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I
ncreasing data storage demands in com-
puting, imaging, and mobile electronics
are necessitating the development of

memories that continue to push the limits
in storage density, operation speed, and low
power consumption.1 Among several non-
volatile memory candidates, resistive ran-
dom access memory (RRAM) has attracted
much attention because of its potential for
high performance, scalability, and facile in-
tegration into current silicon-based CMOS
technology.2,3 In addition, resistive switch-
ing behavior observed in a wide variety of
materials includingmetal oxides,2,4�9 organ-
ics,10,11 and nanocomposites12 along with
flexible device designs (e.g., lateral11,13 vs

vertical2,4 bits) and electrode materials14�17

makes RRAMs promising for device integra-
tion and performance optimization. However,
most currentRRAMsutilize conventional litho-
graphic processes for fabricating metal elec-
trodes, which define the active switching area
and therefore limit thememory density.2 Due
to their exceptional electrical, thermal, and
mechanical properties, carbon nanotubes
(CNTs), in particular single-walled CNTs, are
attractive as electrode materials.10,11,18�23

Their nanometer dimensions (e.g., diameter
1�2 nm) are also useful in providing insights
into fundamental RRAM scaling limits, as

metal electrodes are very difficult to pattern
at sub-10 nm dimensions.11 In addition,
recent progress in the growth of nearly per-
fectly aligned CNTs on quartz substrates24

alongwith transfer and integration techniques
onto arbitrary substrates25 may provide a
feasible route toward ultrahigh-density high-
performance RRAMs using CNT electrodes.
Here, we fabricate and examine CNT/

AlOx/CNT RRAMs with single to a few
CNT�CNT cross-points. We observe that
the low-resistance state (LRS) of the bits
scales linearly with the higher resistance
CNT electrode down to about 10 MΩ; the
high-resistance state (HRS) is independent
of the resistance of the CNT electrodes and
is dictated by the resistance of the AlOx in its
OFF state. The lower limit for the LRS in
these devices is likely due to the resistance
of AlOx in its ON state (i.e., the resistance of
the individual nanoscale conducting fila-
ment in the AlOx). These CNT/AlOx/CNT
vertical RRAM devices exhibit reset currents
as low as 1 nA and ON/OFF ratios up to
5 � 105. Dependence on the number of
cross-points suggests that a single cross-
point dictates the switching behavior even
in devices with tens of cross-points. Both
metallic and semiconducting CNTs (the latter
often exhibiting higher resistance) are found
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ABSTRACT We use single-walled carbon nanotube (CNT) crossbar electrodes to probe

sub-5 nm memory domains of thin AlOx films. Both metallic and semiconducting CNTs

effectively switch AlOx bits between memory states with high and low resistance. The

low-resistance state scales linearly with CNT series resistance down to∼10 MΩ, at which

point the ON-state resistance of the AlOx filament becomes the limiting factor. Dependence of switching behavior on the number of cross-points suggests a

single channel to dominate the overall characteristics in multi-crossbar devices. We demonstrate ON/OFF ratios up to 5� 105 and programming currents of

1 to 100 nA with few-volt set/reset voltages. Remarkably low reset currents enable a switching power of 10�100 nW and estimated switching energy as

low as 0.1�10 fJ per bit. These results are essential for understanding the ultimate scaling limits of resistive random access memory at single-nanometer

bit dimensions.
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to effectively switch AlOx. Optimizing CNT resistance,
especially with semiconducting CNTs, can simulta-
neously provide high ON/OFF ratios and low program-
ming currents along with a built-in series resistance to
reduce the possibility of permanent AlOx breakdown
and premature device failure. Semiconducting CNTs
could also facilitate direct integration of selector de-
vices that prevent crosstalk betweenmemory cells26,27

in future designs of these and related crossbar RRAMs.
Moreover, the use of CNTs as nanoscale electrodes
provides insights into the fundamental scaling limits of
RRAM technology.

