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ABSTRACT

We present a systematic study on low-frequency current fluctuations of nanodevices consisting of one single semiconducting nanotube,
which exhibit significant 1/  f-type noise. By examining devices with different switching mechanisms, carrier types (electrons vs holes), and
channel lengths, we show that the 1/  f fluctuation level in semiconducting nanotubes is correlated to the total number of transport carriers
present in the system. However, the 1/ f noise level per carrier is not larger than that of most bulk conventional semiconductors, e.g., Si. The
pronounced noise level observed in nanotube devices simply reflects on the small number of carriers involved in transport. These results not
only provide the basis to quantify the noise behavior in a one-dimensional transport system but also suggest a valuable way to characterize
low-dimensional nanostructures based on the 1/  f fluctuation phenomenon.

Introduction a ubiquitous type of fluctuation, appearing not only in
Carbon nanotubes and nanowires are promising candidates. Iectromc_ dewges b.Ut allso in a wide v_anety of physical
for advanced nanoelectronic devices, and they have dem_systemfs, m_cludmg ?]IOIOQEaI an.d geologlcgl systems.thhgr
onstrated great potential in a wide range of applications, suchtyp.es 0 n(cj)lses(,jsuc i alls S othn0|s_e, generaulo n—rs com mattlc_)n
as field-effect transistors ;3 elementary logic circuit$,” and NOISE, and random telegraph noise, may aiso be present in
chemical sensofs1° However, nanotube devices have been solid-state dewces_ and be_zgome important under- certain
shown to exhibit very significant current fluctuations in the temper.ature and _blas conditions. _ )
low-frequency regimé! which may present serious limita- Previous experiments on the noise properties of carbon
tions for device performance and applicability, e.g., the Nanotube-based devices have revealed a pronourioesise
threshold voltage of a transistor and the detection sensitivity CoMmponent in the low-frequency regirie It has been
of a chemical sensor. Despite the broad interest in nanotubesPeculated that carbon nanotubes always possessiaise
and other one-dimensional systems, a comprehensive studynUch worse than conventional bulk materials. However,
on their noise characteristics is still lacking. On the other attempts to further examine and analyze the origin of noise
hand, while the noise is usually regarded as an undesirabld" carbon nanotubes were hampered by the coexistence of
property for applications, the fluctuation phenomenon in itself V&rious nanotubes in the form of two-dimensional (2D) films
contains important information about the material and may or three-dimensional (3D) networks used in previous studies.
be utilized as a valuable probe to characterize nanostructurest€re we perform, for the first time, a systematic study on
In solid-state electronic devices, two types of fluctuations 1/f fluctuations of carbon nanotube field-effect transistors
usually dominate the low-frequency noise behavior at room (CNFETS) consisting oindizidual semiconducting single-
temperature: (a) thermal noise associated with statisticalWall nanotubes and show that the pronouncechise in
Brownian motioA? and (b) the so-called flinoise that carbon nanotubes is associated with the small number of
exhibits a power spectrum varying inversely proportional to fransport carriers in the device.
the frequency. The 1f noise typically involves fluctuation Device Layout.Semiconducting nanotubes are used in our
processes with a distribution of time constants and is, in fact, study because of their technological potential as active
electronic components as well as the ability to control their
*To whom correspondence may be addressed. E-mail: yming@ device characteristics by the gate voltage and/or dopants.
us.lbm.com. CNFETSs with two different gate structures are fabricated and
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Figure 1. Schematics of various CNFET devices used to charac- 108 F
terize the 1 noise behavior in carbon nanotubes: (a) SB-CNFET,
(b) C-CNFET, and (c) adjacent SB-CNFETSs fabricated on the same
nanotube with different channel lengths. The SB-CNFET is a back-
gated device where the nanotube lies on a conducting substrate
covered with a layer of oxide and is contacted by two metal
electrodes that serve as source and drain. In the C-CNFET, an
additional middle gate stack, normally a metal electrode covered
with a layer of oxide, is placed underneath the nanotube between
the source and drain electrode.
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M
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contacts and bulk channel. The first type of CNFET, denoted
as SB-CNFET (Figure 1a), is a back-gated device where the
device conductance is entirely modulated by Schottky
barriers (SBs) at the nanotube/metal interfd€é%.The
second type of CNFET incorporates an additional gate
electrode so that the device switching can be achieved . PRI PP
through the bulk (middle) part of the nanotdb@-igure 1b), 1 10 100
which we denote as C-CNFET (channel switching). We have f [Hz]

