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ABSTRACT

Understanding the stability and current-carrying capacity of graphene spintronic devices is key to their applications in graphene
channel-based spin current sensors, spin-torque oscillators, and potential spin-integrated circuits. However, despite the
demonstrated high current densities in exfoliated graphene, the current-carrying capacity of large-scale chemical vapor deposited
(CVD) graphene is not established. Particularly, the grainy nature of chemical vapor deposited graphene and the presence of a
tunnel barrier in CVD graphene spin devices pose questions about the stability of high current electrical spin injection. In this
work, we observe that despite structural imperfections, CVD graphene sustains remarkably highest currents of 5.2 x 10® A/lcm?,
up to two orders higher than previously reported values in multilayer CVD graphene, with the capacity primarily dependent upon
the sheet resistance of graphene. Furthermore, we notice a reversible regime, up to which CVD graphene can be operated
without degradation with operating currents as high as 10® A/cm?, significantly high and durable over long time of operation with
spin valve signals observed up to such high current densities. At the same time, the tunnel barrier resistance can be modified by
the application of high currents. Our results demonstrate the robustness of large-scale CVD graphene and bring fresh insights for
engineering and harnessing pure spin currents for innovative device applications.
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spintronic devices pose a question on the limitation of the
maximum current applicable in such devices. Past studies, mainly
performed on mechanically exfoliated few-layer graphene
nanoribbons obtained from Kish graphite, have shown a
breakdown current density of ~ 10° A/cm’ [10,11], including
results obtained in bilayer graphene [12]. Compared to these
reports on exfoliated systems, current stress investigation on
multilayer CVD graphene revealed one order less maximum
breakdown current density ~ 4 x 10" A/em® [13]. Recently, a
current density of 1.18 x 10° A/cm’ was reported in 300 nm
channels of CVD graphene contacted by metal electrodes [14].
Since the size of the graphene channel is too small here to contain
grain boundaries or ripples, such a value matches well with
measurements on single crystalline exfoliated graphene flakes.
However, considering this size is less than the typical micron
range crystal size in CVD graphene, the current carrying capacity
of large-scale CVD graphene is still unclear. Especially, earlier
results in polycrystalline samples showed one order lower current
density [13]. While CVD graphene presents significant scope for

1 Introduction

Over the last decade, the field of two-dimensional (2D)
nanoelectronics and spintronics [1] has witnessed enormous
advancements in using graphene for new applications that show
promise for memory-logic integrated circuits, including
neuromorphic components. In particular, attaining high
performance in wafer-scale commercial systems is necessary for
graphene spintronic sensors and circuits to take off. Yet,
challenges remain when it comes to the feasibility of applications
such as spin torque effects [2] and spin torque oscillators [3] that
require high current carrying capacity and stability. Even
nanodevices using copper have a current carrying limitation of
~ 10° A/eny’. Today, the advancement of the chemical vapor
deposition method has enabled the production of practical and
industry-compatible large-area graphene [3,4]; with commercial
graphene being readily available, it presents real prospects in high-
quality charge and spin transport devices [5]. For example,
competitive spin transport achieved in monolayer chemical vapor
deposited (CVD) graphene [6, 7], including on flexible substrates

[8], and recent reports of ultimate spin current capabilities using
CVD graphene [9], even under ambient conditions, show massive
scope for the growth of graphene spintronic applications.
However, when it comes to current carrying capacity, the grainy
structure of CVD graphene and tunnel barriers utilized in

scalability and practical applications, it exhibits intrinsic defects,
grain boundaries, wrinkles, and transfer/fabrication-accrued
impurities, that are known to limit the electrical performance of
these devices. CVD graphene grown over Cu substrate is reported
to feature grain sizes of a few microns [15]. Commercial graphene
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displays typical grain boundaries/ripples in the size range of
2-5 um, confirmed through multiple techniques [16] (displayed
later in Fig. 1). The nanoscale defects of grain boundaries and
wrinkles increase electrical resistance, and consequently can act as
hot spots where localized resistive heating and breakdown can
occur preferentially [17]. Localized Joule heating in grain
boundaries tends to constrict device shape leading to further
defect formations. For devices longer than 5 um, local high-
temperature spots can arise due to grain boundaries and wrinkles,
subsequently affecting current limits of the spin devices. On a
smaller scale, heated grain boundaries cause heat flow leading to
faster device failure. Therefore, understanding the stability and
maximum current carrying capacity of CVD graphene spin
channels and contacts under the influence of high current is
crucial for developing high spin current generation capabilities
and spin current interconnect applications for spin integrated
circuits.

