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ABSTRACT

A high-mobility (9000 cm?V-s) semiconducting single-walled nanotube transistor is used to construct a nonvolatile charge-storage memory
element operating at room temperature. Charges are stored by application of a few volts across the silicon dioxide dielectric between nanotube
and silicon substrate, and detected by threshold shift of the nanotube field-effect transistor. The high mobility of the nanotube transistor
allows the observation of discrete configurations of charge corresponding to rearrangement of a single or few electrons. These states may
be reversibly written, read, and erased at temperatures up to 100 K.

Decreasing the power required to write and erase memorybetween nanotube and substrate. The nanotube FET is ideal
devices requires either a reduction of the write voltage or a as a charge detecting device; it has extremely high mobility
reduction in the number of electrons representing one bit. (e.g. 9000 crfiV-s for the device described here), large
The former is fundamentally limited by the thermal energy geometrical capacitance, and its one-dimensional nature
at room temperature, and efforts have focused on the latter.guarantees that local changes in charge density affect the
The ultimate reduction, i.e., the storage of a single electronic global conductance. In the device reported here, discrete
charge, offers advantages over storing quasi-continuouscharge states corresponding to differences of a single or at
quantities of chargéthe Coulomb energy associated with most a few stored electrons are observed and can be written,
adding additional charges to the storage node can be usedead, and erased at temperatures up to 100 K, with changes
to guarantee a discrete charge statad the quantized nature in current of more than 50 nA. This rather crude device
of the charge stored makes the device characteristics lessiemonstrates the significant advantages of nanotube transis-
sensitive to the details of the device structure. However, the tors for single-electron or few-electron memories; significant
operation of a single-electron memory at useful temperaturesimprovement is expected for shorter gate length devices and
presents two major challenges: the capacitance of the storag®ptimization of the charge storage node.

node must be small enough that its Coulomb charging energy The carbon nanotube in this study was synthesized via
is significantly larger than the thermal energy at the operating -hemical vapor deposition over iron nanoparticles at Do
temperature, and the readout device must be sufficiently, iin methane as the feedstock §am a conducting silicon

sensitive to detect a single nearby electronic charge. Efforts g ,,ctrate capped by 500 nm of thermally grown.SEdurce
to date have focused on floating-gate charge storage node$,,q qrain electrical contacts to the nanotube are made via

either patterned lithographically or formed serendipitously ¢, /350rated Cr/Au electrodes: the conducting substrate acts
in a polycrystalline channélDetection of single char_ges al asa gate electrode. Room temperature and low temperature
elevated temperatures has been d_e_monstrated V‘{'Fh Slr]gleélectrical measurements were carried out with the samples
electron transistofsor very narrow silicon- or polysilicon- mounted on a cryostat in flowing helium gas. While all data

i . _ . 4 " . ) . . P
on-insulator field-effect transistors (FETS)! However, presented here correspond to this device, qualitatively similar

singIe—eIect_ron transistor; that can operate at room tmpery o ayior was obtained with other semiconducting nanotube
ature remain extremely difficult to fabricate, and the field- devices fabricated in a similar fashion.

effect transistors demonstrated so far have modest mobilities. . . .
We begin by discussing the room-temperature character-

Here we report on a charge-storage memory using a single. .. ) .
P 9 9 y 9 g. istics and charge-storage memory operation of our device.

fee\;grcs?gldufg!ggten;n;;léb?e;izegs frt:;; rt?l?ed?jﬁgle%?rigs ISFigure 1A shows an atomic force microscope topograph of
y i Y the device; the nanotube has a length= 4.8 um and a

applying a moderate voltage<{0 V) across the dielectric diameterd = 2.7 nm as determined from the height profile

. of this image. Figure 1B shows the drain currénas a
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A Bso. [—Vy curves in Figure 1B we calculate a hole mobility of
- ~9000 cni/V-s, greatly exceeding pure silicon450 cn¥/

Ll 2.51 V-s). This mobility value also greatly exceeds the earlier
2.0 values reported for laser-ablation-synthesized semiconducting
g 15 nanotubes!® but agrees with other recent results on CVD-
i o \ \ synthesized semiconducting nanotube$?

