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Digital and FM Demodulation of a Doubly Clamped
Single-Walled Carbon-Nanotube Oscillator: Towards a

Nanotube Cell Phone

Vincent Gouttenoire, Thomas Barois, Sorin Perisanu, Jean-Louis Leclercg, Stephen
T. Purcell, Pascal Vincent, and Anthony Ayari*

Ecctromechanical resonators are a key element in radio-frequency
telecommunication devices and thus new resonator concepts from
nanotechnology can readily find important industrial opportunities.

Here, the successful experimental realization of AM, FM, and digital
demodulation with suspended single-walled carbon-nanotube resonators in
a field-effect transistor configuration is reported. The crucial role played by
the electromechanical resonance in demodulation is clearly demonstrated.
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The FM technique is shown to lead to the suppression of unwanted
background signals and the reduction of noise for a better detection of the
mechanical motion of nanotubes. The digital data-transfer rate of standard
cell-phone technology is within the reach of these devices.

1. Introduction

Nanoelectromechanical systems (NEMS) are attracting
increasing attention from researchers for their potential as
novel, ultrasensitive, high-speed, low-power devices? as well
as for diverse new physical phenomena in the thermal® and
quantum limits,"* or in the self-oscillating regime.">**) Thanks to
their nanometer-scale size and exceptional electrical and
mechanical properties, individual single-walled carbon nano-
tubes (SWCNTSs) are ideal candidates as the central vibrating
element for NEMS working in the MHz and GHz range.!”’
Despite recent progress, direct measurement of the intrinsic
high-frequency electrical response of individual CNTs is still
very challenging due to impedance mismatching and parasitic
capacitance. In particular, in the first studies of the response of
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CNT field-effect transistors (FETs) (without a mechanical
degree of freedom), the operating frequency response was
limited to below 100 MHz!®! or within a narrow high-frequency
band.Mtis only very recently that direct electrical detection in
the GHz range has been achieved.!]

High-frequency response can be detected indirectly
through signal mixing. Mixing is a widespread technique used
in most high-frequency instruments that allows the frequency of
any signal to be varied without losing information about its
amplitude. A high-frequency signal can easily be converted into
a low-frequency signal, which simplifies tremendously the
detection. (The necessary mathematical basis is developed in
some detail below.) The first mixing measurement of individual
nanotube transistors reached a carrier frequency of 500 MHz!'!]
and shortly afterwards several tens of GHz was detected.!'>!]
This technique is also presently the only one applied to detect
electrically the mechanical resonances of doubly clamped CNT
NEMS [+l

Signal mixing has been an essential ingredient in radio
transmission since the birth of the industry. The low-frequency
electrical transduction of the sound is first carried over large
distances at high frequency by up mixing (also called
modulation) and then recovered by down mixing (i.e.,
demodulation) in a standard radio set. So, an interesting
avenue to explore has been the use of CNTs for the
demodulation of signals generated by amplitude modulation
(AM) or frequency modulation (FM). AM detection is
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mentioned in Reference '”! for the study of mechanical
resonances of doubly clamped CNTs. Later, References (20]
and ?!) emphasized the potential of CNTS in a “nanoradio”
application. However, the AM radio of Reference ** was with
a transistor using a fixed, non-suspended, non-resonating CNT
and the mixing was only due to the non-linearity of the device.
This lacked two important ingredients: i) Frequency tuning,
that is, no selection of a radio station was possible or in other
words all the radio stations are received at the same time; ii) FM
demodulation; an FM signal needs an additional stage called a
discriminator that converts frequency into an amplitude signal.
The radio of Reference ?!! used the tunable mechanical
vibrations of CNT field emitters and could manage AM and FM
demodulation. However, the drawbacks of this configuration
are:i) it requires high voltage for field emission (FE), ii) it is less
compatible with the microelectronic technology than a
transistor, and iii) the FE current is rather unstable, creating
noise that passes through the down mixing to the sound signal.
In this Full Paper we unified these two configurations to
perform AM and FM demodulation on suspended SWCNTs in
atransistor geometry where the tunable mechanical resonances
play an essential role. Moreover, we go beyond this and
demonstrate digital demodulation, a crucial point for cell
phones and modern communications.

