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ABSTRACT: Graphene has been broadcasted as a promising choice of electrode and substrate for flexible electronics. To be
truly useful in this regime, graphene has to prove its capability in ordering the growth of overlayers at an atomic scale, commonly
known as epitaxy. Meanwhile, graphene as a diffusion barrier against atoms and ions has been shown in some metal—graphene—
dielectric configurations for integrated circuits. Guided by these two points, this work explores a new direction of using graphene
as a bifunctional material in an electrochemical metallization memory, where graphene is shown to (i) order the growth of a low-
ionicity semiconductor ZnS single-crystalline film and (ii) regulate the ion migration in the resistive switching device made of
Cu/ZnS/graphene/Cu structures. The ZnS$ film is confirmed to be van der Waals epitaxially grown on single-crystal graphene
with X-ray structural analysis and Raman spectroscopy. Charge transport studies with controlled kinetic parameters reveal
superior ion regulating characteristic of graphene in this ZnS-based resistive switching device. The demonstration of the first
graphene-directed epitaxial wide band gap semiconductor resistive switching suggests a possible and promising route toward

flexible memristors.
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B INTRODUCTION

Graphene has long been regarded as the cornerstone for future
flexible electronics because of its extraordinary properties of
transferability, electrical conductivity, transparency, lightweight,
ductility, chemical inertness, and so forth.' In addition,
graphene offers an important attractiveness which might have
been understated in the past, that is, the template function to
order the atomic arrangement of overlayers grown on top of a
single-crystalline graphene substrate, which could be catego-
rized as van der Waals epitaxy (vdWE). Recently, van der Waals
heterojunctions of 2D transition metal dichalcogenides (TMD)
on graphene have become an active research field, and the
progress in this field deserves credit.” However, from the
perspective of practical applications, vdWE of conventional 3D
semiconductors, such as II-VI and III-V compounds, on
graphene may carry more significance because these semi-
conductors are the proven working horses in optoelectronics
and microelectronics. VdWE of 3D semiconductors on
graphene, typically via vapor-phase epitaxy, is more challenging
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than those TMD—graphene junctions made by exfoliation, as
the pristine graphene surface is hard to wet because of the lack
of dangling bonds and nucleation sites. Defected graphene,
either transferred or intentionally induced, may relieve the
wetting issue but at the price of crystal quality of overlayers.* ™

Resistive memory is a simple two-terminal device relying on
the resistive switching phenomenon that can virtually be
realized in all insulators and semiconductors. Among various
kinds of resistive memories, the electrochemical metallization
(ECM) cell, also known as the conductive-bridge memory, is a
popular choice that memorizes a state based on the migration
of metal cations. ECM consists of an active metal anode, such
as Cu, a solid electrolyte, such as oxides or chalcogenides, and
an inert metal cathode, such as Pt.°® With a positive bias at the
anode, cations of the active metal are formed at the anode
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Figure 1. (a) Schematic side view of the Cu/ZnS/graphene/Cu ECM memory; under a positive bias, Cu ions supplied from the anode (top)

electrode swimming to the cathode (bottom) electrode and forming a CF; under a negative bias, Cu ions, if generated at the bottom Cu electrode,

bouncing back from the1 graphene barrier. (b) Potential barrier for the diffusion of Cu ions through a perfect monolayer graphene (data replotted
)

from a DFT calculation
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Figure 2. (a) XRD @—26 pattern of a ZnS(111)/graphene/Cu(111) /spinel(111) film stack; peaks at 26 = 38.9° and 41.4° result from Cu Kff and W
La X-ray lines which are the contamination lines in the X-ray source; these peaks can thus be ignored. (b) ZnS(111) X-ray pole figure: green circled:
ZnS poles; blue circled: spinel poles. (c) Reciprocal space lattice overlay of ZnS(111) on graphene. (d) Real space atomic model of ZnS(111) on

graphene.

interface and transported through the electrolyte to the cathode
interface where they grow into conductive filaments (CFs).
Once formed, CFs bridge the cathode and anode and result in a
dramatic decrease of resistance, corresponding to an operation
of SET, and the memory becomes ON. When the bias polarity
is reversed to a certain degree, CFs rupture, and the memory
returns to a high-resistance state, or simply OFF, corresponding
to an operation of RESET. In ECM memories, at least one inert
metal is usually used in that the inert metal is not expected to
form CF under a reversed bias. Otherwise, the device may
encounter issues to switch off.