also fabricated SB-CNFETs with very different channel Figure 2. (a) Repeated (10 times) measurements of drain currents
lengths out of ainglelong nanotube (Figure 1c) in order to lq as a function of gate voltagé, of an SB-CNFET for different

elucidate the significance of scattering ofiridise. Despite  qrajn biased/,. Inset: SEM image of the SB-CNFET. The nanotube
distinctly different switching mechanisms, we find that both diameter is~1.8 nm. (b) The drain current as a function of time

p-, n-type SB-CNFETs and C-CNFETSs all exhibit &ridise for various gate and drain voltages. The black, red, and blue traces

level that increases with device resistarReas the gate &fg:gzﬁ,ogg :;d/r(:e?tgg"g)é ;g.lérasn;;jezgﬁoﬁ%{ Ig;’orfeti%egli\\lllsgf E:t)

- - o ized cu i w
voltage is varied. For SB_CNFETS with dlffgrept channel various gate voltages. The drain bias is kept at 10 mV. The solid
lengths, we observe a flhoise level that is inversely jine indicates the f/dependence of the noise power spectrum.

proportional to the device channel length. Overall, these

results show that (i) the magnitude off hoise in a one-  tional bulk materials. While the fLhoise in bulk materials
dimensional (1D) conductor is correlated to the total number has been proposed to be induced by the scattering with
of free carriers in the system, (ii) both fluctuations occurring surface or/and bulk phonoA%,we find that the noise

at the contacts and along the nanotube channel contribute taamplitude in carbon nanotubes is not affected by the presence
the 1f noise phenomenon in CNFETS, and (iii) the fluctua- of acoustic phonon scattering or ionized impurity scattering.
tion mechanism is independent of carrier (electron or hole)  Schottky Barrier Dominated CNFET. Figure 2a shows
type. Most importantly, the intrinsic fLhoise amplitude of  the subthreshold characteristics of an SB-CNFET, exhibiting
individual single-wall carbon nanotubes is, contrary to regular p-type FET behavior where the drain currént
previous suggestiort3 not larger than that of most conven- decreases with increasing gate volt&gePronounced current

s/’ [1Hz]
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fluctuations are clearly observed for a given gate and drain a) o F= R A RAAAR RN
voltage. We note that on a logarithmic scale, the vertical " d 10"
spreading of current data points is a measure of the relative ’ 5
current fluctuatiomly/14. Although random telegraph signals 10° — R 2
(RTSs) have been observed in some carbon nanotube devices T V=001V, t_=10nm 1° 2
at low temperature¥, no RTS-like features are present in = w0k mﬂs:-d 19\!' L=600m; g
our CNFETSs at room temperature (see Figure 2b). As shown - S 410 F
in Figure 2b, at a constaiy = —0.5 V, the relative current . &
fluctuation Alg/lg of the CNFET rises significantly with 107" _M i »
increasing (more positive) gate voltage. Howevaty/ly ,___A--‘-"‘"" 0=2e-3 10
shows little dependence, if any, on the absolute current level

and the drain voltage. This indicates that the observed current
fluctuation Aly is not due to the thermal noise which is
current independent (i.eAl/I O 17%) or the shot noise which

is proportional tol®® (i.e., Al/l O 1799.20 |n fact, we find

that the current fluctuationly is proportional toly and the
ratio Al4/l4 only depends on the gate voltage.

