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Carbon nanotube memory devices of high charge storage stability
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Molecular memory devices with semiconducting single-walled carbon nanotubes constituting a
channel of 150 nm in length are described. Data storage is achieved by sweeping gate voltages in
the range of 3 V, associated with a storage stability of more than 12 days at room temperature. By
annealing in air or controlled oxygen plasma exposure, efficient switching devices could be obtained
from thin nanotube bundles that originally showed only a small gate dependence of conductance.
© 2002 American Institute of Physic§DOI: 10.1063/1.1516633

Recent progress in the assembly of a small number o$hows thd p—V curve of an individual SWCNT~2 nm in
molecules between two electrodes in sandwich configuratioheigh) at room temperature. The gate voltage was swept
has resulted in electrical devices revealing switchingcontinuously from O to+3V, then to—3V, and back to 0 V,
behaviol> or negative differential resistanée.These corresponding to the loo—®@—®@—@—@. The ob-
achievements strongly encourage the development of merved conductance decrease for increasing gate potential is
lecular electronic devic&svith the potential to overcome the in accordance with the knowprtype semiconducting behav-
limitations of silicon-based microelectronitSingle-walled  ior of air-exposed SWCNT&! The two conductance states
carbon nanotube$SWCNTS, with a diameter in the nanom- atVg=0V (points() and(®) differ by more than two orders
eter range and a length of several micrometers, are especialy magnitude, associated with a threshold voltage shift of
attractive for that purpose due to their electronic, mechanil.25 V. The reversibility of switching between the high con-
cal, and chemical propertiédio date, a number of molecular
devices have been realized with SWCNTSs, including field- ; . .
effect transistor§® room-temperature  single-electron 100 @
transistors;° logic gate circuits? inverterst? and electro-
mechanical switcheS:* Very recently, the first prototypes
of memory devices based on SWCNT field-effect transistors
were also reportetf'® Here, we report easy-to-fabricate
SWCNT memory devices exhibiting an extraordinarily high
charge storage stability of more than 12 days at room tem-
perature.

In our experiments, SWCNT raw materialarc—
discharge product purchased from Carbolex®, Lexington,
USA) was dispersed in an aqueous surfactant solu¢ibn
wt % lithium-dodecylsulfatg and purified by centrifugation.
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The tubes were then deposited on a highly Sb-doped silicon ‘]mr_l'_"]m_]l""lﬁéééh +5V

wafer with a 100 nm thick thermally grown SjQayer pre- Z:C‘ 1000 | 3

viously surface modified by amino-silanization. Typically = 1004 T T =Y

one third of the deposited objects are individual SWCNTSs, g ON

whereas two thirds consist of small SWCNT bundles with a 3 10; 3
diameter in the range of 2—4 nm. Source and drain contacts < 1] (b)

(15 nm AuPd without any adhesion layeseparated by o

~150 nm, were defined on top of the SWCNTs by electron- 0.1 OFF 1

beam lithography. Th@ " -doped Si wafer was used as the 0.01 : i i

back gate. All electrical measurements were performed under 0 1000 2000 3000 4000
ambient conditions, except for the temperature dependence Time (sec)

which was studied with the sample in a vacuum=10 ! FIG. 1. Memory effects observed at room temperature in an individual
mbay. SWCNT with a diameter of-2 nm. The bias voltag¥, is 10 mV. (a),

A significant fraction(~50%) of the investigated semi- Hysteretic behavior of drain current as a function of gate voltage. A thresh-
conducting SWCNTs(thin bundle$ revealed memory ef- old voltage shift of~1.25 V is observed upon sweeping the gate voltage

. . . . along the points®—@—@—@—®. The inset on the left-hand side
fects, as reflected in reproduuble hyStereSIS in the drain CL"Z‘hows the atomic force microscopy image of the nanotube between elec-

rent (Ip) versus gate potentialVig) characteristics. A  trode lines separated by150 nm.(b), Switching behavior of the memory
representative example is displayed in Figa)l which  device atVs=0 V by triggering the device with the gate voltage signal
shown in the inset. The peaks observed when the device is switched from
the ON to the OFF state correspond to the maximum drain current at the
dElectronic mail: j.cui@fkf.mpg.de gate voltage of-5 V.
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< 10
?Z’ g:;y(f?:eiﬁzzl;re treatment at room temperature. Starting from a thin SWCNT
g 1 bundle with small gate dependence, corresponding to the top
© curve in Fig. Zb), a significantly increased gate dependence
g 01l 25 and hysteresis were obtained after 15 s of oxygen plasma
treatment(50 W, oxygen pressure 0.5 mbaAs can be seen
0.01 (b) ] from the middle loop, the conductance of the plasma-
5 10 5 0 5, 10 modified bundle can be modulated via the gate potential over

