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ABSTRACT. Resistive switching effect is observed for a gallium-indium/gallium oxide/graphene
junction. The use of a gallium-based liquid metal alloy, in this case, the eutectic gallium-indium
with its native gallium oxide skin, directly provides the metal top contact and the oxide layer
needed to fabricate a memory. Graphene is used as bottom electrode due to its electrical properties
and, importantly, because it prevents the formation of alloys, leading to a stable simple junction.
With this structure, the ON/OFF ratio at 0.5 V between the high resistance state (HRS) and low
resistance state (LRS) reached is ~ 10* in ambient conditions. The deposition of an additional
switching layer is not needed compared to other resistive random access memories, which makes

this system less complex to fabricate. The migration of the oxygen atoms of the oxide layer would



be intuitively considered the main reason for the modulation of the tunneling junction resistance
but, we suggest that this is not the case and instead of that, charge-trapping/detrapping at the very

interface may dominate the switching function.
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INTRODUCTION

Beyond transistor and capacitor-type memories, there are the resistor-type memories, in which
data is stored by different electrical conductivity states (i.e. between a high resistance state (HRS)
and a low resistance state (LRS)). These type of memories are very appealing because of their
simple memory structure: a switching layer sandwiched between two electrodes.* These electrical
states are set (write) by applying a relative high voltage (Vw) and, to read the conductive states a
relative low voltage (Vr) is implemented, always fulfilling [Vr|< [Vw|. In this way, resistive
switching-based memories overcome the problem of write-after-read process. It is worth
mentioning that resistive random access memories are attracting much attention because they are
able to imitate the synaptic functions, playing a key role in emulating the neuromorphic computing
system.? Various mechanisms have been proposed to explain electrical conductance in resistive
switching-based memories.? For metal oxide based resistive random access memory [RRAM] (i.e.,
metal-insulator-metal (MIM) junctions), conducting filament type (which considers the migration
of metallic cations and oxygen vacancies) and interface type (dealing mainly with interface barrier
height between the electrode and the switching layer or interface defects between each layer) have
been described as the two main mechanisms governing the switching phenomenon.* Recent
examples have shown the use of graphene oxide as the switching layer, in which filamentary

formation,®> oxygen migration® and redox reactions at the interfacial region between the titanium



top electrode and the graphene oxide’ were demonstrated. In this regard, metals having high
affinity to oxygen, such as aluminum or titanium, seem very attractive for resistive switching due
to the possibility to create an interfacial region.”®

In this work, as an alternative to those metals, we suggest the use of a gallium-based liquid metal
(LM) alloy, the eutectic-gallium indium alloy (EGaln). Interestingly, the gallium and gallium-
based alloys have attracted not only attention for electronics, nanotechnology, mechanical
engineering, energy, catalysis but also for biomedical applications because its bio-compatibility.*-
12 The EGaln is a low-viscosity liquid at room temperature and possesses unique properties such
as inherent flexibility/stretchability, high electrical and thermal conductivity, it forms alloys
readily with most metals, it is non-toxic and it has a thin passivating oxide skin that provides its
non-Newtonian character.>'* The thickness of the GaOx, spontaneously formed in air has been
reported to be about 0.7 nm.%® One likely mechanism that has been proposed to govern the oxide
growth on gallium alloys is based on the Cabrera-Mott oxidation model which was developed for
solid metals.'® This mechanism is explained considering that, in spite of the thin oxide layer formed
at the beginning of the exposure of the EGaln to air, electrons from the Galn core can tunnel
through this skin layer and a chemical reduction of the adsorbed oxygen can take place. This
process results in the formation of an electrostatic potential between the oxide—air and oxide-metal
interfaces called Mott potential (Vm). The resultant electric field, due to Vm, can become large
enough to drive the diffusion of ions through the oxide, facilitating the oxide growth.
Interestingly for the purpose of this work, the gallium oxide is currently considered a very
promising material for RRAM.'"1® For example, a non-filamentary memristive behavior was
shown for an amorphous gallium oxide thin film embedded between two electrodes (Pt and ITO).