Figure 2c shows the noise power spectr@mmormalized
by I, of the SB-CNFET at various gate voltages. At a finite
drain bias, the power spectral density varie§"dswhereg
is close to 1 within 10%, and is thus referred to as tHe 1/
noise. Similar to other electronic devices that exhibit 1/
noise, including the carbon-nanotube-based devices previ-
ously studied! the excess 1/noise power of CNFETS is
proportional to the square of the dc curréhtwhich can be
expressed as

10°

-
o
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o
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) Figure 3. (a) The drain current (left axis) andfhoise amplitude

A (right axis) as a function 0¥, of an SB-CNFET. The solid and

9

dash lines are simulation results assuming fanbise parameter

oy = 2 x 1073 (b) The drain current (left axis) andflhoise
in the linear resistance regime, whexés defined as the 1/  amplitudeA (right axis) as a function df; of an n-type SB-CNFET
noise amplitude ang ~ 1. In Figure 2c, the noise level after being gxposgd to pqtassium vapor. The drain bias is 10 mV,
. . éand the solid line is a guide to the eye.
increases by almost 2 orders of magnitude as the gate voltag

V, increases from-0.6 to 0.6 V, consistent with the trend

of Aldlq at differentVg shown in Figure 2b. In Figure 3a, g re 3a, we first examine the CNFET operation mecha-
we plot the drain current and thefHoise amplitudeA of — higs and consider factors that vary with the gate voltage
the CNFET as a function of gate voltage. As the device V. In an SB-CNFET, importanV,-dependent device at-

current diminishes with increasing, the noise amplitude i tes relevant to transport phenomena include the number

S
R

N
<[>

To understand the gate-dependent noise amplitude in

A increases monotonically with the device relgistaﬁce of carriers within the nanotube channel and the SB profile
Vv Ig' Wltlh anARratio that lies between 2 107 and 2x at the contacts. Since the carrier mean free path can be as
1077 Q% long as micrometers in nanotubes at low fieltithe carrier

On the basis of the statistics of a large number of devices transport is quasi-ballistic for a channel length of 600 nm in
consisting of mixtures of different types of carbon nanotubes our SB-CNFET, and the device resistance is mainly deter-
(i.e., 2D mats and 3D networks), it has been concluded thatmined by the SB at the contaéfsi® For the p-type CNFET
the 1f noise amplitude in these carbon-nanotube-basedshown in Figure 2a, the CNFET is switched ON at suf-
devices increases with the sample resist@®Eewith anA/R ficiently negative gate voltages because the Schottky barrier
ratio depending on device dimensidfidt was, however,  at the valence band is effectively thinned to enable hole
not possible to study the origin of this correlation between carrier injection via direct tunneling. At the same time, the
A and R in those experiments because of considerable number of hole carriers in the nanotube channel also
sample-to-sample variations and a wide, uncontrolled dis- increases with decreasing (more negatWg)Although the
tribution of nanotubes even in a single device. Since our gate-resistance of an SB-CNFET may be exclusively modulated
dependent noise measurements are performed osatine by the SB width, the noise measurements of C-CNFETS (see
CNFET device consisting of single nanotube, the uncer-  discussion below and Figure 4) indicate that thenbise
tainty due to device-to-device variations is eliminated. The variation in a carbon nanotube cannot be fully accounted
well-defined transport channel also allows for quantitative for by the gate-dependent SB profile at the contact alone.
simulations to study the fLhoise phenomenon in an ideal We demonstrate below that the gate-dependdmdise
one-dimensional semiconductor. in semiconducting nanotubes is governed by the total number
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Theoretical modeling of electrical properties of SB-
CNFETs has been extensively developed among different
groups?*26 with good agreement obtained between simula-
tion and experimental dat&?® Here we adopt the model
described in ref 25, which is based on the nonequilibrium
Green's function formalis} and calculate the device
nanotube current atVq = 10 mV as a function of gate voltage (solid
curve in Figure 3a). The simulated result exhibits satisfactory
agreement with experimental data in terms of both the
absolute current level and the gate dependence. With the
success of reproducing the CNFET current, the same model
b) T — is th_en employed to cglculate the total number c_)f trgnsport
: Vyg= 15V Vgg=-25V carriersN by integrating the hole carrier density in the
s valence band over the nanotube channel between two metal
contacts for the given bias conditio#or a channel length
of 600 nm, the model predicts a total number of hdles
40 in the ON staté! and N decreases as the CNFET is
switched OFF with increasing gate voltage. It should be noted
that because of the finite transmission probability at the
nanotube/metal contacts and the associated delocalized nature
of the electron/hole wave functions, the calculated carrier
numberN is not necessarily an integer and can be smaller
than unity near the OFF state. In Figure 3a, we plot the
ud 1o simulated noise amplitud& (dashed curve) based on eq 2
whenay = 2 x 1073, showing excellent agreement between
the measurements and the simulation.
Figure 4. (a) SEM of a dual-gate CNFET, showing the;@}/Al We also performed noise measurements on n-type SB-
gate stack underneath the nanotube and between the two contactCNFETS, which were fabricated by exposing the device to