In this work, we demonstrate a very high current carrying
capacity in monolayer CVD graphene with a breakdown current
density of sub-10" A/cm’. Through elaborate 2-probe and 4-probe
measurements, we uncover a distinct channel behavior upon high
current stress and range up to which CVD graphene channel can
be electrically operated and how breakdown current density varies
with graphene sheet resistance. We also explore spin transport in
such channels with high electrical currents of 1 mA (~ 10° A/cm?),
stability of several hours of long-term current passage, and the
response of contacts to such high currents.

2 Results and discussion

To investigate the current carrying capacity of monolayer CVD
graphene-based spin devices, we fabricated graphene spin devices
using commercial CVD graphene on Cu (Graphenea, Spain), with
multiple TiO,|Co electrodes for spin injection and detection.
Raman spectrum indicating the monolayer nature of CVD
graphene is shown in Fig.S1 in the Electronic Supplementary
Marterial (ESM). We also performed atomic force microscopy
(AFM) of our CVD graphene on Si/SiO, substrate as well as of the
patterned device structures, which reveals grains and wrinkles in
the um range, as shown in Figs. 1(a) and 1(b). The detailed device
fabrication procedure is explained in the Methods section. Figure
1(c) shows a schematic of a patterned CVD graphene with
ferromagnetic tunnel contacts. To determine the electrical
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properties of graphene and contact interfaces, we first performed
low current electrical transport measurements in several
configurations. Four probe gate dependence measurements
yielded field-effect electron mobility ~ 1,750 cm?*/(V-s) (Fig. 1(d)),
which demonstrates that our devices show reasonable mobility
needed to establish good quality spin transport. A high n-type
doping was intrinsic to the as-prepared devices and can be
primarily attributed to the interaction with the substrate and
dangling bonds that are expected in the top 280 nm SiO, layer of
the Si/SiO, substrate, which can promote charge transfer across
the graphene-SiO, interface. Other causes that contribute to the n-
type doping are fabrication process steps that involve solvents,
reactive ion etching for pattering graphene, and electrode
realization [9,18]. Low current characterization of channel,
contacts, and spin valve signal are shown in Fig. S2 in the ESM.
Following these initial measurements, we performed high-current
stressing experiments, first with two terminals (2T), a standard
method employed in past studies. As shown in Fig. 1(e) (I-V
characteristics), the current (I) increases with an applied bias
voltage (V), and at a specific high current, the graphene
breakdown occurs, resulting in an abrupt drop in the current. The
non-linear 2T I-V curve at low voltages confirms tunneling
behavior across the oxide tunnel barrier interfaces with graphene
(Fig. 1(e)). However, a continuous reduction in slope at higher
currents can be attributed to a heating-related cumulative increase
in the graphene channel resistance. To further determine the
actual response of graphene channels, we performed four-terminal
(4T) I-V measurements (Fig. 1(f)), which revealed linear I-V
characteristics up to a high current of 2 mA (~ 10° A/cm?) with
graphene sheet resistance ~ 0.5-2 kQ/o. Interestingly, a sharp
onset of non-linear saturation behavior was also observed. While
this can be attributed to the increase in resistance due to Joule
heating and cumulative effects, the overall behavior depends upon
the competition between the rate of heating in graphene and the
rate of heat dissipation in the SiO,/Si substrate.