Graphene has been demonstrated as an excellent diffusion
barrier against both Cu atoms and ions in studies of Cu/
graphene/SiO, stacks for microelectronics.”'® This leads us to
conceive a study bringing graphene together with ECM
memories, specifically making use of graphene to regulate the
migration of Cu ions. In brief, we demonstrate a bipolar ECM
memory using Cu as an active electrode, a vdWE ZnS thin film
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as a solid electrolyte, and epitaxial graphene/Cu as an inert
electrode. Figure la shows the schematic view of this device.
Compared to commonly used ECM memories, this design
distinguishes itself by utilizing graphene/Cu in place of a noble
metal as the inert electrode. Under a positive bias, Cu ions
originating from the graphene-free Cu electrode are expected to
perform their normal duties by migrating and forming CFs.
However, the story in this memory becomes different when the
bias polarity is reversed. Under a negative bias, it is likely that
the epitaxial graphene-covered Cu electrode will not form
mobile Cu ions in the first place because of the protection by
graphene. Even if the mobile ions are indeed formed between
graphene and the bottom Cu electrode, they will be bouncing
back when attempting to pass through the safety net set by
graphene. This anticipation can be backed up by a density
function theory (DFT) calculation by Zhao et al.'' According
to the DFT calculation, shown in Figure 1b, the diffusion
potential barrier that a perfect monolayer graphene imposes on
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Figure 3. (a) Cross-sectional SEM image and (b) AFM image of a ZnS(111) film grown on the graphene/Cu(111)/spinel(111) substrate. (c)
Raman spectra of the ZnS(111) film grown on the graphene/Cu(111)/spinel(111) substrate; upper: graphene region; bottom: ZnS region.

Cu* or Cu® is as large as 29.7 eV (E,). This means at room

b

E
kT
sneak through the graphene net is tiny. In fact, this knowledge
of graphene’s superior blocking ability should not be striking if
one refers to the function of graphite in lithium-ion batteries,
where the smallest metal ion could not pass the screening of a
graphene sheet.

Another motive to use epitaxial graphene/Cu as the key
component for this ECM memory is the multifold benefits
coming from graphene/Cu. First, graphene grown on Cu
catalysis substrates is probably the most common way to
synthesize graphene at a large scale.'”"> Hence, producing
graphene/Cu heterostructures should not be a challenging task
from the technology point of view. Second, unlike many other
graphene-based devices,'"'” resistive memories included,'®"”
the graphene for this use does not have to undergo any transfer
process which would inevitably deteriorate the quality of
gr.a]:»hema.m’19 Third, graphene is challenging to wet because of
its low surface energy, and it is thus challenging for a high-
quality film to grow on graphene. However, with Cu
underneath graphene, the potential barrier for films to nucleate
on graphene can be relieved, as Cu is speculated to enhance the
nucleation on graphene.m Fourth, films grown on graphene will
follow the vdWE mechanism, and thus, the growth will inherit
the benefits from vdWE, such as the loose constraint on a
lattice mismatch aspect.”’ As for choosing ZnS as the
electrolyte, which in fact is not unusual in the literature, >
the main reason is that this material is more likely to be vdWE
grown on graphene compared to oxide insulators. Furthermore,
the wide band gap and optical transparency of ZnS allow the
underlying graphene to be characterized with direct evidence
using “see-through” Raman spectroscopy.

temperature, the probability, P = exp(— ), for a Cu ion to

B RESULTS AND DISCUSSION

The device fabrication in this work consisted of three steps.
First, single-crystalline graphene was grown on Cu(111)/
spinel(111) substrates using a chemical vapor deposition
method.” Second, epitaxial ZnS(111) films were grown on
graphene/Cu(111)/spinel(111) substrates using a thermal
evaporation method. The substrate temperature, deposition
rate, and film thickness were 150 °C, 3 A/s, and 200 nm,
respectively. Last, 150 nm thick Cu was deposited as the top
electrode using the same evaporation system with a shadow
mask (opening of 0.5 mm in diameter), but the substrate was
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not intentionally heated. More information regarding the
evaporation process can be found elsewhere.’

