1) the high-conductivity chan-
nel formed by the Cu-rich CuOy phase and (2) the low-
conductivity channel formed by the oxygen-rich CuOy
phase, the redistribution of oxygen in the graphene/Cu inter-
face is equivalent to the modulation between the conductive
channel formation and disruption. Glancing-angle XPS
results (Figures 2(b) and 2(c)) suggest that the thickness of
the CuOy layer is greater than 2 nm, which is the maximum

Appl. Phys. Lett. 100, 123101 (2012)
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FIG. 3. (Color online) Schematic illustration of the switching mechanism of
the graphene/Cu memristive system. The redistribution of ionic oxygen at
the graphene/Cu interface driven by migration is equivalent to the modula-
tion between the conductive channel formation (redistribution of ionic oxy-
gen) and disruption (the higher resistive oxygen rich CuO, formation).

depth limit determined by the mean free path of a photoelec-
tron. The profile of CuOy at the near-surface region (depth
below 2 nm), however, changes in response to the switching
bias, as shown in Figure 2(c), which indicates that oxygen
ion migration takes place and is responsible for the change
of electrical states.

In the thermochemical unipolar switching mechanism,
the conductive filament is often described as the local chan-
nel aligned with the grain boundary where an oxygen atom
has higher diffusivity than in the bulk grain.?' In this study,
XPS analyses suggest a non-local migration of ionic oxygen
in the graphene/Cu stack since the spectroscopic analyses,
after biasing over a large area (mm scale), reveal noticeable
differences in the oxygen fraction in the depth profile. HRS
can be regarded due to the two-dimensionally uniform, co-
lumnar, oxygen-rich CuO, phase formations near the bottom
electrode that act as a tunneling barrier for the charge injec-
tion, as shown in Figure 3.

It should be stressed that the formation of graphene/Cu
resistive switching cells can be self-aligned, since the mem-
ristive stack forms during the graphene growth process.
Another merit of this switching stack is the excellent chemi-
cal stability of graphene as an electrode on the switching
channel, making reliable oxygen migration in the range of
several nm, a much shorter channel length scale than other
filament-type oxide channels (e.g., 10nm). This study not
only demonstrates the use of graphene as a chemically inert
electrode or diffusion barrier for resistive random access
memory, but it also unveils the role of oxygen ion migration
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in bipolar switching mechanisms at the ultrathin metallic
junction.

In conclusion, reversible bistability of nanoscale con-
ductance was observed on graphene/Cu using conductive
probe AFM. The Cu-rich CuOy channel is fabricated on a Cu
substrate using a self-aligned process during graphene syn-
thesis on Cu. The bipolar switching behavior is observed at
low switching voltages (~ £ 2 V). The XPS analysis is con-
sistent with non-local migration of ionic oxygen as an origin
for bipolar switching.
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