As seen in the repeated cyclic measurements performed in the
four-terminals scheme (4T) (Fig. 1(f)), the channel resistance
undergoes changes beyond a specific current density. Since these
devices are broken after each high current measurement, we
presented our overall observations on several devices showing
different sheet resistances. The current saturation regime divides
the I-V curve into reversible and non-reversible, where self-

(d)
u=1,750 cm?(V.s)
25 T~
<
S
e
L 15
5 -
-90 -60 -30 0 30
) Gate voltage (V)
4 probe ]
— /
E Onset of breakdown
= 3
5
E 2
3 .
Tunnel barrier 1 Onset of non-linear regime
= non-linearity
— 0
20 30 0 20

Voltage (V)

Figure1 AFM image of (a) graphene over 10 um x 10 pm area with distinguished wrinkles and ripples, and (b) graphene channel near contact region of a device
with corresponding actual width. (c) Schematic of a graphene device in four-probe measurement technique. (d) Gate dependence with extracted mobility at low bias
currents. (e) 2-terminal I-V curve of the CVD graphene undergoing electrical breakdown. (f) 4-terminal I~V characteristics with constantly increasing sweep range.
The onset of breakdown is typical of the current source response as the voltage measured by the voltmeter abruptly reaches the compliance voltage limit of the current

source.
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heating can be observed at a high current (Fig. 2(a)). To examine
the transition between the two regimes, I-V curves were recorded
within cycles with the varying maximum current in steps (I, =
0.2 mA, between 0-3 mA). Despite the high current carrying
capacity, the CVD graphene channel degradation due to
cumulative Joule heating can lead to an irreversible regime. The
transition between reversible and irreversible regimes is observed
to occur at a specific value of current (I, ) in each cycle, and
the sheet resistance of the graphene channel changes after each
cycle beyond the reversible regime. The behavior of I,.,,, .., for each
cycle is found to characteristically vary with the sheet resistance, as
displayed in the inset of Fig. 2(a), as a higher resistance requires a
lower maximum current to modify the graphene sheet. However,
keeping the operation of the device in the current range less than
Laxrev (~ 10° A/cny’) allows graphene not to overheat and endure
stable sheet resistance, as shown in Fig.2(b). This implies that
graphene devices on Si/SiO, can be operated with heat dissipation
managed by the substrate Si/SiO, efficiently within the I, ., limit.
Such information is particularly crucial because, while high
current carrying capacity is known in graphene, the degradation
has never been explicitly understood. The present study involving
4T measurement allows us to enlighten this issue for the first time.
Furthermore, this allows us to isolate the role of contacts and only
unveil the impact of high current stressing on graphene channels.
To fully determine the current-carrying capacity of the CVD
graphene spin devices, including the tunnel contacts, we have
measured the I-V characteristics of different graphene devices
with varying sheet resistances extending up to 20 k(2 and above. A
typical high field I-V characteristic is shown in Fig. 1(e) with
increasing bias voltage until the graphene breakdown occurs at
higher currents of several mA. Figure 2(c) shows the current
density measured as a function of the CVD graphene sheet
resistance for breakdown and reversible regimes for low sheet
resistance devices (< 3 k). The breakdown current density (J,)
values for these spin devices were in the range of 2-52 x 10°
A/cy’. The values of J;, observed in our monolayer CVD graphene
spin devices are comparable to the breakdown current densities
seen in the previously reported bilayer/multilayer graphene and
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graphene nanoribbons [11, 13, 19]. Also, as shown in Fig. 2(c), the
reversible current density (at the onset of saturation) of these
devices was found to be ~ 10* A/cm’, which suggests that our spin
devices can be operated at high currents, beyond the typical
current densities needed for spin-transfer torque applications. For
most of our devices, the sheet resistance was found to have a
typical value < 8 kQ, with some devices closer to 20 kQ and
higher. To uncover the qualitative behavior of the breakdown
current density of the CVD graphene with sheet resistance, we
measured J, as a function of sheet resistance of several devices,
including devices that displayed high sheet resistance. As shown in
Fig. 2(d), CVD graphene channels with higher sheet resistance
exhibit lower J, values and are more likely to undergo breakdown
for the same current density. Defects, wrinkles, grain boundaries,
and impurities increase the effective resistivity and result in high
resistive sheets. The behavior in Fig. 2(d) can be understood from
the fact that considering the same substrate heat dissipation and
similar breakdown temperature for all CVD graphene sheets,
higher resistance would require a lower current (assuming
breakdown power density J;> x R, = const for all our samples leads
to J, < 1/4/R;) for channel breakage. Note that in these spin
devices, the value of J, also includes the tunnel barrier resistive
contact region that could degrade at high current densities.
Despite this, in the inset of Fig. 2(d), we show the fit of J, o< R5 ™%,
and obtain « & 0.32, which is reasonably close to the expected
value of a = 0.5. These results suggest that CVD graphene with
sheet resistance lower than k() can have a high breakdown current
density of ~ 10° A/cmy?, which could be achieved by highly doped
graphene by surface charge transfer doping without degrading the
electrical quality of graphene [18] and using high thermal
conductivity substrates for greater heat dissipation.