(b)_ The drain current (left axis) andfldoise amplitudeA (right potassium (K) vapo and measured gate-dependent currents
axis) as a function of Al gate voltagé-a of the dual-gate CNFET

for two Si backgate voltaged, s = —2.5 and—1.5 V.. The drain I and noise amplitude& that mirror their p-type counterparts
voltage is 10 mV. (see Figure 3b). These results present strong evidence that

the gate-dependentflioise observed in carbon nanotubes
is modulated by the total number of transport carriers in the
channel according to eq 2, and the fluctuation mechanism is

o, independent of the carrier type, i.e., electrons or holes.

A=— (2) Furthermore, the 1/noise parameteoy = 2 x 1073

N determined for the CNFETS that consist of unpurified carbon
whereN is the number of carriers in the system anglis a nanotubes is quite comparable to the value observed in most
parameter that may vary from device to device. TAi§] bulk systems. The much larger, (~ 0.2) deduced in
1/N dependence was first introduced by HoBge describe ~ Previous carbon ne_motube devies due to an overestima-
the 1f noise results in homogeneous bulk materials with an tion of N by adopting the number of atoms instead of the
empirical value ofay = 2 x 1073. Although ay is not a number of transport carriers, as well as the lack of a
universal constanty; ~ 1073 is a value frequently found in ~ guantitative model to accurately extra¢t The fact that the
nonoptimized bulk materiafWhile eq 2 holds true for most ~ Pronounced 1/ noise amplitudeA observed in carbon
bulk and thin film specimens with diffusive transport Nanotubes is due to a much smalkévalue rather than a
behaviors, there has been no experimental verification of the Material-specific property indicates that this elevated noise
relation and/or information abouty for one-dimensional  evel is a general property of nanoscale electronic devices.
systems exhibiting quasi-ballistic transport behavior. One of Since the IN dependence and mechanisms for tHendise
the obstacles is that the number of carriers in such one-Phenomenon are, to the lowest order, independent of the
dimensional objects cannot be readily measured by conven-System dimensionality, various techniques that have been
tional techniques such as the Hall effect or Shubnikde ~ developed for reducing the fltoise in bulk systems may
Haas oscillation measurements. This carrier number informa-also be applicable for nanotubes and other 1D nanostructures.
tion, however, may be obtained from a reliable transport Channel-Limited CNFET. To clarify the role of the SB
model that properly reproduces experimental results. In this contacts on the fhoise of a CNFET, we have fabricated
respect, the back-gated CNFET (Figure 1a) is instrumental dual-gate CNFET%/ called C-CNFETSs, where an additional
because both the simplicity of the device geometry and the Al gate stack is placed underneath the nanotube between the
well-established band-structure in carbon nanotubes facilitatesource/drain electrodes (Figure 4a). When the Si backgate
dependable model simulations. is kept at a constant negative (or positive) voltage, the

