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Shot noise of a multiwalled carbon nanotube field effect transistor

Fan Wu,' Taku Tsuneta,' Reeta Tarkiainen,! David Gunnarsson,' Tai-Hong Wang,? and Pertti J. Hakonen'
LLow Temperature Laboratory, Helsinki University of Technology, P.O. Box 2200, FIN-02015 HUT, Finland
2Institute of Physics, Chinese Academy of Sciences, 100080, Beijing, China
(Received 2 August 2006; revised manuscript received 4 January 2007; published 21 March 2007)

We have investigated shot noise in a 6-nm-diameter, semiconducting multiwalled carbon nanotube field
effect transistor at 4.2 K over the frequency range of 600—950 MHz. We find a transconductance of 3-3.5 uS
for optimal positive and negative source-drain voltages V. For the gate referred input voltage noise, we obtain
0.2 and 0.3 uV/ VHz for V>0 and V< 0, respectively. As effective charge noise, this corresponds to (2—3)

X 1075 e/ \Hz.

DOI: 10.1103/PhysRevB.75.125419

Semiconducting single-walled carbon nanotubes have
been shown to provide extraordinary field effect transistors'-?
(FETs) in which the modulation of Schottky barriers is often
an important factor.>* Intrinsic performance limits of these

devices due to the mobility of charge carriers have been in-

. Al
vestigated recently.>"'® Transconductances up to g,=71,"
8

=8700 wS/um, relating the change in drain-source current
I, to gate voltage V,, have been reported in single-walled
carbon nanotubes (SWNTs) on top of a high-x material
(SrTi0O5).'? It has been shown experimentally that g,, in-
creases as ¢ with the tube diameter ¢.!° This, however,
takes place at the expense of a reduced energy gap, which
sets an upper limit for the diameter of room-temperature de-
vices.

Another important issue for typical FET applications is
the noise power generated by the device. Here, we are inter-
ested in the uncoupled shot noise performance and neglect
the nonequilibrium 1/f noise,!! the understanding of which
is a prerequisite for the proper noise minimization with a
finite source impedance. In general, the low-frequency cur-
rent noise S(w)=[e(5i(t)i(0)) in a mesoscopic sample
can be written as

4kyT
R

S=

507)

(1 =F)+ F2el coth , (1)
2kgT

where R is the resistance of the sample, 7 is the temperature,
F denotes the Fano factor, and V is the dc biasing voltage.
The Fano factor depends on transmission coefficients of the
transport channels of the sample, as well as on inelastic pro-
cesses causing energy relaxation, which are known to lower
the shot noise.!> The best uncoupled performance corre-
sponds to the minimization of S/ gfn which yields the mini-
mum equivalent voltage noise at the input. Here, we present
an experimental determination of this noise quantity in a
semiconducting nanotube device.

In our 4 K measurement setup, /V characteristics and dif-
ferential conductance properties are measured in a regular
two-terminal configuration, supplemented with a radio-
frequency noise amplification circuitry. Bias tees are used to
separate dc bias and the current-dependent noise signal at
radio frequencies. We use a low-noise, cooled ampliﬁer14
with a working frequency range of 600—950 MHz for sup-
pressed 1/f noise. The total gain of the amplifier chain
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amounts to 80 dB (16 dB at 4.2 K) and the noise tempera-
ture of the whole setup is roughly 10 K; for detection, we
used a zero-bias Schottky diode. A switch and a high-
impedance tunnel junction are used to calibrate the gain and
the bandwidth; i.e., we can determine the Fano factor of our
carbon nanotube (CNT) samples by direct comparison with
the noise measured on a tunnel junction sample having F
=1.

We determine the Fano factor at drain-source voltage V
as

S(1,) - S0 1 (1 ds
P (I4) ()= f(_)dl’ 2)
2€I Zelds 0 dlds
ds.

where ( d,ﬁ) represents the differentially measured noise us-
ing a small modulation voltage of 0.5 mV at 18.5 Hz on top
of V. At large currents, this determination coincides with
the ordinary definition of Fano factor. In the intermediate

bias region, there will be corrections that depend on the ratio
. . . dVy, .
of differential resistance —= to V,,/I,, due to thermal noise

dl
coupling, but these corrections are negligible for the analysis
in this paper.!>!® Because the sample impedance is not
matched to the preamplifier, we are able to measure shot
noise only at currents of />1,,, where FI,, must be around
0.01 pA.