As displayed in Fig. 3(a), the CVD graphene channels show
nonlocal (NL) spin transport at high currents. In the NL
measurement scheme shown in the inset of Fig.3(b), spin-
polarized currents are electrically injected into the graphene
channel through the current circuit (I), and the resulting diffusion
of pure spin current at a distance of L is detected by the voltage
circuit (Vyyp). Such isolation of the current and voltage circuits
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Figure2 (a) Measured 4T [-V curve cycles with linear (reversible) and non-linear (non-reversible) regimes at high voltage (V > 4.5 V). Inset: I, ., Versus sheet

resistance of graphene for each cycle beyond I,

ax rev.

(b) 4T I-V curve cycles of the device within the reversible regime. (c) Measured maximum current density versus

sheet resistance in different devices. (d) Breakdown current density as a function of sheet resistance of the CVD graphene (the star symbol indicates the maximum
breakdown of current density obtained in our devices). Inset: current density versus sheet resistance fitted to J, e< Ry ~*.
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Figure 3 (a) Spin transport signal measured in the spin-valve geometry showing switching between parallel (11 or | ) to antiparallel (|1 or 1) configurations of the
injector and detector electrodes at different applied currents. (b) Local and nonlocal measurement configurations in graphene spin devices, with depiction of
thermoelectric effects such as Joule heating, Peltier effect, and Seebeck effect in a device. (c) Nonlocal resistance as a function of applied current from spin-valve
transport measurements. The inset shows the logarithmic dependence of the plot. (d) Consecutive multiple 3T I-V cycles with increasing maximum applied current
and electrical breakdown in the 12" cycle. (e) Contact resistance (measured at 100 mV) versus maximum applied current density in a measurement cycle.

allows for reliable measurement of pure spin accumulation,
eliminating spurious magneto-resistive contributions associated
with direct charge currents. Further details of the spin transport
measurements can be found in the ESM. As shown in Fig. 3(a),
clear spin valve signals were observed at very high spin injection
currents of 100 pA-1 mA, implying that even at current densities
~ 10° A/ery’, graphene channels endure and show spin diffusion.
Considering a large injector-detector separation of L = 10 um, the
observed spin signals are reasonable for standard spin polarization
of Co|TiO, injectors into graphene and of similar order as
previously reported on Si/SiO, devices [6, 20, 21]. Interestingly, the
nonlocal resistance strongly depends on the applied current (Fig.
3(c)), with the spin signal amplitudes heavily quenched at very
high currents of 1 mA (~ 10° A/cny’). In graphene devices carrying
high currents (both 2-probe or 4-probe measurements, shown in
Figs. 1 and 2, respectively), while Joule heating occurs in the
current carrying graphene channel, Peltier heating/cooling can
take place at junctions [17, 22] (illustrated in Fig. 3(b)), which can
be revealed by thermography techniques [23,24]. On the other
hand, in the nonlocal measurement geometry employed in the
spin transport measurement, the spin injection circuit only
involves spin current, and the corresponding graphene strip
undergoes Joule heating. In addition, in this part, heating/cooling
is expected to occur at the interface between graphene and
TiO,|Co due to the Peltier effect [17,22]. Since the width of the
contacts in our devices (~ 100 nm) is much smaller than the
characteristic contact transfer length for the interface materials
involved (~ 1 pm), we can rule out the contribution of the current
crowding effect [17]. In the pure spin diffusion channel (between
injector and detector), with no direct electrical bias across the
injector and detector, in principle no Joule heating is expected,
although a temperature difference between the contacts could lead
to some Seebeck voltage [25]. Because graphene exhibits slow
electron-lattice cooling rates, the thermoelectric effects are likely to
contribute to the baseline in Vy [26]. In addition, due to the
negligible temperature gradient across the graphene-tunnel barrier-
ferromagnet injector interface (as electric current passes through