Figure 2a shows the X-ray diffraction (XRD) w—26 pattern
of a ZnS film grown on graphene/Cu(111)/spinel(111). The
film is found to be in a zinc-blende phase (space group 216,
F43m) with a dominating (111) out-of-plane orientation. There
is a tiny ZnS(220) diffraction present with an extremely low
intensity in comparison with that of the ZnS (111) peak, and
the contribution is negligible. All other peaks between 35° and
45° in the 20 scan originate from the (111) diffraction (Cu Ka
line) and the associated contamination lines (Cu Kff and W
La) of the single-crystal Cu film underneath the graphene. To
reveal the texture of the film, a ZnS(111) X-ray pole figure was
collected using a fixed Bragg angle (26) at 28.5°, polar angle
() from 0 to 88° (step size: 2°), and azimuthal angle (¢) from
0 to 359° (step size: 1°). The ZnS(111) pole figure in Figure
2b shows six poles at y of 70.5° and the poles are 60° apart
each other in the azimuthal direction, corresponding to the
primary set of three ZnS(111) poles (in solid circles) and a
secondary set of three ZnS(111) poles (in dash circles). The
pole figure is indicative of the single-crystal nature of the ZnS
film with two (111) domains offset by 60° in-plane. In other
words, one of the ZnS(111) domains is rotated 60° in-plane
and is therefore a twin domain to the other. The 60° in-plane
twinning of cubic (111) films is a common phenomenon
reported in the literature,”” Although the ZnS film has a
preferred in-plane orientation, note that the dispersion of the
ZnS(111) poles is relatively large, suggesting the existence of
small-angle grain boundaries in the film. Nevertheless, the ZnS
film is indeed in an epitaxial form. The epitaxial alignment
between ZnS(111) and graphene can be deduced with the aid
of those three spinel (220) poles at y of 35°. Their appearance
in the pole figure is due to the close 20 (31.2°) for this
diffraction with respect to the preset 28 for ZnS. It can be seen
that there is a 30° rotation between ZnS(111) and spinel (220)
poles. According to our previous work, the Cu(111) film is in
parallel epitaxy with spinel(111), that is, Cu(111)llspinel(111)
and Cu [110]llspinel [110].>* Furthermore, graphene is known
to be in parallel epitaxy with the Cu(111) film.”® Given these
relations, the reciprocal space lattice overlay of ZnS(111) on
graphene can be constructed as shown in Figure 2c. Figure 2d
presents a clearer view of how ZnS(111) aligns on top of
graphene using an atomic model in real space. The vdWE
alignment between ZnS and graphene can be interpreted as
follows; ZnS(111)llgraphene and ZnS [110] offset 30° with
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Figure 4. (a) Test structure of the Cu/ZnS/graphene/Cu and Cu/ZnS/Cu ECM memory devices. (b) I-V characteristics of the Cu/ZnS/
graphene/Cu ECM memory with scan rates of 0.002 and 0.02 V/s. The top electrode was initially applied with the positive bias voltage, which also
applies to all the remaining I-V curves. (c) I-V characteristics of the Cu/ZnS/graphene/Cu ECM memory device with a scan rate of 02 V/s. (d)
I=-V characteristics of the Cu/ZnS/Cu ECM memory device with a scan rate of 0.02 V/s. (e) Schematic illustration of the two-way CF forming in

the Cu/ZnS/Cu ECM memory.

respect to graphene [10]. The ZnS(111) twin domain is not
shown in Figure 2c or d to avoid complexity.