We now discuss the mechanism of charge storage in the

#a 0.5 nanotube memory device. The threshold shift indicates that
i 0.0 . . . . a reconfiguration of charge near the nanotube occurs under
-10 -5 y ((JV) 5 10 the application of a gate voltage. This reconfiguration of
a

charge could occur either via the movement of local charges

C z 2 —i already present in the system, e.g., electrons or ions in the
21 dielectric, or by injection or removal of electrons from the
= 6 J‘J LF‘J l <0 dielectric through the electrodes or nanotube. The “sign” of
s 8 <« write the hysteresis loop, i.epositive gate voltagancreaseshe
;m ﬂ H H H — read threshold voltage, indicates that charges are being injected

-8 il <« erase into the dielectric from the nanotube, similar to a floating
100 200 300 400 500 gate memory (the opposite sign hysteresis is observed for
Time (s) mobile ions or electrons, for example the “proton memdaty,”

Figure 1. (A) Atomic force microscope (intermittent-contact mode) which uses mobile hydrogfan lons in S)_O .
topograph of the nanotube device used in this study. The nanotube We propose the following mechanism to explain the
is the thin, nearly vertical gray line between the two electrodes memory effect in our nanotube devices. Due to the geometry

(dark blocks at top and bottom). Scale bar: 1 micron. (B) Drain of the device, the electric field is much higher at the nanotube
current as a function of gate voltage at room temperature and a4 ot the Si/Siinterface; for this reason we concentrate

source-drain bias of 500 mV. As the gate voltage is swept from th tub th f ch iniecti Th
positive to negative and back a pronounced hysteresis is observed®" the nanotube as the source or charge Injection. 1he

as indicated by the arrows denoting the sweep direction. (C) Four Nanotube diameter is small compared to the dielectric
read/write cycles of the nanotube memory at room temperature. thickness, and the geometry may be approximated by a

The upper panel shows the drain current at a source-drain bias ofcylindrical capacitor with the nanotube as the center elec-
500 mV, while the lower panel shows the gate voltage. The time 4o Because of the small size of the nanotube, the electric
axis is the same for both graphs. The memory state was reatl at .. . ey
V, and written with pulses of-8 V. field at the nanotube surface is very high:= Vy/KRIn(Ry/

R) ~ Vy/23R; whereR; = 1.35 nm is the nanotube radius,

a p-type FET, conducting at negative gate voltage and R, = 500 nm is the dielectric thickness, akd= 3.9 is the
becoming insulating at positive gate voltage, as previously dielectric constant of Si© Thus the electric field at the
reported’® As the gate voltage is swept back and forth nanotube/Si@interface forVy = 10 V is greater than 0.3
between+10 V and—10 V, a large hysteresis is evident in V/nm, comparable to the breakdown field for $i(>-0.25
the |-V, curves; the threshold gate voltagg at which the V/nm), so it is reasonable to expect movement of charge in
nanotube begins to conduct is shifted by more than 6 V. the dielectric. (Note that “breakdown field” is typically
Figure 1C demonstrates that this hysteresis may be usecexpressed as the potential difference across the dielectric
as the basis of a stable memory at room temperature. Heredivided by the dielectric thickness, i.e., does not inclide
the state of the device is read\at = 500 mV,Vy= -1V, so the typically quoted value of1.0 V/inm for SiQ
and written and erased with pulses of the gate voltage totranslates to an internal electric field 60.25 V/inm). We
+8 V. A current of > 1uA may be switched. After an initial ~ Propose that at these high fields, electrons are easily injected
slow decay £ 50 s) the current remains constant; the hold into the dielectric from the nanotube and remain trapped in
time of the memory exceeds 5000 seconds. metastable states until the polarity is reversed. It is notable
We first determine the mobility of our nanotube FET in that a nonvolatile memory based on charge storage in a thick
order to be able to relate changes in conductivity to changesSiOz gate dielectric was recently reported in organic thin-
in charge density. The Drude conductivity relatiors neu, film transistors; in this parallel-plate geomety = 100 V
whereo is the conductivity,n the linear carrier densitye (E ~ 0.03 V/nm) was sufficient to polarize the SIO
the electronic charge, andthe mobility, predicts that the dielectric® The same sign hysteresis was observed as in our
conductivity of the nanotube will grow linearly with carrier ~ case, indicating injection of charge into the dielectric.
density (and hence gate voltage) if the mobility is constant:  Other possible mechanisms for charge rearrangement were
o = Cy(Vin — VgulL, whereCy is the gate capacitance and considered. At such high electric fields the gas around the
L the channel length. From the linear portion of Gg/y) nanotube may experience corona discharge, and ionized gas
curve, a mobility of the tub@ may be inferredy = (L% could transport charge to the dielectric surface. However,
CydG/dVg. The gate capacitance may be determined directly this mechanism would be expected to exhibit a large
from low-temperature Coulomb blockade measuremd&ts; dependence on the pressure and species of the gas around
= 54 aF, or~350¢/V for this device. From the slofelG/ the nanotube; we found similar operation of the nanotube
dVy = ~2.2uS/V determined from the linear portion of the memory in humid air, dry helium, and dynamic vacuum
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A B Figure 2B shows a similar measurement of the threshold
41 T=300K - 088 1220k voltage shift as a function of write voltage pulses, but now