Tsinghua University Press

the whole stack at the contacts), any thermal spin voltage is
expected to be negligible compared to actual electrically-created
nonlocal spin voltage [27]. Therefore, the behavior of spin valve
amplitude at high currents can be ascribed to hot electrons due to
a high voltage drop (at high current) across the injector interface.
Such high voltage bias can result in enhanced ferromagnet-tunnel
barrier interface spin excitations, leading to higher
electron-magnon spin-flip scattering, which is expected to quench
spin polarization [28-30]. In addition, change in barrier profile, a
higher channel resistance due to cumulative heating, and possible
reduced contact resistance at higher bias/high temperature are
further expected to contribute to the observation of lower spin
valve signals at higher current [31]. The tunnel barrier response to
high currents is not known here. In particular, considering the
oxide nature of the barrier, contact resistance modulation is
expected. To understand that, three terminals (3T) cyclic
measurements up to high currents were performed. As shown in
Fig. 3(d), the resistance of the barrier was seen to decrease at high
injection currents. While some contacts showed high current
sustainability and typical tunneling I-V characteristic curves till
high currents (as shown in Fig. S3(a) in the ESM), high resistive
contacts (due to high voltage drop across interfaces) showed a
decrease in resistance upon high current stressing. Such a decrease
at relatively high voltage could be ascribed to the possible
formation of conducting nanofilaments in the Co|TiO,|graphene
junction due to naturally oxidized ultra-thin oxide, and
consequent high current density and contact enhanced spin
relaxation in graphene, which could contribute to the enhanced
quenching of spin signal in Fig. 3(c). In Fig. 3(e), we show low bias
(100 mV) contact|graphene interface resistance as a function of
the high current. Interestingly, our experiments reveal here for the
first time that the channel and contact resistances exhibit very
different responses to high currents. While the channel resistance
remains unchanged in a reversible/stable regime up to high
current densities, the contact resistance changes due to the
possible formation of filaments in the 10° A/cm® current density
regime. In our devices, the tunnel barrier (Gr/TiO,/Co junction) is

ﬁ g/» “é ikt @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(4): 4233-4239

expected to exhibit non-stoichiometric ultra-thin metal oxide.
High electric field/high voltage bias across the ultrathin barrier (~
nm) can facilitate Ti nanofilament formation or oxygen ion
migration across the junction, which can explicate the 3T
graphenelferromagnetic tunnel contact resistance reduction when
subjected to high current density.

Finally, to test the endurance of the contacts and channels in
our spin devices, we have performed time-dependent
measurements at current densities ~ 10° A/cm’ in graphene spin
devices. Figure 4(a) shows time-dependent 3T (contact resistance)
and 4T (graphene resistance) measurements. While the resistance
of the contacts changes at high currents, the channel resistance
stays fairly stable for a long time at high currents. Note that, in
comparison to the 3T cyclic measurements on contacts in Fig.
3(d), where high current reduces the contact resistance, due to the
possible formation of conducting filaments across the interface,
measurement at constant high current over longer periods could
lead to breakage and reformation/increase in density of the
nanofilaments under high current stress. This could explain the
initial increase in resistance in Fig.4(a) till the stabilization in
resistance is attained by the reformation of nanofilaments with
enhanced current carrying capacity. Since the graphene channel
survives till high currents and electromigration [32], considering
interface thermal and conductivity mismatch and lower current
carrying capacity of metals, the high current density is expected to
affect the metal contact pads before the breakage of graphene.
Figure 4(b) shows the optical images of the CVD graphene devices
before and after the breakdown limit. The images reveal faster
degradation of thick metal contacts than CVD graphene, despite
the single-layer nature of graphene here. These experiments
suggest that ultrathin tunnel barriers with higher resistance
undergo modification in resistance. The tunable interface
resistance with thicker tunnel barriers could have potential in
synaptic spin-valve memristors. On the other hand, a possible way