RESULTS AND DISCUSSION

An example of devices prepared in this work is
shown in Figure 1. These RRAMs consist of crossbar
electrodes of horizontally aligned CNTs sandwiching
thin (∼5.5 nm) AlOx films. The top and bottom layers of
CNT electrodes are contacted by separate Ti/Pd pads
(see Methods section for full fabrication details). We
use AlOx as the resistive switchingmedium in this work
because it is commonly available and compatible with
CNTs andwe have found that it provides better switch-
ing characteristics than other comparable films we
have experimented with (e.g., TiOx). Nevertheless, our
choice represents a first step, but does not rule out the
future use of other materials as the switching medium
between CNT crossbars, to be pursued in other studies.
Figure 2a shows the bipolar switching behavior of a

CNT/AlOx/CNT device consisting of metallic CNTs for
both top and bottom electrodes (one on bottom and
two on top, leading to a total of two CNT�CNT cross-
points, as verified by atomic force microscopy; not
shown). A current compliance of 1 μA was imposed
for the forming step and the set operations as usually
recommended for operations of most RRAMs.2 No
compliance was imposed for the reset operation.
Despite an apparent symmetric CNT/AlOx/CNT geome-
try, bipolar behavior can be expected here since
the top and the bottom CNTs may have different

resistances. This device exhibits reasonable set/reset
voltages (þ5.5/�3.5 V) after the initial forming step
at ∼8 V. This slightly higher forming voltage is con-
sistent with most metal-oxide RRAMs2,4 and is neces-
sary to initiate subsequent resistive switching behavior.
The set/reset voltages of crossbar RRAMs fabricated
here remain stable within ca. (0.5 V. Within our mea-
surement time of 12 500 s, good retention is demon-
strated for this device in the Supporting Information
(Figure S1a). However, somedegradation in theON/OFF
ratio is observed over 50 cycles (Figure S1b), suggesting
approaches such as encapsulation may be necessary to
improve endurance.
Our four-contact pad configuration allows us to

measure current�voltage (I�V) characteristics of top
and bottom CNTs separately, as shown in Figure 2b.
BothCNT electrodes showohmic or near-ohmic behavior
in this particular case (i.e., metallic or sufficiently doped
semiconducting CNTs). The HRS in Figure 2a can be
described reasonably well by log(I) ≈ V1/2, which is
consistent with but does not necessarily confirm a
Schottky emission-type conduction mechanism.29,30 We
note that the HRS does not exhibit a pronounced asym-
metry (like a typical Schottky diode) either due to near
symmetric CNT/AlOx/CNT device structure or,more likely,
due to the high resistance of the AlOxOFF state dominat-
ing theoverall resistance. TheLRSvalue (∼40MΩ) is close
to that of the more resistive CNT electrode, the bottom
one in this case. This device shows a remarkably low reset
current of ∼10 nA with a large ON/OFF ratio of ∼4000.
Using similar CNT�CNT as well as metal (Al) line�CNT

crossbar electrodes, Wu et al.22 recently demonstrated
AlOx RRAMs with low programming currents and good
endurance (>104 cycles). Interestingly, they found that an
Al/AlOx/CNT configuration with a larger active area of
∼40 nm� 1 μmexhibited a lower programming current
(∼1 μA) and voltage than the CNT/AlOx/CNT configura-
tion, for which the authors estimated an active area of
only ∼6 � 6 nm (by assuming semiconducting CNTs do
not contribute as active electrodes). While vertical RRAMs

Figure 1. (a) Schematic of carbon nanotube (CNT) crossbar electrodes with AlOx resistive random access memory (RRAM) bit
at their intersection. (b) Scanning electron micrograph (SEM) of the RRAM bit structure, including metal contacts to CNTs.
Inset showsoptical imageof adjacent fabricated crossbar devices. The distancebetween each Ti/Pd contact pair is∼7 μm, and
the AlOx film thickness is ∼5.5 nm.
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canhaveamuch reducedbit area and therefore improved
characteristics compared to lateral CNT RRAMs (e.g., those
fabricatedonSiO2byelectrical breakdown