The reason for the switching was determined to be the bulk oxide ion conductivity within the oxide



film, i.e. a modulation of the oxygen concentration profile as a result of the electrochemical
polarization due to the applied voltage.'’
Thanks to the poor alloy formation with sp>-carbon materials, the contact between gallium LM
alloy and graphene have been shown to be an attractive strategy to stabilize these type of electrical
contacts expanding their potential use.'® For this reason, and for the extraordinary properties of
graphene-based electrodes,® this has been the choice as a bottom electrode in the herein studied
junction. The development of the chemical vapor deposition technique (CVD),% the chemical
reduction of graphene oxide?™?? and the several methodologies established to transfer CVD
graphene to transparent substrates,?>?* have promoted the use of graphene for several technological
applications, especially because its record value of charge mobility is not inferior to the best values
found in cleaved graphene.?®

In this work, the electrical properties of the junction: EGaln//GaOx/"a"redC\/D graphene
monolayer/quartz (‘Gr-q) and, its potential for resistive switching applications in ambient
conditions was investigated and demonstrated. For that, CVD-graphene grown on copper
transferred onto quartz via wet chemistry was top-contacted with a EGaln/GaOx electrode cone-
shaped. With this structure, an ON/OFF ratio at 0.5 V between the high resistance state (HRS) and

low resistance state (LRS) reached ~ 10%,

EXPERIMENTAL SECTION

Carbon Substrates: All the graphene substrates employed in this work were purchased from
Graphenea (Spain). The transferred graphene on quartz and SiO2, was first grown by CVD on
copper foil and then transferred to a 10x10 mm? substrate of quartz (500 pm thickness) or SiO2 by

a wet transfer process. Single-layer graphene grown on copper foil and PMMA (60nm) on CVD



graphene on copper substrates were purchased from the same company. The transfer process onto
different substrates (gold and glass) was done following the well stablished protocol.?® Highly
pyrolytic graphite (HOPG grade ZYB) was purchase from Ted Pella INC and used after being
freshly cleaved.

Junction formation and electrical measurements: EGaln/GaOx/substrate junctions were fabricated
by placing in contact a EGaln/GaOx drop hanging from a Hamilton syringe. The drop is molded in
the form of cone with a tip of approximately 20 um of diameter following a previous reported
procedure, without further modifications on the protocol.?” The protocol for the statistical analysis
is described in the supporting information.

The EGaln cone, working as top-electrode, was biased while the bottom electrode was grounded.
An electrometer Keithley 2604B was used to perform the electrical measurements. The current
density versus potential curves (JV) were obtained with an integration time settle between 50msec
to 250 msec depending on the current value and a waiting time between two consecutive potential
values of typically 100msec (100mV/100msec).

Scanning Electron Microscopy: SEM images were acquired with a FEI Magellan 400L

XHRSEM.

RESULTS AND DISCUSSION

In the used customized-built experimental set-up (see Scheme S1 in the supporting information),
the fabrication of the resistive switching system at ambient conditions required a first initial
activation step. This consisted in a very simple procedure. First, at a given point of the sample, the
freshly prepared EGaln/GaOx cone-shaped e?” was placed in contact with the 'Gr-q surface, with a
geometrical contact diameter around 20 um. This first generated junction led to a JV curve

characteristic of an ohmic contact between the two electrodes (when sweeping the voltage in the