(a) 5 3F
X 27
5 1l
\'g
0_ 1 1 1
1,000 2,000 3,000
Time (s)
—_
G 5t
=<
'_
< 4+t
g
2,000 4,000 6,000 8,000
Time (s

After high current stress

Figure4 (a) Three-probe (contact) and four-probe (graphene channel)
resistances as a function of time measured at high bias currents of 2 and 1 mA,
respectively. (b) Optical images of the CVD graphene on SiO,/Si substrate with
Co/TiO, tunnel contact before and after the electrical breakdown.
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to avoid oxygen-migrated filament formation in conventional
oxides could be to employ stable amorphous carbon interfacial
layers [33], hexagonal boron nitride [34-36], or fluorographene
[37] due to their structural integrity. Furthermore, with the advent
of atomically thin 2D magnets and their spinterfaces [38], the high-
current electromigration issues with conventional ferromagnetic
thin films could possibly be mitigated.

3 Conclusions

In summary, graphene spintronic devices were investigated to
determine the ultimate current carrying capacity through
monolayer CVD graphene and ferromagnetic tunnel contacts. We
observed the highest current carrying capacity in monolayer CVD
graphene, with a breakdown current density of 5.2 x 10° A/cm?, an
order higher than the previously reported values in multilayer
CVD graphene interconnects. By systematic four-terminal and
three-terminal measurements, for the first time, we uncovered a
reversible regime ~ 10° A/cm’ up to which the graphene on
Si/SiO, substrate remains stable and exhibits long-term durability.
In addition, with high electrical currents up to ~ 10° A/cm’, we
observed spin valve signal and tunnel barrier resistance
modifications by possible conductive nanofilament formation at
high currents. Our work offers insights on high current limits in
graphene spintronics devices, a reversible regime up to which
devices can be operated without degradation, possibilities for
implementing barrier resistance modulation, and further
engineering opportunities for efficient graphene spintronic
applications.

4 Methods

4.1 Device fabrication

Graphene spin devices were fabricated using commercially
obtained CVD graphene on Cu (Graphenea, Spain) transferred
over a 4-inch Si wafer. The CVD graphene with ~ 4-5 um width
and ~ 60 pum long stripes was patterned using optical lithography
followed by oxygen plasma etching with 50 W power. The
remaining photoresist was then removed using hot acetone at
70 °C for 10 min, followed by isopropanol rinsing for 5 min. Next,
ferromagnetic tunnel contacts with different widths were
patterned on graphene stripes using electron beam lithography
and metal lift-off. An optimized layer of 0.8 nm evaporated
titanium metal for these electrodes was first oxidized to form a
tunnel barrier layer of TiO,. Following this, e-beam-assisted metal
evaporation was performed to deposit successive layers of 60 nm
Co and 5 nm Al Finally, lift-off was achieved in hot acetone and
rinsed by isopropyl alcohol (IPA). The obtained devices featured
contacts with widths of 150-350 nm and an active contact area
with graphene of ~ 1 pm’. The devices were imaged using an
optical microscope, with the optical parameters adjusted to
observe the contrast of graphene over SiO,/Si.

4.2 Raman spectroscopy

The single-layer nature of CVD graphene was confirmed by
Raman spectroscopy. Spectra were obtained in the range
1,000-3,200 cm™ under 532 nm laser excitation.

4.3 Spin transport and electrical measurements

Spin transport measurements in spin-valve and Hanle
configurations were performed using Keithley current source and
nano-voltmeter in high vacuum condition with a room
temperature electromagnet set up. The magnetic field sweep was
carried out in the range —1,000 to 1,000 G. The electrical three-
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terminals and four-terminals measurements were performed
using a Keithley current source (with currents 100, 200, 500, and
1,000 pA for spin transport measurements) and a nanovoltmeter.
Cyclic four probe current-voltage measurements were carried our
with a Keithley sourcemeter.
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