13), the crossbar
RRAMs of Wu et al.22 contained tens of CNTs per contact
pad, which led to hundreds of CNT�CNT cross-points,
complicating the switching process. This challenge, along
with different AlOx thickness, may explain the higher
programming currents in their devices compared to ours.
Wu et al.22 also assumed that semiconducting CNTs did
not contribute to the memory operation. However, semi-
conducting CNTs are typically the predominant electronic
type in these aligned single-walled CNT arrays24 as well as
in most growth methods currently used. Hence, under-
standing how the presence of semiconducting CNTs
affects the performance of RRAMs, or any device that
utilizes CNTs as electrodes, is of critical importance.
Figure 2c shows the switching behavior of an RRAM

device with semiconducting CNT electrodes and three
CNT cross-points. The semiconducting nature of the bot-
tom electrode is confirmed by the transfer characteristics

shown in the inset of Figure 2d. The top electrode consists
of threeCNTs thatweexpect to alsobeall semiconducting
(as suggested by I�V characteristics in Figure 2d, showing
nonlinear behaviorwith fairly high resistance). Despite the
relatively high resistance, AlOx can be successfully
switched with these semiconducting CNT electrodes
with similar parameters, albeit slightly higher vol-
tages, as the device with metallic CNT electrodes
shown in Figure 2a. We observe set/reset voltages of
þ8/�8 V and a reset current of only ∼13 nA. However,
unlike the metallic CNT-based RRAM of Figure 2a and b,
this device exhibits a smaller ON/OFF ratio of∼70. This
difference arises from the fact that the HRS, which is
dictated by the OFF-state AlOx resistance (and indepen-
dent of CNT electrode resistance), is similar for both
devices, whereas the LRS, in most cases, is largely
determined by the CNT electrode with higher resis-
tance, as discussed below.
For completeness, the switching behavior and I�V

characteristics of a device with semiconducting�metallic

Figure 2. Switching behavior of AlOx RRAMs with (a) metallic�metallic, (c) semiconducting�semiconducting, and (e)
semiconducting�metallic top�bottom CNT crossbar electrodes. (b, d, f) Corresponding I�V characteristics of top (red) and bottom
(black) CNTs. The sharp current rise in the topelectrode voltage>0V sweep represents the set process, and the sharp current drop in
the top electrode voltage <0V sweep represents the reset process. “Jumps” in the current prior to switching (e.g., near�2.5 V for the
LRS in part (a)) are noise, which may be due to dynamic competition between set and reset process.28 The bottom electrode is
typically more resistive, most likely due to changes (decrease) in p-doping after AlOx deposition (Figure 3). Top-left insets in (b), (d),
and (f) show the ON/OFF ratio of the RRAMdevicemeasuredwith a top electrode voltage of 1.5 V. The bottom-right inset in part (d)
shows the transfer characteristics of the bottom semiconducting CNT (bottom right) at Vd = 50 mV.
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CNT top�bottomelectrodes are shown in Figure 2e and f.
This device with a semiconducting�metallic CNT elec-
trode pair exhibits characteristics that appear to be more
similar to the semiconducting�semiconducting case
rather than the metallic�metallic case described above.
That is, the higher resistance semiconducting top CNT
electrode leads to higher set/reset voltages with a lower
ON/OFF ratio. These similarities and differences between
metallic and semiconducting CNT crossbar RRAMs distin-
guish our devices from recently reported two-terminal
semiconducting CNT memories, which rely on charge
migration between CNTs and substrates.23 For example,
devices relying on substrate charging effects in ref 23
undergo significant recoverywithin a fewhours of switch-
ing (cf. Figure S1a, where we observe no significant
recoveryover several hours) and require set/reset voltages
that are opposite in polarity compared with devices
developedherewhenusingp-type semiconductingCNTs.
More strikingly, devices in ref 23 can be achieved only
using semiconducting CNTs, whereas our devices can use
both metallic and semiconducting CNTs with a larger
ON/OFF ratio for metallic CNTs.
While it is promising that both metallic and semi-

conducting CNTs can effectively switch AlOx, large
device-to-device performance variations require a bet-
ter understanding of how the CNT electronic type
influences device operation. To this end, we have first
examined howALD deposition of AlOx affects electrical
characteristics of CNTs. When the top and the bottom
electrodes consist of the same number of CNTs, we
observe that the electrode underneath the AlOx film
usually exhibits higher resistance than the top elec-
trode. One cause of this observation is the possible
damage to CNTs from the AlOx deposition process.
However, our Raman measurements do not show any
significant increase in the D-band of the bottom CNTs,
indicating that little or no physical damage occurs
(Supplementary Figure S2, inset). What is noticeable
is the downshift of the G-band position after AlOx