Nano Lett., Vol. 6, No. 5, 2006 933

a)

200nm

I, [A] @ 10mV
v apniduwy asioN

-

L ]

.
L]
"
| ]
| ]
L]
| ]
s

N L PR T |
-1.5 -1.0 -0.5 0.0

Vo IV

of transport carrierdl in the channel. We find that the noise
amplitudeA is inversely proportional tdN, expressed by



transistor operation is achieved by the Al gate voltage that
alters the potential barrier within the nanotube channel in a
way similar to that of conventional MOSFETs. With the
dual-gate structure, the band bending at the contacts and ir
the nanotube channel can be independently controlled, 10
making it possible to distinguish their roles in the noise
behavior.

As shown in Figure 4b, the C-CNFET operates as a p-type @
FET at a negative Si backgate voltage. Similar to the SB-
CNFET, the low-frequency current fluctuation of the C-
CNFET is also dominated by the flhoise, and§ is 10
proportional td . Figure 4b shows that the noise amplitude
A, derived according to eq 1, increases with the resistance
asVy-a varies, with anA/R ratio between 3x 1071° and f[Hz]
3 x 10°° Q1. We note that since the SB potential profile

in C-CNFETSs is unchanged at a constalgts; this signifi- CNFETSs with channel lengths of #m (L) and 500 nm (S). The

cant variation ofA as a function ofVg_a can only_be noise amplitude# of the long and short devices are<410~7 and
accounted for by the proposeN-dependent 1/ noise 4 x 1075, respectively. Inset: SEM image of two CNFETSs, denoted
behavior. We also observe that, for the same Al gate voltage,by S and L, fabricated using the same nanotube. The middle

/P [1Hz]

=

Figure 5. Normalized current noise power spectruiilg) of two

the C-CNFET possesses a highefrridise level aVy_si = electrode is shared by the two CNFETSs as the source electrode.
—1.5 V compared to that afy-si = —2.5 V (see Figure
4b). This is because the number of carriers for a givgn, device variations, the two CNFETSs are fabricated using one,

is smaller due to the lower transmission probability through single, long semiconducting nanotube and share a common
the SB modulated by,_s;. The results of the C-CNFET for ~ electrode as the source. Both devices possess regular p-FET
different Si and Al gate configurations illustrate that thé 1/ characteristics and exhibit a similar gate voltage dependence,
noise level in a semiconducting nanotube cannot be solelywith low-bias ON-state resistances (at the same gate voltage)
specified by either the contact or channel characteristics.of =10 and 58 K for the short and the long devices,
Interestingly, despite the different switching mechanisms of respectively. Figure 5 plots the ON-state noise power
an SB-CNFET and a C-CNFET, both devices exhibit very spectrum measured & = 10 mV, showing the I/noise
similar dependence of thefHoise amplitude on resistance. With amplitudesAs ~ 4 x 107° andA_ ~ 4 x 1077 for the
Overall, these observations strongly suggest that the variationshort and the long CNFETSs, respectively. Despite the higher
of A in both types of devices originates from a common resistance of the long device, itsf hoise level is about an
factor that is related to a fundamental property of the entire order of magnitude lower than that of the short device. We
device, i.e., the total number of transport carridrsThe 1f note that the ratio of the noise amplitudgA_ = 10 of the
noise amplitude rises with decreasimd regardless of  two devices is comparable to the inverse of the corresponding
whether N is changed by altering the injection into the length ratiol /s = 14, consistent with our suggestédC]
nanotube channel or by introducing a barrier inside the 1/N (01/) behavior. The resistance of the short CNFET is
nanotube as in the case of a C-CNFET. In both types of close to the quantum limit6 kQ,33indicating a transmission
structures (SB- and C-CNFET), the current fluctuatiog probability near unity and quasi-ballistic transport behavior
are caused by surface potential variatisgsthat modulate  for a channel length-500 nm. On the other hand, the higher
the transmission probability at the contact and/or across theresistance of the long CNFET is a manifestation of its
channel. The surface potential fluctuatiog are due to scattering-limited transport behavior. Taking into account this
the number fluctuatiom\N of the transport carriers in the length dependence, the CNFET resistance can be expressed
channel, which may result from trappindetrapping pro- as
cesses in the oxide, or motion of adsorbed species on or
:;13|de the nanotube. Although the fluctuation process may R= Ry + Ry = Reg + (LZ) 1 3)
epend on the structure of contacts and the quality of oxide, 4¢?] A
the potential fluctuationA¢ always becomes more pro-