Figure 3a shows a cross-sectional scanning electron
microscopy (SEM) image of the ZnS film. The cross section
was created by manual cleaving, which explains why it is not as
smooth as those cut by a focus ion beam. However, the film
quality can be surely inferred to be high as the film looks like a
bulk crystal, and no holes or voids can be found under this
magnification. The surface morphology of this film is shown
with an atomic force microscopy (AFM) image in Figure 3b,
characterized with a root-mean-square roughness of ~5.5 nm.
Raman spectroscopy with a 514 nm laser line was used to
investigate the ZnS—graphene interface. ZnS$ is known to have
the largest band gap (3.5 eV) in II-VI semiconductor
compounds, which allows the 514 nm laser to see through
the ZnS film even though it is hundreds of nanometers thick.
Figure 3c contains two regions of a Raman spectrum obtained
from the ZnS(111)/graphene/Cu(111) /spinel(111) film stack.
In the upper portion, the characteristic G and 2D peaks of
graphene can be clearly observed, confirming the presence of
graphene underneath the ZnS film.”””* Note that the relatively
small peak profile in this spectrum is caused by the high spectral
background resulting from the surface plasmon resonance of
Cu and does not imply the low quality of graphene.”**** In
the bottom portion, the first-order longitudinal optical phonon
of zinc-blende ZnS is seen around 350 cm™. The spectrum in
Figure 3c is representative of 10 random acquisitions. Thus, it is
statistically reliable to assume that the sample is homogeneous
everywhere.

The resistive switching of this Cu/ZnS(111)/graphene/
Cu(111) device, along with a control device of Cu/ZnS/Cu,
was studied by sweeping the bias voltage to 0.4 V in both
polarities (0 = 04 — 0 — —0.4 — 0). The test structure is
shown in Figure 4a. Three scan rates, 0.002, 0.02, and 0.2 V/s,
were selected to probe the resistive switching behaviors of the
device (i) shown in Figure 4a. For the slowest scan rate of
0.002 V/s, shown in Figure 4b, the current jumps from tens of
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PA to tens of #A at a bias voltage less than 0.3 V, corresponding
to a resistance ratio Ropp/Roy on the order of 108, This sudden
and drastic change from a high-resistance state (HRS or OFF)
to a low-resistance state (LRS or ON) suggests the formation
of CFs. As the voltage reverses to the negative polarity, the LRS
remains till the voltage approaches —0.1 V where the device is
reset to the HRS. After reset, no resistive switching is found
from —0.1 to —0.4 V. The high asymmetricity of the I-V
behaviors under opposite voltage polarity suggests the
effectiveness of graphene in regulating the diffusion of Cu
ions generated from the bottom Cu electrode. Specifically,
because of the presence of graphene, no CF forms when a
negative bias voltage is applied on the top electrode because
little Cu ions escape from the bottom Cu electrode into the
ZnS matrix. Furthermore, it is worth to mention that the initial
bias polarity applied on the top Cu electrode has no effect on
the resistive switching behaviors in this ECM memory, which is
similar to the observation reported by others.” In other words,
if the bias on the top electrode is initially swept to the negative
end, the device will not be turned on. Only when the bias
returns to positive, the ON state can be achieved. In short, the
I-V curves are the same no matter which polarity is taken first
by the top electrode. This is another piece of evidence that CFs
only form from one direction, which is the outcome of ion
migration regulating by graphene.

Still, in Figure 4b, an overall similar I—V profile can be found
from the moderate scan rate of 0.02 V/s. The main difference
between this and the 0.002 V/s scan lies in the magnitude of
the resistance (R) in the LRS, with the former about 33 times
larger than the latter. The contributing factor to this difference
may be the different effective diameter (®) of CFs formed. A
model for filament growth dynamics can be used to
qualitatively explain it.””**> In details, the resistance of CFs
can be expressed in the following form

4pl
z®*

k= )
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Figure 5. (a) Endurance test of the Cu/ZnS/graphene/Cu ECM memory. The current was measured at 0.2 V. (b) Cumulative probability
distribution of the data measured in (a). (c) Retention test of the Cu/ZnS/graphene/Cu ECM memory. The current was measured at 0.15 V.