2. Results

A signal from a lock-in amplifier at low frequency (wy ) was
sent to the FM input of a radio frequency (RF) generator
(Figure 1A). We typically used wy /27 = 616.3 Hz, though audio
signal frequencies were also tried. An FM signal
VEM(1) = Vicos(y(r)), where ¥(f) =w, t+ (wplwp)sin(wt),
was applied to the source electrode of the nanotubes where
V. was the applied voltage, w. the carrier frequency, w, the
frequency deviation, and ¢ the time. Finally, the low-frequency
signal from the drain electrode was measured by the current
input of the lock-in. In a standard FM radio, w, is proportional
to the amplitude of the sound to be carried and wy is its
frequency.

Figure 1B shows a scanning electron microscopy (SEM)
image of a suspended nanotube at the end of the process.
Measurements were carried out on 7 different devices. We
swept . over large frequency spans and recorded the
magnitude (R) and phase () of the lock-in signal for different
fixed DC gate voltages. Peaks in current were found at various
frequencies. These peaks were proven to be due to the
vibrations of the nanotube by varying the DC gate voltage,
which tunes the frequencies of the mechanical resonances
by mechanical strains induced by electrostatic forces!'>??, We
also performed some measurements with the same mixing
technique as Reference ' to check that the resonance peaks of
our sample were at the same frequency with both methods.
After coarse identification of the resonances, finer frequency
scans were made to determine their exact shape (Figure 2A).
R showed a rather unusual form with one central peak and
two satellites while 6 had abrupt and very clear 180° jumps
when R was a minimum (Figure 2B). To achieve a first
understanding of these forms, for example, the jump in 6, we
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Figure 1. A) Schematic diagram of the experimental setup for FM
measurements. B) SEM image of a device with a suspended nanotube
between two gold electrodes (scale bar: 1 pm).

also performed “X and Y’ measurements with the lock-in,
where X = Rcos(0) is the in-phase current,and Y = Rsin(6) is
the out-of-phase current. With an appropriate choice of the
phase of the lock-in, we could cancel the Y component to get
only the resonant current in the X component (see Figure 2C
and D). R in Figure 2A has the form abs(X) of Figure 2C, which
shows that the phase jump in the 0 signal is due to the sign
change of X and the absence of an out-of-phase resonant signal.
Below we develop the mathematics necessary for calculating
these curves and thus allowing their exploitation in radio
applications.

For comparison, we also performed AM demodulation at
the resonance (see Figure 2E and F) by applying at the drain an
AM signal VAM(r) = V(1 + m*cos(wy. t))*cos(w, £) where m is
the modulation depth. The electromechanical signal is super-
imposed on a 25 pA background current and the signal is
noisier. FM demodulation is a clear improvement in terms of
mechanical detection as FM systems are better in rejecting
noise than AM systems!>®] and because the FM demodulated
currentiszero far from the resonance. Indeed, noise is generally
related to amplitude variation and is nearly independent of
frequency as long as the signal is not too close to DC.
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where 8x(t) is the instantaneous mechan-
ical displacement of the nanotube due to
electrostatic actuation and I, is the current
coming from higher order terms in the
Taylor expansion responsible for the low
frequency signals that can be detected by
the lock-in. The first and third terms on the
right hand side are zero because no current

114
Frequency (MHz)

e flows in the absence of source drain
voltage, for any x, or VgDC. The second

term gives only high frequency signals.