range +0.5 V) (Figure 1a). Secondly, the tip was retracted from the sample with the
micromanipulator for a few seconds and, contacted again in the same position. Then, a new higher
tunneling resistance interface was generated with a notable non-ohmic behavior (Figure 1b),
indicating the formation of an insulating oxide layer. When this process was done in a wider bias
window (£2V) a complete generation of the passivation layer was achieved (Figure 2). The same
electrical response was observed for a junction based on CVD monolayer graphene grown on
copper (EGaln/GaOx/Gr-Cu) (Figure S1). As an alternative to this method, the oxide passivation
layer was formed by exposing the fresh-fabricated tip to ambient atmosphere. To explore the
required time, two sets of experiments were carried out. First, after acquiring the JV curves with a
freshly prepared tip, this was exposed to air for 20 minutes, measuring J in intervals of 5 minutes
in the £0.5V voltage range. As expected, J decreased abruptly after 5 minutes and then, we only
observed slight changes during 15 minutes (Figure S2a). On the contrary, Figure S2b shows that
when a new tip is placed in contact with the substrate and kept in contact for 20 minutes, there is
only a minor change of the measured J. This indicates that the tip oxidation takes place at much
slower rate when it is not retracted from the surface. Furthermore, freshly prepared tips have been
exposed to different atmospheres (air, argon, oxygen enriched atmosphere and higher humidity).
It was observed that under argon, the measured J hardly changes after 20 minutes of exposure
while under oxygen and high humidity (70%) environment the tendency is very similar to the one
observed under air (Figure S3). As described later in the manuscript, both approaches led to the
formation of the required interface for the resistive switching junction formation.

Additionally, the graphene layer was also investigated after the formation of the junction with the
EGaln/GaOx electrode. For this, the XPS analysis of the C1s region was performed on a 'Gr-q

surface before and after the electrical measurements (Figure S4). The major difference between



before and after is the Csp2/Csps ratio, which is 3.24 and 1.42, respectively. This is attributed to
unintentional hydrocarbon contamination from ambient air due to the time exposure of the
substrate that is analyzed in XPS chamber upon being exposed for several hours to ambient air.?8
The Cc-o/Cc=o0 is almost the same, being 3.27 for the t-Gr/q as received and 2.92 after the electrical
measurements. Hence, these values point that the graphene substrate is not significantly modified

(for example to partially oxidized graphene) due to the junction formation.
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Figure 1. Scheme of the tip movement and the corresponding JV curves acquired in the £ 0.5V

range for: a) a fresh EGaln/GaOx//'Gr-q junction, b) upon retracting and contacting the tip again.

Having all this in mind, the EGaln/GaOx/'Gr-q junctions were explored as memory units. For this,
first a potential ramp from 0V to +2.2V to -2.2V to 0V and repeated 3 times was applied for a
freshly prepared EGaln/GaOx cone. As before, a non-hysteretic behavior was observed (Figure
2a). Then, the EGaln/GaOx cone was retracted for a few seconds (around 3 seconds) and contacted
again at the same point on the graphene substrate. At this point, the application of a £2.2V cycle

showed hysteretic JV curves as a very stable electrical output of the junction (Figure 2b). As shown



in Figure S5, the same switching performance was achieved when the fresh prepared tip was
exposed to ambient atmosphere for 20 minutes without the tip retracting step. As observed in
Figure 2b, when the potential was swept from 0V to +2.2V the junction switched to a low
resistance state (LRS). The LRS was preserved even at negative potential values but once the
voltage reached lower potential than -1V, J suddenly decreased approximately 2 orders of
magnitude, which was identified as the high resistance state (HRS). As seen in Figure S6, the
junction shows a bipolar abrupt switch.® In several junctions the sweep potential was inverted (0V
to -2.2V to +2.2V to 0V) demonstrating that the LRS was always obtained at positive potential
(higher than 1V) and the HRS at negative potential values (lower than -1V) (Figure S7), regardless
of the initial sweep direction. The initial state of the junctions was always the HRS. It is also
important to mention that for larger geometrical contact areas (from @tp ~28um to 37um), the
memory behavior was not observed and, instead the junction showed an Ohmic contact. The
hysteretic behavior was recovered when the area was diminished (Figure S8). We believe that the
roughness of the tip, demonstrated by SEM images of an “inverted tip”*® (Figure S9), is responsible
for such ill-defined interface which makes the junction very sensitive to small changes in the
formal contact area. Interestingly, this can be slightly improved, when the measurements are
performed under an oxygen richer atmosphere. In this case, the memory remains stable regardless
the increase of the geometrical contact area up to @tp ~50um (Figure S10), attributed to a more
homogenous degree of oxidation of the Ga exposed on the tip surface. In the case of measurements
of molecular self-assembled monolayers on metal substrates through EGaln contacts, it has been
shown that for large junctions, the leakage current dominates the measured current, contrary to the
molecular effect which dominates in small junctions.® As expected, this remarkable reversible

resistive switching, was also observed on commercially available transferred CVD graphene on



