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ABSTRACT Reproducible current hysteresis is observed in semiconducting single-walled carbon nanotubes

(SWCNTs) measured in a two-terminal configuration without a gate electrode. On the basis of this hysteresis, a

two-terminal nonvolatile memory is realized by applying voltage pulses of opposite polarities across the SWCNT.

Charge trapping at the SWCNT/Si0, interface is proposed to account for the observed phenomena; this explanation

is supported by the direct correlation between the switching behaviors and SWCNT carrier types. In particular, a

change in dominant carrier type induced by adsorbates in air leads to the direct transition of hysteresis evolution

in the same device, providing further evidence for the proposed mechanism.
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arious nanowires,'? owing to their

quasi-one-dimensional structures,

have been studied to show new
and enhanced functions, and they serve as
proofs-of-concept for device designs that
are built from the bottom-up. In particular,
single-walled carbon nanotubes (SWCNTSs)
are of great interest for their extremely
small diameters and good electronic prop-
erties.® Through various efforts such as con-
tact and structure optimizations,* ¢
SWCNT-based field effect transistors (FETs)
have been demonstrated to rival the state-
of-art silicon FETs in some aspects of their
functions.”~° One proposed application
is SWCNT-FET-based nonvolatile
memory,>®'°~ ' in which memory/conduc-
tion states are modulated and retained by
trapped charges controlled through a third
(gate) electrode. In the pursuit of high-
density memories, conventional device scal-
ing is expected to reach a limit in the near
future.'® Two-terminal memories based on
resistive switching materials'® may sidestep
this problem through equivalent scaling.'®
With the diameter of a SWCNT comparable
to that of a single filament in resistive
switching materials,’”” a SWCNT-based two-
terminal memory could combine the merits
of simpler structure and small dimensions.
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Here we report reproducible current hys-
teresis in semiconducting SWCNTs in a two-
terminal configuration without the third
gate electrode. Based on hysteresis, bistable
conduction states between low conduc-
tance and high conductance are achieved
by applying voltage pulses of opposite po-
larities across the SWCNT, rendering a two-
terminal nonvolatile memory device.
Charge trapping at the SWCNT/SIO; inter-
face is proposed to account for the ob-
served phenomena. This proposed mecha-
nism is supported by the direct link
between the switching behaviors and
dominant charge carrier types (electrons or
holes) in the SWCNTs. In particular, a transi-
tion in dominant carrier type induced by ad-
sorption in air leads to the direct transition
of hysteresis evolution in the same device,
providing further evidence for the proposed
mechanism.

RESULTS AND DISCUSSION

A highly doped Si substrate (p = 0.005
- cm) with a 200 nm thick thermal SiO,
layer (purchased from Silicon Quest Inter-
national, Inc.) was used for SWCNT
growth. At 975 °C, an ultralow-gas-flow
chemical vapor deposition strategy (de-
tails can be found in ref 18) was adopted
to grow long and sparsely aligned
SWCNTs to facilitate device fabrications.
The heights of the SWCNTs were deter-
mined by an ambient atomic force micro-
scope (AFM) to be ~2 nm. Standard elec-
tron beam lithography was used,
followed by metal depositions (40 nm
thick Pt with a 5 nm thick Ti adhesion
layer) and a lift-off process to define the
electrodes on top of the SWCNTSs. Electri-
cal characterizations were performed us-
ing an Agilent 4155C semiconductor pa-
rameter analyzer at room temperature
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Figure 1. (a) An SEM image of a typical SWCNT device. (b)
las— Vg curve of the SWCNT device with Vg = 0.5 V (since the
current is at the noise level in the depletion region, the cur-
rent spike at ~5 V is noise-related). Inset: /4s— Vys curve with
Vds =-=5V.

under a vacuum of ~107° Torr (Desert Cryogenics
model CPX, Lakeshore Cryotronics, Inc.), unless oth-
erwise specified.

Figure 1a shows a scanning electron microscope
(SEM) image of a typical SWCNT device with an
electrode—electrode spacing of ~1 wm. During a stan-
dard three-terminal measurement using the Si sub-
strate as a back gate, the gate voltage (V) and drain
current (lgs) relationship exhibits typical p-type behav-
ior (see Figure 1b). The current level in the accumula-
tion region (ly,) is close to the reported value using Pd
contacts,” and the near-linear transport behavior (see
inset in Figure 1b) indicates good electrical contacts be-
tween the electrodes and the SWCNT.