deposition, as shown in Figure 3. This downshift along
with the threshold shift to amore negative voltage seen in
the inset of Figure 3 indicates that the doping level of the
bottomCNT is changing. In otherwords, CNTs usually start
as p-type and become less so upon AlOx deposition.
Similar doping changes have also been observed with
ALD AlOx deposition on CNT networks.31 In metallic CNTs,
the downshift in the G-band position is accompanied by a
significant line broadening (Figure S2), which is the
expected result of Fermi level position shifting toward
the charge neutrality or the Dirac point, where carrier
excitations become strongly coupled to the G-band
phonons.32�37 However, the conductivity of metallic
CNTs is not affected much by this Fermi level position
change, whereas semiconducting CNTs are turned off
(or become less conducting) at zero back-gate voltage
due to this “undoping” effect. These results suggest that
oneway to improveperformances of devices consisting of

semiconducting CNTs is to ensure sufficient doping, e.g.,
by choice of the substrate or the switching material.
However, as discussed later, maintaining sufficient elec-
trical resistance in the CNT electrodes could also be
beneficial in preventing premature breakdown of the
AlOx bits.
In order to gain insights into the impact of a combi-

nation of semiconducting and metallic CNTs on RRAM
device operation and scaling behavior, we consider
here the variations in the HRS/LRS resistances and set/
reset voltages. The HRS is independent of CNT elec-
tronic type, and the number of cross-points within a
device and the resistance values are >10 GΩ (Figures
S3 and 4a), similar to that of a control device without
any CNTs (i.e., metal pads and AlOx, as shown in
Figure 1, but without the presence of the CNTs). On
the other hand, the LRS and the set/reset voltages
appear to have some dependence on the CNT elec-
tronic type, withmetallic�metallic CNT--CNT crossbars
exhibiting the lowest resistances and voltages and
semiconducting�semiconducting cases exhibiting the
highest (Figure S3). Within the range of the number of
CNT�CNT junctions examined (1 to 40), the LRS shows
no obvious dependence on the number of CNT cross-
points other than increasing scatter in the data as the
number of cross-points approach 1 and the minimum
resistance value of ∼10 MΩ being independent of the
number of cross-points (Figure 4). Set and reset voltages
also exhibit similar trend in the scatter and the minimum
voltage value with number of CNT�CNT junctions. These
results combined with CNT electrode resistance depen-
dence discussed below suggest that a single cross-point,
independent of the number of CNT�CNT junctions,
determines the switching characteristics of these RRAMs.
Hence, despite the variations in CNT electronic type and
the number of cross-points, all devices fabricated here
exhibitedavery small programmingcurrentof∼1 to100nA
and switching power of 6 to 700 nW (Figure S4).
Similar to the trends with CNT electronic type and

the number of cross-points, Figure 5a shows that the
HRS is also independent of the resistances of CNT

Figure 3. G-Band Raman spectra and transfer characteris-
tics (inset, Vd = 50 mV) of a semiconducting CNT before
(black) and after (red) atomic layer deposition (ALD) of
∼5.5 nm AlOx. The G-band shifts left after AlOx deposition,
signifying a change in doping that “turns off” the CNT at zero
back-gate voltage Vg (see inset). The Raman spectra are verti-
cally offset for clarity. Thedashed line is included as a guide line.
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electrodes. However, the LRS exhibits stronger depen-
dence on the resistance of the more resistive CNT
electrode than the electronic type or the number of
cross-points. Both set/reset voltages also show signifi-
cant dependence on the CNT electrode resistance,
scaling approximately linearly with CNT electrode re-
sistance, as shown in Figure 5b. The slight dependence
of LRS seen with electronic type (Figure S3) is due to
the fact that semiconducting CNTs usually exhibit
higher resistance because they are not fully “turned
on”. The LRS shows linear dependence on the higher
resistance CNT electrode down to approximately 10MΩ.
The solid black line in Figure 5a has a slope of 1 and
a y-intercept of 0, indicating that the LRS of these
RRAMs is dominated by the CNT electrode resistance.
That is, the resistances of the conducting filament in
the AlOx and the interface between CNT and AlOx are
negligible in this regime. The LRS becomes constant
(∼10 MΩ, as indicated by the dashed line), indepen-
dent of CNT electrode resistance, when the CNT elec-
trode resistance of the device is less than ∼10 MΩ.
This limit occurs because when CNTs are sufficiently
conductive, the resistance of the AlOx in its ON state
(plus possible interfacial resistance), i.e., of a single con-
ductingfilament inAlOx, dictates thedevice characteristics.
The constant LRS of ∼10 MΩ in the limit of suffi-