%

I, is at the origin of the signal mixing
1 technique that we mentioned in the intro-
duction. Mixing in its simplest form is the
multiplication of two harmonic signals that
enter a two terminal mixer device. A signal
{  proportional to their product is generated at
the output due the non-linearity of the I/'V
, characteristics. From trigonometry the out-

Frequency (MHz)

N ™ putsignal has a harmonic component at the
difference in the frequencies of the two

T - incoming signals with amplitude related to
the high frequency intrinsic response of the
device. So this technique can be used to shift
| the frequency of the input signal. For
instance, if the two incoming signals are
very close in frequency, the output signal is
at very low frequency and can easily be

detected.
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Figure 2. A,B) Magnitude and phase of the lock-in current versus carrier frequency in FM mode 21 21
for wa/2m=500kHz, w /2n=616.3 Hz, —9.5V of DC gate voltage, V. =20mV, and a time L~ 1/2—2(V(I))2 V(1)8x(t)
constantof300 ms.C,D) In-phaseand out-of-phaselock-in currentversus carrierfrequencyin FM W Vs

mode on a different sample for wa/2n=75kHz, w /27t =616.3 Hz, 5V of DC gate voltage, 2
V. =10mV, and a time constant of 100 ms. The solid line in (D) is a fit of the experimental data

@)

with Equation (4) (Q = 160, wo/2n = 73.6 MHZ). E,F) In-phase and out-of-phase lock-in current
versus carrier frequency in AM mode on the sample shown in (A) and (B) for m=0.9, v,/

21t =616.3 Hz, —9.5V of DC gate voltage, V. =20mV, and a time constant of 300 ms.

3. Analysis

In the following we will show that X in Figure 2C is the
derivative of the real part of the complex Lorentzian response
function of the resonator and that the cancellation of Y is a
specificity of FM detection. The source current I(Viqx,Vy)
depends on three parameters: the source drain voltage Vg, the
gate voltage V,, and x, the position of the middle of the nanotube
perpendicular to the substrate. In our experiment, with a fixed
DC gate voltage V?C and an AC source drain voltage V(¢), the
leading terms of the current are given by a second-order Taylor
expansion around V=0 and x=x, X0#0 due to the
electrostatic bending toward the gate induced by V?C:

1(V(1),x0 + 8x(1), Vi)

al
=1(0,x0, V<) + Wd(o,xo, VeV ()
S¢

ol

2 (0,00, VO)Sx(1) + 1 M
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where for the same reason as for Equation
(1) the last term is zero. The first term is the
same as the one of Reference 2°!. For an applied AM signal,
this term gives a DC rectified signal, several high-frequency
signals and a signal at the modulation frequency. For FM it is
useful to decompose the applied signal with the Jacobi—Anger
expansion:

V() = V, x {JO(%)COS(%;)

+ ZJH(%)(COS((% —nowp)t) + (—1)"cos((we + nwy)t))

where J,, is the n'" Bessel function. It is straightforward to show
that the square of this expression, needed for the V(¢)? factor in
Equation (2), has no signal at the modulation frequency wy,
(since the cos(wy t) terms cancel each other) but still has DC
and high-frequency signals. This demonstrates that pure
electrical non-linearities, as used in Reference [20], cannot
demodulate an FM signal, that is, no sound can be heard from
this term in the FM mode.
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Let’s now take a look at the remaining term: the
electromechanical current for an FM signal. It is usually
assumed that 8?1,4/0xVyy is proportional to the transconduc-
tance and to C’, the space derivative of the capacitance between
the tube and the gate, but it could also be related to a
piezoresistive effect. Such piezoresistive effects are possible
either due to a strain-induced intrinsic conductance
change®*’! or a variation of the contact resistance. For
generality we won’t make any assumption here about this term.

The argument of the cosine in the V™ signal can be
rewritten (¢ + Atf) =y (¢) + 0y/0tAt where At is a time of
the order or smaller than the timescale of the oscillator Q/w,
where Q is the quality factor of the resonator. A sufficient
condition to neglect higher-order terms and transient is
w.>>wy and wy/Q >> wy. The electromechanical current is
onlysignificant at the resonant frequency w, so we consider here
.~ wy. These conditions are satisfied in our experiment, so we
can consider that the oscillator is submitted at each time ¢ to a
harmonic forcing of frequency w; = 0y/dt = w. + wa cos(wrt),
namely the instantaneous frequency, with an additional phase
term v/(¢) thatis constant over the timescale of interest. Thus the
FM electromechanical current is:

2

a1
= MVC cos(w;At + (1)) dx(t + At)