Our tube material, provided by Koshio et al., was grown
using plasma-enhanced growth without any metal catalyst.'”
The tubes were dispersed in dichloroethane and, after 15 min
of sonication, they were deposited onto thermally oxidized,
strongly doped Si wafers. A tube of 4 um in length was
located with respect to alignment markers using a field emis-
sion scanning electron microscope (FE-SEM) Zeiss Supra
40. Subsequently, Ti contacts with width of 900 nm were
made using standard overlay lithography: 10 nm titanium
layer was covered by 70 nm Al in order to facilitate
proximity-induced superconductivity at subkelvin tempera-
tures. The length of the tube section between the contacts
was 1200 nm. The electrically conducting body of the silicon
substrate was employed as a back gate, separated from the
sample by 100 nm of SiO,. The sample was bonded to a
sample holder with miniature, 6 GHz bias tees using 25 um
Al bond wires with less than 10 nH of inductance.

. . dl o
Differential conductance G,= dVdj for our sample is illus-
as

©2007 The American Physical Society
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FIG. 1. (Color online) Normalized differential conductance
G,/ Gy with Gy=2¢?/h for our semiconducting sample measured at
4.2 K on the gate V, vs bias voltage V,, plane: the color scale is
given by the bar on the right. Lower figure is measured with larger
source-drain voltage at V, around —1 V. For the sample parameters,
see text.

trated in Fig. 1 in units of Gy=2¢?/h. G, is seen to display a
roughly linear conductance, on the order of 0.1G, at volt-
ages V;=—0.1---40.1 V and V,=1-4 V. When current is
increased to /;,=1 uA, G, becomes on the order of 0.2G,
which is a typical value for metallic plasma-enhanced chemi-
cal vapor deposition (PECVD) tubes of the same batch.
Thus, there is no obvious difference in conductance between
semiconducting and metallic specimens, as observed in
SWNT tubes.!®

Our nanotube sample is clearly n-type doped initially."”
Looking at G,(Vy,,V,), we deduce that the charge neutrality
point where E corresponds to the intrinsic level in the bulk
of the tube is located around V,==17V, which also corre-
sponds to the maximum gap of 0.8 V. Using the gate capaci-
tance C,=18 aF and total island capacitance of 0.4 fF (see
below), we find that the initial shift of the Fermi level from
the intrinsic level is approximatively —0.08 V. This differs
substantially from the value of +0.4 V that has been reported
for multiwalled carbon nanotubes (MWNTs).2’ Typically,
n-type doping in nanotubes (NTs) has been obtained using
potassium deposition.?!?2

The capacitance of our back gate was measured by ob-
serving Coulomb modulation in the range Ve=2,....,4 V.
The measured periodicity of 8.8 mV corresponds to 18 aF.
The island capacitance Cy=0.4 fF, including source, drain,
and gate capacitances, was estimated using a geometric ca-
pacitance of C=200 pF/m in series with a quantum capaci-
tance of similar magnitude along the full length of 4 um.
Owing to the local thinning of the 100 nm SiO, oxide due to
Al wire bonding, we used gate voltages only up to +4 V in
our studies. In addition, we limited our measurements to cur-
rents below 5 uA which is on the same order as typical
on-state current in SWNT devices.

The model, which we employ to account for our basic
findings, has been proposed and discussed in Ref. 23. There,
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FIG. 2. (Color online) Transconductance g,, as a function of bias
Vg4 and gate voltage V,. Lower figure is measured with larger
source-drain voltage at V, around —1 V.

it was conjectured that owing to band pinning at the metal-
nanotube interfaces, small quantum dots are formed at the
ends of the nanotube when the tube is brought into strong
inversion by the gate voltage. In our case, this is corrobo-
rated by the appearance of another (quasiperiodic) gate
modulation in the range Vg=—0.6, ...,—4 V. This gate period
changed from AV,=0.13 V at V,~-1V to AV,=0.18 V at
V,~=2.5 V. The size of the period is in accordance with the
findings in Ref. 23, while the increase in AVg in our data
reflects a decrease in the dot size as V, becomes more
strongly negative.