ciently conductive CNT electrodes (Figure 5a) and the
increasing scatter in the LRS with decreasing number
of cross-points (Figure 4a) can be explained by con-
sidering the overall switching behavior being deter-
mined by only a single CNT�CNT junction even if there
are multiple cross-points. As the number of CNTs
increases, the resistance of the most conductive CNT

will approach a similar lowvalue, i.e., < 10MΩ. The least
resistive path determined by the most conducting
CNT, once switched ON, will make it much more
difficult for other cross-points to be turned ON as well.
A single active cross-point, despite the device having
multiple CNT�CNT junctions, then leads to similar LRS
determined by the resistance of a single conducting
filament of theAlOxwithin that cross-point (i.e.,∼10MΩ).
When there is only one or a very limited number of
cross-points, the resistance of the most conductive
CNT would vary widely from device to device, leading
to a large variation in the LRS, which in many cases will
be determined by the CNT resistance.
Devices that deviate from the linear dependence of

LRS on CNT electrode resistance near 10 MΩ and
below in Figure 5a provide further insights on device
characteristics that may facilitate performance im-
provements. The filled and open squares correspond
to devices that have undergone a forming step with a
current compliance of 1 μA. For these devices, when
the CNT electrode resistance is greater than ∼10 MΩ,
the expected multiple switching behavior is observed

Figure 5. (a) Crossbar RRAM high-resistance state (HRS, red
circles) and low-resistance state (LRS, black squares and
diamonds) as a function of the resistance of the most
resistive CNT electrode. The solid black line of slope 1 shows
a one-to-one correspondence between the LRS and the CNT
electrode resistance. The LRS becomes independent of CNT
electrode resistance near 10MΩ, as emphasizedby the dashed
line. The HRS is independent of CNT electrode resistance
throughout the range examined (red line). Filled and open
squares correspond to devices that used a compliance of 1 μA
for the initial forming step. Filled squares are the typical devices
that can undergo multiple switching cycles, whereas open
squares correspond to devices that cannot be switched back
once turned on. Filled diamonds correspond to devices that
were formed with a smaller 100 nA compliance. These devices
spana similarCNT resistance range to theopen-squaredevices,
but exhibit multiple switching cycles. (b) Set (black squares)
and reset (redcircles) voltagesof theRRAMsasa functionof the
more resistive CNT electrode resistance. The lines are linear fits.

Figure 4. (a) Crossbar RRAM resistance of HRS (red circles)
and LRS (black squares) and (b) set (black squares) and reset
(red circles) voltages as a function of the number of CNT
cross-points. Only devices that can undergomultiple switching
cycles are plotted in part (b).
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(filled squares). When the CNT electrodes are more
conductive (i.e., less than∼10 MΩ in resistance), these
devices cannot be switchedmultiple times and remain
ON permanently (open squares). For some cases, a
current of∼1 μA is sufficient to cause permanent break-
down of the small AlOx filament at the CNT cross-points
during the forming step. Other devices have permanent
breakdown occurring during the reset step. We do not
impose a current compliance for the reset step, and
current jumps larger than those of the forming step are
observed when these devices break down. One way to
avoid both types of breakdown is to impose a smaller
current compliance during the forming step. The
filled diamonds in Figure 5a correspond to devices
with CNT electrode resistance less than∼10 MΩ that
have undergone the forming process with a compli-
ance of 100 nA. These devices can be switched
multiple times, similar to the devices with more
resistive CNT electrodes.
These observations on the dependence of LRS on

CNT electrode resistance and how current compliance
affects permanent breakdown behavior suggest three
important points. First, as discussed above, the∼10 MΩ
limit for the LRS being independent of the number of
cross-points in a device may imply that even with
multiple CNT cross-points there is likely to be only
one active channel undergoing the switching event
(the most conductive junction including CNT resistance).
Second, CNT electrodes with a resistance higher than
∼10 MΩ behave as built-in series resistors that automa-
tically set a current compliance preventing accidental
permanent breakdown of these RRAMs. That is, choosing
CNT electrodes with slightly higher resistance than that of
the conducting filament within the AlOx layer provides
a simple means to achieve devices without much
sacrifice in power consumption and ON/OFF ratio.
Third, our results suggest the resistance of a single
conductive filament of 5.5 nm thick AlOx to be ∼10 MΩ

at the intersection of two CNTs. This is an essential
quantity for the future understanding of the scalability
limits of such RRAM technology.