For two-terminal measurements, the Si substrate
with the SWCNT devices was put on a glass substrate
with no back-gate electrode attached. Voltage sweeps
were applied at one electrode with the other electrode
grounded (see schematic in inset in Figure 2a). Figure
2a shows the typical current—voltage (/4s—V4s) evolu-
tion in the same SWCNT device as shown in Figure 1.
For convenience, Iy is displayed in its absolute value
|las|, which also applies to the following figures. For a
voltage sweep loop from 0 to +8 V and then back to 0
V(0 — +8 — 0V, indicated by the arrows on the right
side in Figure 2a), the conduction of the SWCNT
changes from a low-resistance (ON) state'® to a high-
resistance (OFF) state, producing a current hysteresis.
During the subsequent voltage sweep loop in the nega-
tive bias voltage region (0 — —8 — 0V, indicated by
the arrows on the left side in Figure 2a), the conduc-
tion of SWCNT changes from an OFF state back to an
ON state. This hysteretic behavior is reproducible dur-
ing the subsequent series of voltage sweeps, and can
be summarized as follows: a negative Vg, (e.g., —8 V)
across the SWCNT can “write” the device into an ON
state, whereas a positive Vg, (e.g., +8 V) can “erase” the
device into an OFF state. Consequently, a two-terminal
memory device can be realized by applying voltage
pulses of —8 or +8 V across the SWCNT to write or erase
the memory states. Figure 2b demonstrates a series of
memory cycles using voltage pulses of —8, +0.5, and
+8V, as writing, reading (5 times), and erasing opera-
tions, respectively. A bistable nondestructive read state
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Figure 2. Both panels represent the same p-type SWCNT
device tested under vacuum. (a) Two-terminal
current—voltage (/3s—Vys) evolution in the SWCNT device.
The arrows indicate the voltage sweep directions, and num-
bers indicate the sweep order. The red dashed line indi-
cates an ON state and an OFF state read at +0.5 V. Inset:
Schematic of the two-terminal configuration for electrical
measurements. (b) (Top panel) A series of programming
voltage pulses of —8 and +8 V applied across the device. Be-
tween each two neighboring programming voltages, there
are five voltage pulses of +0.5 V as reading operations. All
the pulse widths used are 300 ms. (Bottom panel) Corre-
sponding memory states (/4;) read out by the +0.5 V pulses
shown in the top panel. Note that the Iy, at the program-
ming voltage pulses of either —8 or +8 V, is not shown. The
red arrow shows an erasing operation (from ON to OFF) by
a +8YV pulse, whereas the blue arrow shows a writing opera-
tion (from OFF to ON) by an —8 V pulse.

with an ON—OFF ratio over 10* is achieved, which can
also been inferred from the current hysteresis loops
shown in Figure 2a.

The good electrical contacts between the SWCNT
and electrodes (see inset in Figure 1b) indicate that
the conductance change does not result from electri-
cal annealing of the contacts,?® which would be irre-
versible. Other contact effects such as residual TiOx
switching®' at the Pt/Ti/SWCNT interface can also be
ruled out by the fact that devices with pure Pt elec-
trodes still produce similar hysteresis and switching
phenomena. The same amplitudes of voltage pulses
used for both writing and erasing operations and the
similar local heating due to current in the SWCNT dur-
ing the two processes indicate that the effect is not due
to heat-induced defeat healing®*?? in the SWCNT. In
fact, this kind of self-healing is irreversible in carbon
nanotubes (CNTs)>* or requires very sharp and short
pulses (e.g., < 100 ns) for the preparation of an OFF
state in the amorphous carbon form.?* This is in con-
trast to the reproducibility demonstrated in the present
SWCNT device and longer pulses used at the millisec-
ond level. CNT-based two-terminal memory working
with a unipolar mechanism was recently demon-
strated,?® in which electrical breakdown in CNTSs is
needed to produce a gap. The memory effect is attrib-
uted to SiOy switching®>2® at the gap region with the
broken CNT ends merely serving as closely spaced ef-
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Figure 3. Schematic of charge (electron, represented as blue
circle) migration at the SWCNT/SiO, interface when a (a)
negative or (b) positive Vy, is applied across the SWCNT. The
big blue arrows in the middle indicate the directions to-
ward which the E| is pointing, and the small black arrows in-

see right side in Figure 4a), the conduction of the
SWCNT changes from an OFF state into an ON state, as
opposed to that from ON to OFF in the p-type SWCNT
(compare to right side in Figure 2a). Similarly, the sub-
sequent negative voltage sweep loop (0 - —12—0V,
see left side in Figure 4a) features the opposite trend,
too. The conduction of the SWCNT changes from an ON
state to OFF state, as opposed to that from OFF to ON
in the p-type SWCNT (see left side in Figure 2a). Accord-
ingly, this opposite hysteresis evolution compared to
that in the p-type SWCNT is also reflected in the
memory cycles (see middle panel in Figure 4d), in which
a positive programming Vs pulse now becomes a writ-
ing operation, whereas a negative programming V
pulse becomes an erasing one.