g at a temperature of 20 K. At lower temperature the threshold

o 2 /a 7 voltage shift is smaller, and noticeable discrete steps are

8 C £ 060, evident in theVy, curve. The gate capacitance of the device

So & .—7""’ is approximately 54 aF, or 35@V. If we assume that the

T ,,_,."/ Ve / capacitance of the charges trapped in the dielectric is

g 2 & Y/ 065 = dominated by capacitance to the nanotube, theVghshift

o ,-" f’f L of ~0.15 V in Figure 2B then corresponds to a charge of

=Y oS - ~50 e added to the nanotube. This number is somewhat

. i R larger but of the same order of magnitude as the ap-

-10 -5 0 5 10 5 4 -3

proximately 10-15 discrete current levels observed in Figure
2B; the difference in conductance between plateaus arises
_ i o from a change in the oxide charge of one, or at most a few,
Figure 2. (A) Evolution of the threshold voltage (defined in text) electrons
after application of write voltage pulses of successively higher . ) o )
magnitudes at room temperature. The dielectric was first polarized ~ Figure 3A shows thé—V, characteristics of the device at
at—10V, and the threshold voltage was measured after successive20 K. HereV, is swept back and forth over a particular region
application of one-second write pulses, increasing the pulse by 0-1(between—1.3 V and—3 V); eight cycles are shown. Two

V each time (lower right curve). The dielectric was then polarized . . .
at +10 V, and the threshold voltage was again measured after branches of thé—V,, curve are clearly visible, with switching

application of one-second write pulses, now decreasing the pulseb"'ltf’\’ee_n the branches occurring in spec_ific _“'3“"'9(5‘3/_9(“c
by 0.1 V each time (upper left curve). The dashed lines indicate a Switching between the two curves occurs in discrete jumps,

slope of unity. (B) Threshold voltage at 20 K after polarizing at and no intermediate curves are seen. The gate voltage at

+8 V and applying write voltage pulses successively decreased by\hich the switch occurs varies from sweep to sweep,

0.1V. Several discrete plateaus in the threshold voltage are ev'dem'indicating a stochastic process. This range of gate voltage

was chosen in order to highlight this large hysteresis loop;
(107 Torr). It is also possible that the high electric field other hysteresis loops could be observed with much smaller
causes a rearrangement of adsorbates on the nanotube whicfjigths by scanning different ranges of gate voltage. This
act as dopant¥, e.g., oxygen; however, it is difficult to  pehavior is typical of our nanotube devices, most often only
explain the observed shift of the threshold voltage from one or two |arge hysteresis |oops may be observed, with
positive to negative simply through rearrangement of electron switching occurring near the threshold gate voltage.

acceptors. Figure 3B demonstrates memory operation of the device

Figure 2A illustrates the shift in threshold voltage with at 20 K. The drain current is measured at a gate voltage of
the magnitude of the applied pulse in gate voltage at room —2.25 V and a source-drain bias of 500 mV. The drain
temperature. Threshold voltage is defined here as the gatecurrent is switched between high and low states by applica-
voltage at which the conductance was @S5 (approximately  tion of a gate voltage pulse &f0.75 V (relative to the-2.25
one-tenth the maximum conductance). This underestimatesV baseline). The difference in current between high and low
the onset of conductance; however, for this purpose we arestates is approximately 60 nA. The memory is stable for at
interested in relative shifts of the threshold voltage, not the least 100 seconds.