Gate Voltage (V) almost three orders of magnitude. For longer plasma treat-
ments, destruction of the nanotubes became apparent. The
thermal annealing at 335 K n i, The ifierent loops cortespond to the car L0 I00P indicates that after 25 s of oxygen plasma ex-
obtained at roomgtemperature W.I ias—=1 mV aﬁergnnealing for 0, 3, 6, aposure’ the conductance C?f the bundle has decreased bY more
and 9 hr, respectivelyb) Memory effects for a thin SWCNT bundle at room than three orders of magnitude, and no regular hysteresis can
temperature after subsequent oxygen plasma treatments. The three cunige detected any more.
correspond to the data o_btained with,<=10 mV after plasma exposure for The changes observed in FiggaRand 2b) could be
0, 15, and 25 s, respectively. . . . .
explained by two possible effects of the heat treatment in air
and the exposure to oxygen plasma. First, the metallic
ductancgON) and low conductancéOFF) states within the tubg(s) within a SWCNT bundle may be preferably oxidized
SWCNT device is demonstrated in FigbL The two stable under these conditions, resulting in an increased gate depen-
states a ;=0 V can be reproducibly adjusted by triggering dence due to the remaining, intact semiconducting tubes.
the device with the gate voltage sigriahrying betweent5  Second, oxidation-related defects are likely to be formed in
V) displayed in the inset. When the devices were held athe remaining amorphous carbon particles on the bundle sur-
zero-gate voltage or removed from the sample holder, anéace, in the originally intact metallic tubes within a bundle,
stored under ambient conditions, both the ON and OFF stater at the SiQ surface® These types of defects could act as
turned out to be stable over a period of at least 12 days. charge storage traps, and their close proximity to the surface
Memory devices of the same high storage stability couldof the semiconducting SWCN3) would account for the
be obtained also from thin SWCNT bundles which consistedarge threshold voltage shifts observed for small gate poten-
of a mixture of semiconducting and metallic tubes, andtials. Charge carriers injected from the SWQN)Tinto these
therefore showed only a weak gate dependence of condutraps will allow the devices to function similar to electrically
tance. For that purpose, two different methods proved to berasable, programmable, read-only memoffeShat such
effective. In the first case, the samples were heated for sewlosely attached charge storage units are indeed responsible
eral hours in air. Figure (@) illustrates the evolution of hys- for the memory effects is supported by electrical measure-
teretic behavior of a SWCNT bundle subjected to three anments at low temperatures. This is exemplified in Fig. 3,
nealing steps, performed at 335 K for 3, 6deéhh intotal,  which shows data obtained from the same bundle as in Fig.
respectively. While before annealing, no clear hysteresis loog(a). Although at 12 K, the threshold voltage shift is reduced
was observed within the gate voltage rangetdf5 V, pro- by a factor of ~2 as compared to room temperature, the
nounced memory effects are found after 6 h annealing. Thewitching between the ON and OFF states differing by more
ratio between the current in the ON and OFF state has inthan three orders of magnitude in conductance is still existent
creased from 10 at the beginning to more thah affer 9 h  at lower temperatures. Reproducible switching was detected
of annealing. It is further noticed that although the OFF cur-down to 5 K. It is noticed that the curve measured at 12 K
rent is significantly decreased upon annealing, the ON curdisplays numerous sharp peaks originating from single-
rent remains almost unchanged. Noteworthy, SWCNTelectron charging of the tube, which is generally observed at
bundles revealing similar hysteresis at the beginning as isufficiently low temperaturel. The persistence of hysteresis
Fig. 2(a), but annealed in a vacuunp€ 10 ' mbap at 340  at low temperature excludes that mobile ions within the,SiO
K for 9 hr, displayed only little change in tHg—Vg curves. insulator are the origin of the memory effects, since ion hop-

The second method involves controlled oxygen plasmaing is frozen out at liquid-helium temperature due to the
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