FM

The remaining term to determine is the deplacement. In the
approximation of a single mechanical degree of freedom, the
complex frequency response function of the displacement
dx*(w) after linearization of the driving force
C(VPC = Vogtser — Vim(1)?/2 is:

DC N
Sx % ((U,') _ —C/ Vg - Votfset

Ve
2 2 4 20w
Wy — Wi +i75

2meﬁ-

where Ve 1S an offset voltage due to some residual
charges at zero voltage, meg is the effective mass of the
nanotube. The instantaneous mechanical displacement of the
nanotubes is:

Sx(t + Ar) = Re(8x" (w;)) cos(wiAt + (1))
— Im(8x" (w;)) sin(w; At + ¥ (1))

small

Substituting this into Equation (2) gives the low-frequency
term of the electromechanical current, IF¥:

2

#1 .

Finally a Taylor expansion of Re(8x*(w;)) for wx < w, gives:

R £
Re(dx * (w;)) = Re(8x x (w)) + %aﬂ cos(wrt)
w;
2 *
% %wi cos(wp1)* + ...

3)

Remarkably there is no term in sin(wrf) and no purely
electrical term with cos(wy f). Consequently, contrary to other
detection techniques, there is no undesirable background
current that interferes with the electromechanical current.
For example, in a two-source setup as used by all previous
work!!418] there is an additional purely electrical background
current from a 82lsd/3V5d8Vg term. In AM detection, a similar
analysis shows that this background is superimposed on the real
part of dx*(w.). In FM detection the current detected by the
lock-in at frequency wy_ is then proportional to:

2 2
- oh— ez - ah +9) N
2

(68— a2+ (=)’

where F is the derivative of the real part of dx*(w), without
unnecessary multiplicative constants. Interestingly, the zeroes
of F(w.) gives the quality factor. We fitted our data by this
function (see Figure 2C) and obtained a good agreement.

4. Discussion

A peculiarity of the FM signal is that the power transmitted
is independent of the value of w,, which follows from the
identity: 1= [Jo(u)]erZfo:l [Ja(w)]?, where u is any real
number. As the electromechanical current is proportional to
wy, it should increase linearly with ws. We confirmed
experimentally (see Figure 3A) that the demodulated FM
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Figure 3. A) Absolute value of the maximum current at cos(w ) (l)and frequency difference between Flw,) zeroes for different w, for the same

parameters asin Figure 2A (e).The solid lines are obtained from numerical simulations. B) In-phase currentversus carrier frequency forw,/2m = 50 kHz
(solid line), 200 kHz (dashed line), 700 kHz (dotted line), and 2 MHz (dashed doted line). C) In-phase current versus carrier frequency for different
harmonics (harmonic 2: solid line, harmonic 3: dashed line, harmonic 4: dotted line) with wa/27 =500 kHz, w, /2n=616.3 Hz, —9.5V of DC gate

voltage, V. =12 mV, and a time constant of 300 ms.
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Figure 4. A) Schematic digital demodulation (M in-phase and e out-of-phase component) for
wp/21=200kHz, w /21 =616.3 Hz, w./2n=112.8 MHz, —9.5 V of DC gate voltage,

V. =20mV, and a time constant of 10 ms. B) High-speed digital demodulation for
wa/2n=750kHz, w /2n=7243 Hz, w /21 =156.98 MHz, 9V of DC gate voltage, V. =20mV,

and a time constant of 30 ps.