where p is the filament resistivity and [ is the filament length
(the thickness of the electrolyte film), and @ is the diameter of
the filament and is a function of time and voltage as follows;

E = Ae_‘E;‘/kT

dt ()
and

E, = E; — aqV (3)

where A is a constant, E, is the energy barrier for the
conductive ion migration, E, is the energy barrier at zero bias, a
is a constant describing the fraction of the voltage drop, q is the
charge, V is the applied voltage, and T is the temperature.
Apparently, @ is time-dependent. According to eq 2, the ® for
the 0.002 V/s scan rate should be 10 times as large as that for
0.02 V/s. However, the actual ® ratio is ~5.7, according to eq 1
and the resistance ratio shown in Figure 4b. This discrepancy
may be related to the complexity of a resistive switching process
which by far is not completely understood yet. The model here
just qualitatively explains the time factor in filament growth.

The scan rate dependence of resistance is more profound for
the scan rate of 0.2 V/s. The I-V curve for this scan rate can be
found in Figure 4c. First, the resistance at the LRS for this scan
rate is higher compared to those of the other two scan rates,
indicating a narrower CF, which is consistent with the
argument of time-dependent filament growth. Second, unlike
the bipolar switching I—V in Figure 4b, the resistive switching
for the 0.2 V/s scan rate appears to be unipolar. This agrees
with the assessment of a narrow CF which is unstable and easy
to rupture. Third, the I-V profile of this scan rate is not very
asymmetric as those in Figure 4b, and the hysteresis shows up
in both voltage polarities. This implies that the CF can be
formed in both the directions. This appears to be contradicting
with the ion regulating role assigned to graphene. To explain it,
we propose that the Cu source for forming CFs at this scan rate
is from within the ZnS film. Specifically, there could be a small
amount of Cu diffusing into the Zn§S film when the top Cu
electrode was deposited, given the large diffusion coeflicients of
Cu in II-VI compounds.* It is these Cu ions, instead of the
Cu ions from electrodes, that respond fast to the fast voltage
sweeping. This explanation can also be used to interpret the
different tumn-on voltages (0.3 and —0.1 V) under different
polarities shown in Figure 4c. Because the Cu impurities are
more localized around the top electrode, under a positive bias
voltage on the top electrode, these Cu ions take a longer time/
larger voltage (0.3 V) to reach the bottom electrode to
complete the CF growth. For the same reason, the CF forms at
a smaller voltage (—0.1 V) the other way.
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The I-V curve of a control device [(ii) in Figure 4a] was
measured using a scan rate of 0.02 V/s, as shown in Figure 4d.
This device was prepared in a manner similar to the device (i)
in Figure 4a, except without grapheme on the bottom Cu
electrode. It can be seen that the resistance of this device is
overall lower. This is believed to be due to the Cu diffusion
from the bottom electrode to ZnS during ZnS deposition (150
°C). Nonetheless, the absolute value of resistance should not be
a concern because the switching behavior is more important for
the comparison. In Figure 4d, a clear set process (arrow-1) is
observed. After that, the device maintains itself in the LRS
without any sign of reset. On the contrary, the device further
switches to an even lower LRS (LLRS) at the voltage of —0.3 V
(arrow-3) and retums to the original LRS when the voltage
bounces back from —0.4 to —0.1 V (arrows 4 and $). In the
following cycles, the I-V curve, which is not shown here, traces
along the path of 22345 in each cycle, where 2 represents the
opposite direction of arrow 2. Despite a symmetric electrode
pair of Cu—Cu, the I-V curve of this device shows no
symmetricity, which is counter-intuitive. However, after a
careful analysis of the I—V behavior, we believe that it actually
attests the ion regulating role of graphene, which is explained as
follows. Figure 4e schematically shows the evolution of CFs in
this graphene-free device, Arrows 1 and 2 represent the normal
formation of CFs when the top electrode under a positive bias
voltage, just like the device (i) shown in Figure 4a does. When
the top electrode is under a negative bias voltage, however,
arrows 3 and 4 correspond to the formation of additional CFs
from the opposite direction because of the absence of graphene.
Contributed by the additional CF, the device goes from the
LRS to the LLRS. Arrow 5 indicates the breaking of one of the
conductive pathways, more likely being the additional CF
because there is never a sign of turn-off to the HRS anywhere
once the first CF is formed.