The expected gap for a semiconducting tube of diameter
¢=6 nm is approximatively V,,,=0.14 V.** If the extra
width of the gap were due to the quantum dots at the ends of
the tube, their capacitance would be about 1 aF, i.e., <10 nm
in length. Room-temperature measurements indicate that the
gap indeed is composed of a few smaller components, but we
cannot exclude the possibility that, at some large gap value,
the tube is broken into more than three quantum dots.

In CNT-FETs, the signature of depletion mode in I, vs V,
sweeps is the appearance of a threshold voltage, related to
current by the form IZSOC Vg—V,h.12 Using this form, we ob-
tain V,;,=0.25 V for the pinch-off as an average of positive
and negative biasing cases [see Fig. 5(a) below]. When low-
ering the gate voltage toward V,;,, the small voltage IV curves
change from linear to more and more power-law-like: in the
range V,=1V,...,V,, the exponent varies from 1 to 3 (in
Fig. 1, the exponent of G, varies from 0 to 2).

Measured transconductance around the pinch-off region is
displayed in Fig. 2. The largest magnitude of transconduc-
tance is roughly equal at positive and negative biases:
~3 uS at V>0 and ~3.5 uS at V<0. At positive bias, the
optimum is reached in a small region of bias values around
V4s=0.37 V and V,=-0.9 V, whereas at V<0 the maximum
value is obtained on a more extended region at V<
-0.5 V around V,=0.

Figure 3(a) illustrates the measured current noise in the
range V,=-1.2,...,-0 V which is right below the pinch-off
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FIG. 3. (Color online) (a) Current noise S integrated over the
frequency range of 600—950 MHz vs current I, and (b) the corre-
sponding Fano factor. Due to lack of sensitivity, currents below
0.01 nA have been cut off from the plot. The bias voltage varies
over V,=-1.2,...,0 V in steps of 0.2 V (from top to bottom at
V>0 and from bottom to top at V,;,<0)

of threshold V,;,; the corresponding Fano factor is given in
Fig. 3(b). At large negative bias and with large positive bias
at V,<Vy, the noise can be regarded as shot noise from an
asymmetric double junction system,>>?® which yields F
=(+T13)/('+1',)?><1, where I'; and I', refer to tunneling
rates in the two tunnel barriers. At small V,, especially at
V>0, the measured noise is strongly peaked, and the cor-
responding Fano factor reaches F=12 at its maximum. This
behavior may be an indication of noise due to inelastic co-
tunneling as argued by Onac ef al. in a SWNT quantum dot
at small bias.?’ In our case, however, we believe that a more
likely explanation is due to a bias-dependent fluctuator that
modulates the transmission at one of the contacts.”® Accord-
ing to this model, the peak in the noise vs current reflects the
movement of the corner frequency of the Lorentzian fluctua-
tion spectrum across the frequency band of the measurement.

2.0
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FIG. 4. (Color online) (a) Current noise S over V, vs V, plane.
(b) Noise power of (a) converted into input voltage noise by divid-
ing by gfn. The region of smallest noise has been denoted by an
ellipsoid.
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FIG. 5. (Color online) (a) I, vs V, at bias voltage V=
+0.135 V () and V,;,=-0.135 V (O). The inset displays a set of
current traces on linear scale measured when at V,, has been
stepped from —-0.13 to 0.13 V by 26 mV (from bottom to top). (b)
145 vs Ve (>0) curves at V,=const, stepped from —1.6 to 0 V by
0.2 V (from bottom to top).

Initially, the noise increases when the corner frequency ap-
proaches the measurement band from below. The decrease at
large currents is because the total integrated noise over the
Lorentzian spectrum is fixed, and as the corner frequency
continues to grow, the noise per unit band has to decrease.?®
Thus, we argue that there are bias-dependent fluctuators in
metal-nanotube systems with tunneling rates in the gigahertz
regime.

The overall noise characteristics of our device are illus-
trated in Fig. 4(a). By multiplying S with 1/ g,zn, we may
convert the measured current noise into voltage noise at the
gate, which is displayed in Fig. 4(b). Here, we assume that
the electrical properties of the tube do not change with fre-
quency up to 800 MHz, as indicated by the experiments by
Yu and Burke.?” The lowest-noise region of operation is
marked by A, which is very close to the region of maximum
gn- However, since the variation of g,, is rather slow with V
and Ve, the optimum noise is located at a local minimum of
noise power. Note that, even though negative bias provides
larger g,, and smaller Fano factors, the smallest input equiva-
lent voltage noise 6V, is found at V>0 because I, is much
smaller at optimum regions at V>0 than at V<0.