CONCLUSIONS

In conclusion, we have demonstrated CNT/AlOx/CNT
crossbar RRAMs with programming current as low as
1 nA and ON/OFF ratio up to 5� 105. The HRS of these
RRAMs is determined by the resistance of the thin AlOx

in its OFF state, whereas the LRS is dictated by the
resistance of the highest resistance CNT electrode until
what appears to be the resistance of a single conducting
filament is reached (∼10MΩ for 5.5nmAlOx). This 10MΩ
limit for the LRS is independent of the number of cross-
points and suggests that there is only a single active bit
even if there are multiple CNT�CNT junctions. The vary-
ing resistances of CNT electrodes especially due to the
presenceof bothmetallic and semiconductingCNTs (and
the varying degree of doping in semiconducting CNTs)
cause variations in the ON/OFF ratio, which we observe
to occur mostly in the small number of cross-points per
device (<∼10) regime. Nevertheless, all devices fabri-
cated here exhibit very low reset currents (1�100 nA),
with reset voltage ranging from 2 to 10 V. Using a
switching time of ∼10 ns observed in AlOx RRAMs,9 we
estimate a switching energy of 60 to 7000 aJ per bit.
While direct experimental verification is needed, these
values suggest extremely low intrinsic switching energies
for our CNT crossbar devices. Interestingly, devices with
these promising characteristics include all-semiconduct-
ing CNT electrodes, whichmay also be a potentially useful
option for introducing selector devices in these RRAMs.
Finally, aswe scale bit size down to∼5 nmor smaller, AlOx

appears tobemoreprone toprematurebreakdown.Using
CNT electrodes with resistances slightly larger than the
ON-state resistanceof theAlOxbit (>10MΩ) leads tobuilt-
in series resistors that prevent such breakdowns without
much sacrifice in performance.

METHODS
Horizontally aligned CNTs were grown by chemical vapor

deposition on ST-cut quartz (Hoffman Materials) using ferritin
(Sigma-Aldrich) as catalyst and CH4 as carbon source. Aligned
CNTs grown on quartz were transferred onto SiO2 (300 nm)/Si
substrates in order to characterize the electrical properties of
the arrays with the Si back-gate.38 Lithographically patterned
metal pads (2 nm of Ti and 50 nm of Pd) were deposited to
define 7 μm long CNT electrodes. CNTs outside this region were
etched by O2 plasma to isolate devices. Devices were subse-
quently annealed at 400 �C with Ar and H2 flow to ensure good
contact between the metal pads and the CNTs. For the resistive
oxide layer, AlOx was chosen because of its well-established
conformal film deposition by atomic layer deposition (ALD) as
well as the low reset currents reported.2 A ∼5.5 nm thick AlOx

filmwas depositedby ALDusingH2Oand trimethylaluminumas
precursors at 80 �C for 50 cycles (∼1.1 Å/cycle).39 A second layer
of aligned CNTswas then transferred32 perpendicular to the first
CNT layer covered by AlOx. Lithographically defined electrodes
were again deposited on the second CNT layer, and an isolation

pattern was defined to remove excess CNTs. No annealing
was carried out for the second CNT layer to prevent device
degradation of the first CNT layer and of the AlOx film. Using the
Si back-gate, CNTs in the first layer were identified as metallic
or semiconducting prior to AlOx deposition. Since we cannot
independently gate the top CNT layer, we assume metallic
(or sufficiently doped semiconducting) when linear current�
voltage (I�V) characteristics were observed and semiconducting
when nonlinear behavior was observed. All switching experiments
were carried out at room temperature under vacuum (4 � 10�5

Torr) with a Keithley 4200 semiconductor characterization system.
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change before and after AlOx deposition, device resistance and
switching voltage with different CNT electronic types, device
resistance and switching voltage with different number of CNT
junctions, switching current and power statistics. This material is
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