nounced adl decreases (e.g., as gate voltage varies). Furtheryherej is the electron mean-free-path in the carbon nanotube

studies, however, are necessary to distinguish and identifyandRss and Ry are the resistance contributions due to the

the origin of various fluctuation processes in a CNFET contact Schottky barriers and the scattering within the

device. nanotube channel, respectively. Assuming the sRgador
Channel Length DependenceTo further demonstrate the  both devices? we estimate the scattering length~ 0.8

N dependence and to evaluate the significance of scatteringum in the low-bias regime, in agreement with the values

on the 1f noise of nanotubes, we have fabricated two SB- obtained from previous experimeftand theoretical predic-

CNFETs with very different channel length$:= 500 nm tions 38 Although it has been suggested that thienbise in

and 7um (inset of Figure 5), which are denoted as short (S) bulk materials is induced by scattering with surface or/and

and long (L) devices, respectively. To eliminate device-to- bulk phonon¥ and the same may be true for nanotubles,

934 Nano Lett., Vol. 6, No. 5, 2006



the agreement betweég/A_ andl /Isis striking and suggests
that ay in CNFETSs is not substantially influenced by the
presence of acoustic phonon scattering in the long channel
device. In addition,ay is not affected by the ionized
impurity-induced scattering, either. As shown in Figure 3b,
the steplike features in thg—V, curves of the n-type CNFET
are a manifestation of ionized impurity-induced(kons)
scattering in the nanotube chanf&However, the similarity
of the gate-dependeiit exhibited by the undoped (p-type)
and K-doped (n-type) CNFETSs (Figure 3) indicate little, if
any, impact of the ionized impurity with regard to thd 1/
noise in nanotubes. Since the low-frequency ddise
involves slow fluctuation processes with long time constants
(=microseconds), the electrephonon or impurity scattering
is, therefore, ineffective for the low-frequencyf Iioise
phenomenon due to the much shorter scattering time in
nanotubes-{picoseconds}>3°

The relation of the noise amplitudd and the sample
resistanceR observed among various CNFETs can be
consistently understood in terms of egs 2 and 3. The two
resistance components in edR8g andRy;, exhibit dissimilar
behavior with respect to the total carrier numbérwhile
the resistanc®x is always proportional tN (becausé [
N), a low resistanc®gg is associated with a high transmission
probability and is accompanied by a lartye For a short
channel device where the transport is nearly ballistic, the
total resistanc® = Rsg, and the noise amplitud& exhibit
a monotonic trend that increases with increadfag

Conclusion.In summary, the Ihoise behavior observed
in semiconducting single-wall carbon nanotubes shows that
the A0 1/N relation is valid even for a 1D system with only
tens to hundreds of carriers. While we have shown here the
intrinsic noise strengtho) in nanotubes is comparable to
most bulk materials, the noise amplitud®) (can be quite
significant because of the small number of carriers. While
the 1f noise phenomenon usually results from fluctuation
processes with a wide distribution of time constants, the noise
amplitudeA in carbon nanotubes is not affected by the nature
of the transport behavior, i.e., quasi-ballistic or diffusive. This
result holds important implications for technological ap-
plications not only based on nanotubes but also for essentially

any other nanostructures, e.g., hanowires, or aggressively

scaled Si devices. On the other hand, ¥hdependent noise

in these nanodevices may also provide a novel technique to
characterize the carrier numbers that are difficult to obtain
otherwise.
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