At point A, we find 6V,=0.2 uV/VHz. This input voltage
noise, in turn, can be converted into charge noise at the gate,
which yields 6q,=20 ue/ VHz. At negativg)ias, our results
are about 30% worse, i.e., 5qg=30 ue/VHz. These values
are close to the results obtained in radio-frequency single-
electron transistor (rf-SET) setups using impedance
matching.’® Note that no matching circuits have been em-
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ployed here and that the noise has been measured over a
large band of 600-950 MHz. In a rf-SET setup with hun-
dreds of parallel SETs, a bandwidth of 1 GHz has been
achieved, but with a limited charge sens1t1v1ty of éq,
=2 me/\Hz due to a large input capacitance.?' Thus, our
results suggest that nanotube FETs based on MWNTs may be
employed as sensitive charge detectors at high frequencies,
rivaling the performance of rf-SETs.

Semiconducting nanotube devices are often described in
terms of field effect (FE)Lmoblhty correspondmg to transcon-

L G al
ductance MFE= G 39, = vy vy where C denotes the gate

capacitance per unit length.12 This quantity is employed for
the description of the “bulk” properties of the tube when the
contribution from the contacts can be neglected. In our case,
even though the length of the tube is not extremely large, the
resistance of the tube should dominate close to the pinch-off
of the device. Gate sweeps at V;,=+0.135 V are illustrated
in Fig. 5(a). From the figure, we may read at 0.1 uA that
conductance [,;/V,;; changes by decade/250 mV and by
decade/500 mV at positive and negative biases, respectively.
This fact that the threshold is sharper at V>0 is visible also
from the inset of Fig. 5(a) which displays a set of current
traces vs V, measured with stepping V,, over —=0.13-0.13 V.
The data in Fig. 5 yield for the maximum FE mobility upg
=1 m?/V s, which falls short by a factor of >100 from the
value extrapolated for ¢=6 nm using temperature-scaled
data of Ref. 10 measured above 50 K for SWNTs with ¢
=1-4 nm. This discrepancy indicates that our MWNTs are
more strongly diffusive than typical semiconducting SWNTs.

For completeness, Fig. 5(b) displays I, vs V,, curves of
our device when V, is varied from —1.6 to 0 V in steps of
0.2 V. Using exponential fits I, exp(eV/E,) for currents
I1,,<10 nA (at V;>0), we obtain E,=130 and 35 mV at

PHYSICAL REVIEW B 75, 125419 (2007)

Vg=—l.6 and —-0.4 V, respectively, with a monotonous de-
crease as a function of V,. Since the energy scale Ey> kgT
(T=4.2 K), it is likely that the exponential behavior in the
small current regime is due to quantum tunneling in Schottky
barriers.3> The applied gate voltage modulates the shape of
the barrier, leading to a change in E;,. When 10 nA <[,
<100 nA, E, is around 30-40 mV and nearly independent
of V,. Such a change of dependence may signal nonlinear
effects in quantum tunneling, or be an indication that the
charge transport is governed by two competing (parallel)
bottlenecks with different activation energy scales (e.g., tun-
neling to an innermetallic layer®®). When V, is increased
above —0.2 V, the I, vs V, relation is seen to change gradu-
ally from exponential behavior to a power law as the nano-
tube FET goes from the depletion regime to conducting state.

In summary, we have presented noise investigations on
semiconducting nanotube FETs at microwave frequency. We
find noise behavior that varies between sub- and super-
Poissonian values. The sub-Poissonian values are consistent
with double Schottky barrier configuration, while the super-
Poissonian results indicate the presence of two-level fluctua-
tors with bias-dependent switching rates exceeding 1 GHz.
For the input referred noise, expressed in terms of charge
noise on the gate, we find (2—3) X 107> ¢/\Hz. Thus, these
devices may challenge regular aluminum-based rf-SETs as
the ultimate charge detectors.
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acknowledge fruitful discussions with L. Lechner, M.
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by the EU contract FP6-IST-021285-2.
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