Besides CFs, the conducting path for resistive switchin%
devices can also originate from a possible interface-type path. >
In this type, the interface between electrodes and resistive
switching layers is believed to play an important role on the
charge transport behaviors through such ways as forming
Ohmic contact, Schottky contact, interface dipoles, and so
forth. For instance, the Schottky barrier effect has been used to
interpret the rectification and hysteresis behaviors in -V
characteristics and seems to be a legit explanation for resistive
switching in a number of cases.””” In the present work, a
Schottky barrier, AE; = 0.75 eV, is expected to form at the
interface between ZnS and the top Cu electrode, given the
work function of Cu and electron affinity of ZnS.”> However,
the other interface formed by ZnS and graphene is more
complex because the work function of graphene is dependent
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on the surroundings where graphene is placed.”®** Nonethe-
less, it can be reasonably assumed that ZnS and graphene also
form a Schottky barrier with an unknown value of AE,. As a
result, the idealized energy diagram of the device (i) shown in
Figure 4a can be sketched like in Figure S1. Here, by idealized,
we mean that the interface dipoles or defects are ignored. Now
that the interfaces are assumed to be of the Schottky type, a
trial of using the Schottky barrier effect to interpret the resistive
switching behaviors appears to be worthwhile. However, for any
interface-type conducting path, the I—V characteristics are
highly dependent on the details, including the direction and
magnitude, of the Schottky barrier heights which are
unavailable. Thus, an attempt to interpret the I—V character-
istics using an interface-type conducting path in this work
would be challenging.

While the central part of this work is to prove the concept of
ion regulating using graphene, endurance and retention tests
from the perspective of the device were also preliminarily
studied on device (i) shown in Figure 4a. For the endurance
test, 110 switching cycles between the HRS and the LRS were
performed. The current at the HRS and the LRS was measured
at 0.2 V. Figure Sab shows the measured current and its
cumulative probability distribution, respectively. In spite of
some fluctuation among cycles, the test indeed demonstrates
the repeated reversibility of this resistive switching device. For
the retention test, the current was measured at 0.15 V when the
device was put in the HRS and the LRS, respectively. Figure 5c
shows that the device can maintain in the LRS for up to ~3000
s before the instability shows up. Compared to other device-
centering studies where tens of thousands of switching cycles in
the endurance test and tens of thousands of seconds in the
retention test were reported,"”*" the tests in this work did not
go that far because no device optimization was carried out.
However, the device concept proposed in this work does hold
several merits in other departments. First, the switching voltage
is lower (less than 0.3 V) than usually reported (in several
V).>"** Note, the electrolyte film was 200 nm in this study,
which is thicker than the usual using of a couple tens of nm.
This means that the switching actually occurs at a much lower
magnitude in the sense of an electric field, which may be
promising for ultralow power and ultrasensitive applications.
Second, this ECM-based device avoids using Pt for the inert
electrode and provides an alternative in graphene-buffered Cu.
Compared to Pt, the combination of graphene and Cu is
definitely a relief in cost for mass production.

B CONCLUSIONS

In summary, an ECM memory using graphene to regulate Cu-
ion migration is demonstrated with a vdWE Cu/ZnS(111)/
graphene/Cu(111) heterojunction. The vdWE of ZnS on
graphene is confirmed with an X-ray pole figure and Raman
spectroscopy. The presence of graphene at the bottom Cu
electrode is shown to effectively control the directionality in
forming Cu CFs, which is evidenced by the highly asymmetrical
I-V characteristics measured from this memory and the direct
comparison with the -V curve measured from a graphene-free
memory. It is thus concluded that a graphene-covered Cu is
sufficiently inert to serve as the inert electrode for ECM
memories.
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