SiO2 and on non-commercial CVD graphene transferred onto a glass slide (see experimental

section and Figure S11).
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Figure 2. Exemplary JV curves in a given junction. a) JV curves acquired in the = 2 V range for a
junction fabricated with a freshly prepared EGaln/GaOx top electrode. b) JV curves acquired after

retracting and re-contacting the ‘Graphene-quartz.

With the aim of giving more insights into the transport mechanism, the JV curves were fitted
considering the well-known conduction mechanism models for nonlinear 1V curves (thermionic
emission, Schottky emission, space charge limited conduction, Poole-Frenkel emission, Fowler-
Nordheim tunneling and trap assisted tunneling).?°2° For the HRS (from 0.2V to +1.5V) in the first
sweeping cycle, the JV curve was well fitted by the In(J/V?) « 1/V formula according to a Fowler-
Nordheim tunneling (F-NT) (Figure S12). Although, there is a turning point voltage around 1 V
which could be a signature of a transition from direct tunneling (DT) to F-NT,?® here it cannot be
conclusively stated due to the fact of having an ill-defined top-electrode/substrate interface.3!?
This result points that an electrode-limited conduction mechanism and not bulk-limited is
governing the charge transport across the EGaln/GaOx/tGr-q junction investigated in this work.

Motivated by the interesting electrical response observed in Figure 2b, the switching performance

was investigated in detail. First, in order to read without destroying the state of the junction, JV



curves up to |0.5V| were acquired after applying a write/erase pulse of +/-2.2 V. The potential scan
was performed from OV to +0.5 to -0.5V to OV. As depicted in Figure 3a, the LRS was written
with a pulse of +2.2V applied for 1 second, and then kept at OV for 10 seconds, leading to the HRS
state (see heatmap of all data in Figure S13). Remarkably, the ON/OFF ratio at 0.5 V reached a
value of ~1x10*, which is comparable with the values reported for gallium-based oxide conductive-
bridging RAM? or graphene oxide devices.”**% In addition, the LRS and HRS were monitored
every 500 ms by applying a read potential of 0.2 V. Importantly, as demonstrated in Figure 3b, the
states were preserved for more than one hour. Figure 3c shows the distribution of the ON/OFF
ratio for 36 junctions over 40 attempts, which clearly elucidates the reproducibility of the
measurements and thus, of the in-situ generated resistive switching device. This was further
supported by the observed reproducibility on the threshold (V) or turn ON/OFF voltages and the
ON and OFF currents, as shown in the histograms in Figure S14.

In order to explore the robustness of the EGaln/GaOx/'Gr-q junctions, endurance switching
measurements were performed. To achieve this purpose, pulses of +2.2V were applied for 1ms
then a potential was settled to 0.2V to read the states. This read potential was kept for 1ms and
then the current was read using an integration time of 5ms. In this way 120 switches could be
performed in a junction in less than 1s (Figure 3d). The red point indicates that the junction was
broken after 120 switching process. Figure S15 shows the “offset” of the equipment during the
measurement of endurance no contacting the sample. These values represent ~4% of the measured
values indicating the reliability of the measurements, especially in the LRS. The performance of
the switch was also investigated under argon and oxygen enriched atmosphere and at high
humidity (70%) level since it is well known that water and oxygen can have a relevant impact on

the measurements.®® The memory behavior was not achieved under argon (when the tip was also

10



prepared under inert atmosphere), probably due to the poor oxide layer formed on the tip. On the

contrary, the switching performance became more robust (enhanced cyclability and high

reproducible Vi) when the tip formation and the electrical measurements were performed under a

flow of oxygen as shown in Figure S16. This iss attributed to the lower presence of oxide defects

at the EGaln surface (as mentioned before for the contact area experiments). In the case of the

measurements performed increasing the humidity of the chamber, although preserving the

switching function, some additional peaks around +0.7V appear, which are attributed to some

redox reactions occurring at the interface. It has been observed that in air the LRS is not retained,

with or without the tip retracting step. In contrast, when working in an oxygen rich atmosphere the