The transition of the switching behaviors in the

dicate the directions of electron migration.

fective electrodes. Here the switching in the SWCNT de-
vice works in a bipolar way (see Figure 2b) with no elec-

trical breakdown involved.

We propose that charge (electron) migration at the
SWCNT/SiO, interface is responsible for the observed
hysteretic and switching behaviors. When a Vy; is ap-
plied across the device, an electric field component per-
pendicular to the SWCNT surface (E,) is expected. A

negative Vys produces an E; pointing into the
SWCNT (see illustration in Figure 3a), dragging
free electrons from the SWCNT to the SWCNT/
SiO, interface. The electrons are then trapped
there and serve as an effective negative gat-
ing, turning the p-type SWCNT into an ON
state. Similarly, a positive Vys produces an E;
pointing out of the SWCNT (see illustration in
Figure 3b), which pulls the electrons from the
SWCNT/SIO, interface. The electron depleted
SWCNTY/SIO, interface then works as an effec-
tive positive gating, turning the p-type SWCNT
to an OFF state. This charge-trapping model
is supported by the polarities of writing/
erasing operations shown in Figure 2b (indi-
cated by blue and red arrows, respectively),
in which a negative/positive Vg pulse in-
deed produces the corresponding ON/OFF
state as proposed.

The proposed mechanism is supported by
the switching behaviors in an n-type SWCNT
device (Figure 4). Because of the opposite gat-
ing effect between n-type and p-type SWCNTs,
it is straightforward to expect that a set of
negative/positive voltages which writes/erases
the p-type SWCNT into corresponding ON/
OFF states will now do the opposite to erase/
write the n-type SWCNT into OFF/ON states,
respectively. Figure 4a shows the evolution of
current hysteresis in an n-type SWCNT. For a
positive voltage sweep loop (0 — +12 =0V,
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same device, as a result of SWCNT n- to p-type change,
discounts individual device variations from consider-
ation and provides added evidence for the proposed
mechanism. The electrical measurements of the device
shown in Figure 4a were done in vacuum (~107> Torr)
after pumping for 3 h. Besides the dominant n-type
transport behavior, there is also a visible p-type tail in
the negative gate voltage region (see red curve in Fig-
ure 4b), showing ambipolar?” trait. Exposing the device
in air for 24 h leads to the suppression of the n-type
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Figure 4. All panels represent the same SWCNT device exposed to
varying environments and measurement sequences. Note that a
p-type SWCNT can change to an n-type dominant one through adsor-
bate removal by continued evacuation.?® (a) Two-terminal I4;— Vs evo-
lution in a second SWCNT device in vacuum (pumping for 3 h). The ar-
rows indicate the voltage sweep directions and the numbers indicate
the sweep orders. (b) l4;—V, (SWCNT-type) transition in the same de-
vice. The red curve was measured in a vacuum environment (pumping
for 3 h), showing dominant n-type behavior (corresponding to panel
a). The blue curve was measured in an ambient environment after 24 h
exposure to air, showing p-type behavior (corresponding to panel c).
The green curve shows intermediate ambipolar behavior in vacuum
(pumping for 0.5 h). (c) l4s—Vqs evolution of the device in ambient en-
vironment after 24 h of exposure to air. (d) (Top panel) A series of pro-
gramming voltage pulses of —12 and +12 V. Between each two neigh-
boring programming voltages, there are five voltage pulses of + 0.5
V as reading operations. The corresponding memory states (I4) read
out by the +0.5 V pulses are shown in the middle panel (in vacuum,
pumping for 3 h) and the bottom panel (in air). The blue and red ar-
rows show writing and erasing operations, respectively.

