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A Graphene Nanoribbon Memory Cell
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Over the past few years there has been a surge of interest in
graphene, a recently isolated'] one-atom-thick layer of carbon
atoms arranged in a honeycomb lattice. From the applica-
tion point of view this interest has mainly been driven by
the high carrier mobility of graphenel>*! which enables fab-
rication of field-effect transistors (FETs) with much smaller
channel resistance compared to their Si counterparts.’) In
this manner, the ultimate limits of Si technology expected
at the sub-10 nm scale may be overcome.®! However, due to
the absence of a bandgap in graphene and the formation of
electron-hole puddles,l’! graphene FETs cannot be turned
off, thus limiting their application in conventional electronic
circuits. Alternative approaches, which do not require the
presence of a bandgap, have been followed toward the imple-
mentation of graphene-based frequency doublers,®! logic
gates,l”] integrated circuits,'"] binary phase-shift keying mod-
ulators,['!l and ferroelectric gated memories.'2l Moreover,
memory devices have been realized on the basis of nano-
electromechanical breaking and switching of graphene under
high vacuum conditions, which results in a very low off cur-
rent.['3-13] Another strategy to increase the on/off ratio relies
upon patterning of graphene nanoribbons (GNRs), wherein
quantum confinement and edge effects open a bandgap
inversely proportional to the ribbon width.'*18] Here we
demonstrate a high performance GNR memory cell based on
a nondestructive storage mechanism, i.e., gate voltage pulses
of opposite polarity are used to switch between the distinct
on and off states of the device.

The memory devices were fabricated by Ar ion-beam
etching (IBE) of graphene monolayers using V,05 nanofibers
as etching masks.'>?! To this end, graphene was mechani-
cally exfoliated from highly oriented pyrolitic graphite onto
a highly doped Si substrate covered with 300 nm of SiO, as
gate dielectric.l'l V,05 nanofibers were then deposited from
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aqueous solution, comprising 0.2 g ammonium metavanadate
and 2 g acidic ion exchange resin (DOWEX 50WX8-100) in
40 ml deionized water.”2l Nanofibers with an average length
of several pm and a rectangular cross section of approxi-
mately 4-8 nm X 10-20 nm were obtained after ageing of
the solution for several weeks under ambient conditions
(see Supporting information S1). Prior to nanofiber deposi-
tion, the SiO, surface was modified by (3-aminopropyl)-
triethoxysilane. Graphene monolayers covered by a few V,0;
nanofibers were located by optical and atomic force micro-
scopy (AFM). Subsequently, monolayers identified with the
aid of confocal Raman spectroscopy[®’] were contacted by
Ti(1 nm)/AuPd(25 nm) electrodes defined by e-beam lithog-
raphy. In addition to the source and drain contacts at the
nanofiber ends, control electrodes were attached to the bare
graphene and a nanofiber on SiO,. The resulting contact con-
figuration is exemplified in the inset of Figure 1. Finally, the
samples were briefly (3 s) exposed to an Ar ion beam (with
an accelerating voltage of 200 V, a beam current of 20 mA,
and a pressure of 107 mbar) in order to etch the exposed
graphene, followed by removal of remaining parts of the
V,05 nanofibers by dilute HCI solution. The last step was
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Figure 1. Transfer curve of an exemplary memory device recorded under
ambient conditions at a drain-source voltage V5 =1 V. The gate sweep
direction is indicated by the arrows. The left and right turning points of
the sweep are denoted by L and R, respectively, and the current minima
along the corresponding sweeps by N, and N;. The total sweep time
is 9 min. Inset: AFM topography image of a GNR memory device after
Ar IBE. The GNR (marked by the white arrow) is contacted by source
(S) and drain (D) electrodes. Control electrodes C, and C, serve to test
the resistance of the monolayer graphene and the V,0, nanofiber after
etching, respectively.
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optional, as the device operation proved to be independent
of the presence of residual V,0s. A negligible electrical con-
ductivity of the unprotected graphene (>100 GQ) could be
confirmed with the help of control electrode C,; (see Sup-
porting information S2). The control electrode C, was used
to trace the resistance change of the V,05 nanofiber upon
etching, whereupon an increase from 100 MQ to insulating
was found. Accordingly, after etching finite resistance was
detectable only between the S and D electrodes.

The obtained GNRs were electrically characterized in
conventional FET configuration using the doped silicon sub-
strate as a back gate. The transfer curve (drain current Iy, vs.
gate-source voltage V) of a representative memory device,
acquired under ambient conditions, is depicted in Figure 1.
It exhibits a pronounced hysteresis, with an on/off ratio in
the full voltage range of 5 (points L and N} ), and 2 at Vi5q =
0 V (points on and off). The hysteresis could originate from
charge trapping by water molecules around the GNR (see
Supporting information S3), possibly combined with hydroxyl
groups on the substrate, in analogy to carbon nanotube
(CNT) devices.?*28] The hysteresis allows selection of a gate
voltage at which the GNR assumes two different conduct-
ance states depending on the sweep direction.[?*2%3] In order
to eliminate static power dissipation in the input stage, these
two states (marked by on and off in Figure 1) are chosen at
Vs = 0 V. For the present samples, the very thin nanofiber
masks do not entirely protect the underlying graphene, such
that the etching time has to be limited in order to keep the
on resistance sufficiently low (~MQ) to clock the devices in
the lower radio-frequency range (~kHz). The best results
have been attained with an etching time of 3 s, yielding an
on/off ratio of 2. While a higher on/off ratio is obtained by
longer etching, this also increases the on resistance and slows
the device operation (see Supporting information S4).