LRS state is maintained even after 16 hours keeping the tip in contact (Figure S17).
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Figure 3. Measurements on a EGaln/GaOx/'Gr-quartz junction a) Average JV curve with error bars
of the reading process. b) J vs time measurements to determine the retention of the LRS and HRS.
c) Distribution of ON/OFF ratio. Yield of successful junction formation = 82%. Mean value = 3.7

+ 0.8. d) Current measured after ON or OFF state settle.

Regarding the governing switching mechanism, we should consider that, contrary to other reported
oxide resistive switching structures, here, the LRS is achieved at positive voltage (about + 1.2V)
and the HRS at negative bias, which is the opposite to what it would be expected if the main origin
was the electrochemical modulation of the gallium oxide, with the subsequent metal valence
change.!’ Taking this into account, an electronic effect and not a filament based one, is proposed
as possible origin of the switching.®

In order to gain insights into the origin of the switching behavior, the role of the substrate was
interrogated. SEM images (Figure S18) of the 'Gr-q used in this work show that this has line defects
and disruptions such as wrinkles, ripples and folding.®” Such imperfections have previously been
shown to affect graphene transport properties through the scattering of the charge carriers. This
potential formation of highly resistive grain boundaries could lead to the carriers being trapped
periodically in domains.® It is also worth mentioning that, as observed in field-effect transistors
based on transferred graphene onto SiO2, the charge accumulation at graphene/quartz interface
and the detrapping (or charge compensation) under negative bias could take place. This is a
contribution that cannot be dismissed in this work but it has not been experimentally proved.

In order to better understand the possible role of the non-conductive substrate underneath the
graphene, cleaved highly oriented pyrolytic graphite (HOPG) and CVD grown graphene on Cu

were used at ambient atmosphere. In the case of the HOPG contacted with the EGaln/GaOx cone

12



the hysteretic behavior was observed (in the +2V voltage range, Figure S19) but it showed weak
resistive switching ability since in most of the junctions failed giving short circuits. Further, CVD
graphene grown on Cu as well as CVD graphene transferred onto Au did not lead the formation of
the switching junction (Figure S20). This experiment was also designed to explore the role of
possible PMMA residues (from the wet transfer, see XPS in Figure S5%°) on the top of graphene
and/or other contaminants below the graphene layer (H20 molecules for example) but, the
conductive substrate dominates the electrical performance of the junction.

Taking all this into consideration, we suggest that the origin of the induced resistive switching
relies on a charge trapping/detrapping phenomenon.*! We propose that a charge trapping layer is
formed at the GaOx/Graphene interface and, when the voltage applied is higher than ~ +1.5V, the
traps are filled and the effective tunnel barrier becomes shorter. Consequently, the current
increases exponentially, i.e. similar to moving from a trap-limited to trap-free regime. The strong
linearity in the low resistance state indicates that the tunnel barrier is highly transparent to the
electron transport. When the voltage reaches ~-1.5V, the trapped charges are released and the
effective tunnel barrier thickness increases with the concomitant reduction of the current. Our
future efforts will be devoted to perform temperature dependent experiments and device

modelling® to deeply investigate the conduction and resistive switching mechanism.

CONCLUSIONS

In summary, it has been demonstrated that besides the tremendous advantage and opportunities
that liquid metals bring for the design of new electronic devices, the measurement protocol is as
important as the material to achieve high performance as well as reproducible and reliable results.
The experimental approach reported here based on a liquid metal/liquid metal-oxide shaped as a

cone hanging from a syringe is a very easy procedure to generate resistive-switching devices at

13



specific and small locations on transferred CVVD monolayer graphene, achieving an ON/OFF ratio
between the HRS and LRS at 0.5 V of ~1x10*. The memory response from the EGaln/GaOx/'Gr-

quartz junctions has been shown to be very robust and reproducible.
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