current follows this linear dependence for low w, before
peaking at a w, slightly smaller than the Lorentzian width
because of higher-order terms in Equation (3). This maximum
(of the order of §*I,y/ 3xdV,aV20/2a,) is comparable but larger
by at least a factor of 2 to the signal intensity obtained by the
two-source mixing technique for the same amount of power.
Thus there is a non-negligible gain of signal by using FM
excitation. For too high w,, the cos(wy f) component of the
current is no longer proportional to F(w,); its zeroes move
further apart and they no longer give the quality factor directly
(see Figure 3A and B). From the experimental data at low wj,
we extracted the parameter of F(w.) and calculated numerically
the value of the cos(wy_t) component of I M for various w, and
got an excellent agreement (see Figure 3A). Finally in this
regime, detectable higher-order terms implies the appearance
of harmonics from the expansion of cos(wy #)" terms (where n is
for the n" order). Each harmonic is proportional, to first order,
to the n'™ derivative of Re(dx*(w;) (see Equation (3)). For
wa=500kHz, we observed up to 9 harmonics (Figure 3C shows
harmonics 2, 3, and 4) and could hear clearly distinguishable
noise distortion when the signal was sent to a loudspeaker.
However, for radio applications, where w, <200kHz, our
device is still in the linear regime.

An important point about the cancellation of the Y
component is that this detection technique is not only sensitive
to the frequency wy , butalso toits phase. This is of some interest
for digital data transfer since some common modulation
schemes such as quadrature phase shift keying (QPSK) uses the
phase of the signal to enhance data transmission by sending
more than 1 bit at the same time. The principle is to code, for
example, 2 bits by changing the phase ¢ by n/2 steps. This gives 4
different states (¢ = 0 coding 00 in bits, ¢ = n/2 for 01, ¢ = = for
10 and ¢=3n/2 for 11). Experimentally, we used an
independent low-frequency generator to send the cos
(wrt+ ) signal that frequency modulates the carrier frequency
of the high-frequency generator. We record the demodulated
signal in the lock-in using its internal source. The carrier
frequency is fixed at the resonance of the nanotube. For ¢ =0,
we set the phase of the lock-in in order to have a large negative
signal in X and zero in Y, then we keep the phase of the lock-in
constant and only change the phase of the external low-
frequency generator. So for ¢ = /2 we got zero in X and a large

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

connection between the lock-in and the
computer. To push the data transfer rate
even further we i) used a sample with a
resonant electromechanical current above
1nA tolower the time constant of the lock-in
and still have a reasonable signal to noise
ration and ii) perfromed the measurement
of the current with the analog 100 kHz bandwidth output of the
lock-in sent to a high-speed oscilloscope. Figure 4B shows arise
time of 200 ps with a signal to noise ration of 8 when passing
from 00 to 01. Thus we have achieved a transfer rate of 10 kbps
thanks to this 2-bit-at-a-time transfer method. This means that
our device reached the requirement for the widely used global
system for mobile communication (GSM) cell-phone standard
where the voice is digitally transported at a 9.6 kbps rate. A
higher rate would require higher demodulation current, which
could be obtained by reducing damping from clamping,
nanotubes surfaces, or temperature effects.

5. Conclusions

We showed that FM and digital demodulation is possible
using CNT NEMS in a transistor geometry. We theoretically
demonstrated that the shape of the resonance peak is related to
the derivative of the real part of the response function of the
resonator. With this technique, it is possible to reduce the noise
and unwanted background signals as well as to detect
derivatives of the response function up to the ninth order.
The noise reduction of FM demodulation might be useful for
NEMS applications such as ultimate mass sensing. Our device
achieved a transfer rate of 10kbps, which is compatible with
GSM requirement.

6. Experimental Section

Sample preparation: The device fabrication was as follows.
CNTs were grown by chemical vapor deposition on a degenerated
silicon substrate used as a backgate with a 300-nm SiO, layer.
Contact pads for source and drain were fabricated by optical
lithography, evaporation of 20 nm of Cr and 250 nm of gold and lift
off. The spacing between electrodes is 2 um and the diameter of
the tubes (measured by atomic force microscopy) was between 1
and 3 nm. Finally, the tubes were suspended by wet etching in
buffered hydrofluoric acid, followed by critical-point drying in CO,.

Experimental set up: Measurements were performed at room
temperature in a homemade ultrahigh vacuum probe station (base
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pressure below 2+107° Torr). The drain and gate electrodes had a
50 ohm terminator to minimize impedance mismatch between the
nanotubes and the coaxial cables (although with FM measure-
ments this electrical resonance is not visible). A high-pass filter
was used to filter low-frequency leakage from the RF generator.
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