Wwww.acsnano.org



transport and the enhancement of p-type transport
(see blue curve in Figure 4b), resulting in a SWCNT-
type transition into p-type behavior due to oxygen ad-
sorption.?® During the subsequent measurements in
ambient environment using the two-terminal configu-
ration as described before, the evolution of the current
hysteresis (see Figure 4c) acquires a reverse trend com-
pared to that observed in vacuum (see Figure 4a), be-
coming that of a typical p-type device as described pre-
viously in Figure 2a. This SWCNT-type transition
induced reversal in hysteresis evolution is again re-
flected in the corresponding memory cycles, in which
a negative/positive Vys pulse that previously erases/
writes the device into OFF/ON state in vacuum (see
middle panel in Figure 4d) now writes/erases the de-
vice into ON/OFF in air (see bottom panel in Figure 4d).

Not surprisingly, current hysteresis was not ob-
served in metallic SWCNTs because of their intrinsic in-
sensitivity to gating (see S1 in Supporting Information).
This distinguishes the conductance change in our
SWCNT devices from phase transition behaviors ob-
served in metallic SWCNTSs by electron irradiation®>°
or by molecular assembly.?" No phase transition, for ex-
ample, between semiconducting and metallic states,
was observed in our SWCNT devices. The switching
SWCNTSs retain their semiconducting properties during
different memory states, which was confirmed by stan-
dard three-terminal measurements using the Si sub-
strate as a back gate.

The reproducibility of the current hysteresis was
further tested by memory cycling in vacuum. The
SWCNT device shows no obvious degradation after
1000 continuous cycles (see Figure 5a), indicating
good memory durability during programming. The
stored conduction states show a nonvolatile prop-
erty with the retention time dependent on the envi-
ronment. The conductance of an OFF state increases
~3 orders of magnitude after ~5 h in an ambient
environment (see red curve in Figure 5b), whereas
it only increases ~1 order of magnitude after 15 h
in vacuum (see green dashed curve in Figure 5b).

EXPERIMENTAL SECTION

Highly doped Si substrates (p = 0.005 ) - cm) with a 200
nm thick thermal SiO, layer were purchased from Silicon
Quest International, Inc. Fe—Mo nanoparticles having diam-
eters of ~2 nm were then used as catalysts for aligned
SWCNT growth. The growth was carried out at 975 °C for
10—15 min, with a methane (CH,) flow rate of 2 sccm and hy-
drogen (H,) flow rate of 4 sccm (more details can be found
in ref 18). Electrical contacts were patterned using standard
electron beam lithography on a JSSM-6500F SEM system (JEOL
Ftd.). Pt/Ti electrodes were then deposited using a CrC-150
Sputtering System (TORR International Inc.) with a base pres-
sure of 5.0 X 107> Torr. The diameters of the SWNTs were de-
termined by an ambient AFM system. Electrical characteriza-
tions were performed using an Agilent 4155C Semiconductor
Parameter Analyzer.

www.acsnano.org
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Figure 5. (a) There are 10° memory cycles in a SWCNT device
using —12, +12, and +0.5 V as writing, erasing, and reading
operations, respectively. (b) Retention of memory states in
ambient environment for ON (blue curve) and OFF (red curve)
states. The dashed green curve shows the decay of the OFF
state in vacuum.

This is consistent with the charge-trapping mecha-
nism since atmospheric water has been reported to
assist in the discharging process at the SWCNT/SiO,
interface.?>?* Meanwhile, the conductance of an ON
state only shows a small decrease after a 7 h air ex-
posure (see blue curve in Figure 5b), and retains a
similar value afterward (e.g., after 30 d in air). The re-
tention time in the ON state, exceeding the charge
storage stability of the reported 14 days,®'° indi-
cates that the pristine conduction state of the
SWCNT is close to an ON state, which may be due
to a constant gate threshold voltage shift commonly
observed in SWCNTs. This supplements the pro-
posed mechanism such that, instead of having to
charge/discharge the SWCNT/SiO, interface along
the entire SWCNT, local charge trapping can now
pinch off the device, while discharging this local re-
gion can bring the device back to the ON state.

CONCLUSIONS

In summary, current hysteresis is observed in semi-
conducting SWCNTs. A two-terminal nonvolatile
memory is demonstrated on the basis of the hyster-
esis. The direct link between the hysteretic/switching
behaviors and SWCNT types supports a mechanism in
which charge trapping at the SWCNT/SiO, interface is
the most likely cause. Our study gives rise to the possi-
bility of constructing SWCNT-based memories with
structures that are simpler than previous embodiments.
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