A static pulse response measurement of the same device
is presented in Figure 2. Triggering was done using a bipolar
pulse-wave signal with a period of 3.5 min and a duty cycle
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Figure 2. Memory effect in the fabricated GNR device. a) Switching of the
device in Figure 1 by a trigger signal with an amplitude 10 V and a duty
cycle of 10%. b) Drain current under ambient conditions at Vg =1 V.
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of 10% which ensures stable and well-distinguished on and
off states are reached. At such a low clock rate, the on/off
ratio observed in Figure 1 is preserved. When the device is
in the off state, a positive pulse moves the operating point
as off 5Ny ->R—Nr—on (Figure 1), i.e., the device flips its
state and remains in the new (on) state even after the gate
voltage is reset. Since the currents in the on and off states are
between the currents at the point R and the charge neutrality
points Ny and Ng, both a current overshoot and undershoot
occur during the pulse. Similarly, a negative gate pulse moves
the operating point as on—>L—off which restores the off state
of the memory. In this case, only a current overshoot (at point
L) is detected during the negative pulse.

Corresponding dynamic pulse response measurements
at two different clock rates of the input signal are shown
in Figure 3. The device was triggered with a bipolar pulse-
wave signal with frequencies of up to 1 kHz. At the latter
frequency, the difference between the currents in the on
and off state is reduced due to the shorter pulse dura-
tion.’!] This effect is more evident for extremely small duty
cycles, such as 0.1% in Figure 3(c). In this case, the pulse

o~ B d

z | e e e
S03F T . ’.— r . o . 1
§n Off L] | | L] | |
f=1kHz
02 (C)| 1 L 1 L 1 L 1 L
0 1 2 3 4 5

time (ms)

Figure 3. Digital waveforms gained from the device of Figure 1 under
ambient conditions. a) Trigger signal at a frequency f= 100 Hz and a
duty cycle of 10%. b,c) I at Vps = 1 V recorded with an input signal
frequency of f=100 Hz (panel b) and f=1 kHz (panel c). At 1 kHz, two
different duty cycles were used: 10% (black; pulse duration of 50 us)
and 0.1% (gray; pulse duration of 500 ns).
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duration is only 500 ns at 1 kHz, resulting in a difference
between the on and off currents of only 5%. Compared to
the pulse durations in the range of 1 to 10 ms reported for
CNT-FET memories with a SiO, gate dielectricl*-323] the
present devices can be switched approximately three orders
of magnitude faster. The highest operating clock frequency
was found to be ~5 kHz (at a duty cycle of 10%), which is
not limited by the device itself but rather by the bandwidth
of the current sense amplifier used to measure the drain
current. The obtained high clock rate, which exceeds that
reported for other CNT and graphene memory devices by
several orders of magnitude,['333 demonstrates that it is not
only possible to trigger the device with very short pulses but
also that the device has a very short transition time (<1 ms).
Such clock rates are not evident in other CNT or graphene
memory devices, for which transition times are not explic-
itly given. Even faster and more stable charging/discharging
may be achievable with different gate dielectrics,! or by
an improved etching process which reduces the on resist-
ance of the GNRs.

In contrast to nonvolatile CNT memory devices,
the GNR memory cell was found to be volatile under
ambient conditions. The on and off state were found to
slowly drift to an intermediate conductance over ~6 hours,
as apparent from Figure 4. This change was observed both in
powered (Vg =1V constantly applied) and unpowered (Vpg=
1 V only applied for data acquisition) devices. This drift
was significantly reduced by placing the samples in vacuum.
The traps discharge over approximately 1 day at a pressure
of ~102 mbar and >3 days at ~10~ mbar. One further gate
sweep is sufficient to charge the traps and restore the states.
The appreciable volatility under ambient hints toward inter-
action between water molecules and functional groups on the
SiO, (e.g., silanol groups)[2©2834 or hydroxyl groups located
at the GNR edges. The importance of surface water gains fur-
ther support from the device behavior at low temperatures
(100 K), under which condition no discharging was observed
over long periods of time (>2 days; see Figure S6 in the
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Figure 4. Data retention in the unpowered memory device of Figure 1.
a) Trigger signal. b) Conductance acquired under ambient conditions
and at room temperature at a pressure of 1072 mbar and 107> mbar.
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Supporting information). It is noteworthy that the stored data
was also retained during the same period of time if the device
was powered by Vg =1V, demonstrating its good durability
and stability. The device was also operated for many hours at
various clock rates (<10 kHz) and temperatures without any
degradation or failure, yielding an endurance of >107 cycles.
These characteristics render the GNR devices suitable for
application as both static random access memory and non-
volatile flash memory cells.

In summary, we have demonstrated GNR-based memory
devices that can be operated under ambient conditions with
digital signal switching in the kHz range. The retention time
could be further improved via appropriate device encapsu-
lation or chemical functionalization of the GNR edges, with
the latter offering the prospective of simultaneously reduced
carrier scattering. Very fast memories with clock frequencies
that outperform conventional dynamic random access memo-
ries may be achievable by GNRs with well-defined crystal-
lographic orientation.

Supporting Information

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