absolute magnitude. The lower curve represents a starting At higher temperaturesT(= 100 K) and at high biasvgg
condition with the dielectric polarized at10 V. The = 500 mV), a hysteresis loop with two branches was still
threshold voltage was measured after successive write voltageeen, but reversible switching between the two branches was
pulses of 1 s; after the write pulse the gate voltage was observed at all gate voltages, appearing as random telegraph
reduced until the conductance was 2%, definingVin. Vi noise in the current at fixed gate voltage with a characteristic
shifts toward higher values continuously, with no obvious switching time of orde1 s atVy, = —1.8 V. This random
sharp onset of polarization. A similar curve is obtained by telegraph noise was greatly reduced whgpwas lowered
starting with the dielectric polarized @t10 V and applying to 50 mV, with one switching event occurring every few
successive negative write voltage pulses (upper curve),hundred seconds. However, applying a pulséztalone with
followed by increasing the gate voltage until the conductance Vsg = 50 mV was found to be insufficient to ensure a write/
was 0.6uS to obtainVy,. The smooth behavior of the erase switch event. An additional pulse\af to 500 mV
threshold voltage shift indicates a continuous distribution of applied only during the write/erase gate pulses was found
energies for the charge trap sites. Interestingly, the slope ofto guarantee switching to the desired state. This resulted in
the threshold voltage vs write voltage curve approaches unitythe reliable writing and erasing of the memory at 100 K
(dashed lines) at high write voltages. This implies that only (Figure 3C), with gate voltage excursions of oay).4 V

a finite range of charge density in the nanotube is accessiblefrom the readout voltage of1.8 V.

through electrostatic doping; at high gate bias the screening The discrete jumps in threshold voltage in Figure 2B and
of the gate due to injected charge is nearly perfect. This factthe discretd —V, curves in Figure 3A strongly suggest that
should have significant consequences for the understandingsingle-electron changes in the dielectric charge are respon-
of carbon nanotube transistors. sible for the observed changes in the device characteristics;

Write Voltage (V)
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A — T T T nanotube globally. A localized charge may significantly
] T=20K affect the conductance of a small region (within an electro-
2.04 2.3, . static screening length) of the nanotube, but because this
] region is necessarily in series with the rest of the nanotube,
] 22 the global resistance is affected. The screening length of the
< . nanotube may be estimated from scanned-gate microscopy
% 1'5'_ 211 i (SGM) measurement$;SGM is able to resolve features with
= 1 201 spacing of 50 nm in a lightly doped nanotube (zero global
1 gate voltage), suggesting that the screening length is com-
1_0_' 1.9 : ‘ \ ‘ 4 parable to or less than 50 nm. A single electron would shift
{ 30 -28 -26 -24 -22 the potential of a 50-nm section of the nanotube by 300 mV,
30 25 20 15 greater than the largest shift observed in Figure 3A, 150 mV.
V, (V) The effect of localized charge may be exaggerated by the
B 190 , ‘ ‘ device being operated at high bias (near pinchoff), which
S g5l %K 1 would lead to greater sensitivity to charges near the source
3 electrode, or due to local potential modulations in the
1.801 nanotube, which cause greater charge sensitivity at specific
< :; ' ‘ ‘ locations!®1® The fact that the spacing in gate voltage
;f» 3 TMJTWIF between the two curves in Figure 3A varies significantly,
0 50 100 150 200 becoming larger nearer the threshold (more positive gate
C 120 ‘ voltage), argues that pinchoff is important; indeed, at the
< M upper end of the gate voltage range the source-drain bias
3; 100, (500 mV) is comparable to the difference between the gate
= 80T = 100K ' voltage (1.5 t0—3.0 V) and the threshold voltage (—1.1
S A5 ' ,—‘ ‘ V), and pinchoff should be significant.
> 20 | ] || These unoptimized nanotube memory devices already
f>£ 500 T show the promise of using carbon nanotube FETS for single-
= 250ﬂ ( ( or few-electron charge-storage memories at useful temper-
> % 50 100 150 200 atures. Narrow, high-mobility nanotube FETs should sig-
Time (s) nificantly outperform other semiconductor FETs in charge

detection. Significant improvement should be obtainable with

aG)IUTrﬁ 3-d Operation of the ;“em_Ofy V‘]{“h discr?te charge states. ghorter gate lengths and suitable charge traps, such as a
e drain current as a function of gate voltage at a source- . o o
drain bias of 500 mV and a temperature of 20 K. The gate voltage floating metal gate or SigBENL/SIO, trilayer.

is swept between-1.3 and—3 V (toward positive eight times, and
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