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ABSTRACT

We have constructed a fully functional, fully integrated radio receiver from a single carbon nanotube. The nanotube serves simultaneously as

all essential components of a radio: antenna, tunable band-pass filter, amplifier, and demodulator. A direct current voltage source, as supplied

by a battery, powers the radio. Using carrier waves in the commercially relevant 40 —400 MHz range and both frequency and amplitude modulation
techniques, we demonstrate successful music and voice reception.

Radio has had a profound effect on civilization fromitsearly r = - === === === = === 1
use in critical communications, such as with ships at sea, to!
its later use during the “golden age” of radio in the 1930s as !

I
|
a mass medium for news and entertainment, and finally to! | '
its more recent uses in cellular phones, wireless computerI M,L * : )
I
I

networks, and the global-positioning system. Historically, : o | _
applications of radio have been tightly linked to available : Antenna  Tuner Amplifier  Demodulator
technology. For example, early spark-gap receiverswereonly — — — = = = = — = — = — — — — —

capable of receiving on/off signals such as Morse code. Vac- All-in-one nanotube radio

uum tube technology enabled cheap, reliable audio com- _. . . . .
L s . . Figure 1. Block diagram for a traditional radio. All four essential
munication. Perhaps most strikingly the solid-state transistor components of a radio, antenna, tuner, amplifier, and demodulator

transformed the radio from a bulky, power-hungry, and may be implemented with a single carbon nanotube.

stationary unit to a device that could be carried in a shirt-
pocket! Today, the same silicon-based technology that gave
us the transistor is fast approaching hard physical limits, and
it is expected that future progress will require new nanoscale
materials’ for example carbon nanotub&s. Combining
many of the unique electrical and mechanical properties of
carbon nanotubes? we have fabricated a fully functional
radio receiver, orders-of-magnitude smaller than previous
radios, from a single carbon nanotube. The nanotube radio
may lead to radical new applications, such as radio controlled
devices small enough to exist in a human’s bloodstream, or
simply smaller, cheaper, and more efficient wireless devices.

Speaker

signal power to a more robust level. Finally, the demodulator,

typically a nonlinear device like a diode, extracts from the

incoming modulated, high-frequency radio signal the lower

frequency informational signal that, depending on applica-
tion, can either be directly amplified and sent to an audio

loudspeaker (as shown in the remainder of the block diagram
in Figure 1) or further processed by a computer or other
instrument.

Amazingly, all four critical radio receiver components can
be simultaneously implemented with a single carbon nano-
To understand how the nanotube radio receiver operates tube. A schematlc_ of t_h(_—:- nanotube_ radio IS ShOW.” in Figure

2a. A model of simplicity, the entire radio consists of an

Itis instructive to examine how radio receivers work in individual carbon nanotube mounted to an electrode in close
general, specifically envelope detector radio receivers. These roximity to a counter electrode. A direct current (dc) voltage
radios consist of four essential components: antenna, tuner,IO ty : 9

amplifier, and demodulator, all shown in the dashed box in 2(:11(1;0% nghtizf:ggoa tl)r?]ttirr)t/é:t ?g??ﬁgtf: dt_(;,th(; eé?;_rgges
the block diagram in Figure 1. The antenna receives theth P \INde bi 10. i pl h the i Iftsh P ; b'
incoming radio transmissions. The tuner then filters this € appiled dc bias negafively charges the tip otthe nanotube,

received signal, selecting a frequency range or channel Oftser(;smzmg It to toicnlatmg etle_ctné: _f|e|ds. Alsot, b.Otr:I eLeT
interest. The amplifier increases the generally weak radio rodes and nanotube are contained in vacuum, typically below

1077 Torr. Interestingly, this geometrical configuration is
*To whom correspondence should be addressed. E-mail: reminiscent of a conventional vacuum tube, and indeed there
azettl@physics.berkeley.edu. are some key functional similarities between the two.
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Figure 2. (a) Schematic of the nanotube radio. Radio transmissions - e ,““‘l * L, “
tuned to the nanotube’s resonance frequency force the chargec 0 500 1000 1500 2000
nanotube to vibrate. Field emission of electrons from the tip of the Frequency [Hz]

nanotube is used to detect the vibrations and also amplify and

demodulate the signal. A current measuring device, such as aFigure 3. Transmitted and received audio waveforms (inset) and

sensitive speaker, monitors the output of the radio. (b) Transmissionfrequency spectra of 2 seconds of the song “Good Vibrations” by

electron micrographs of a nanotube radio off and on resonancethe Beach Boys. The nanotube radio faithfully reproduces the audio

during a radio transmission. signal, and indeed the song is easily recognizable by ear (see
Supporting Information).

The nanotube radio operates in a radically different manner
than traditional radios. Whereas traditional radios are entirely cathode (the anode is not shown as it is more than one micron
electrical in nature, the nanotube radio functions at least in off the image toward the left). In the upper image, the
part mechanically. Briefly, electromagnetic waves from an nanotube resonance frequency does not match the transmitted
incoming radio transmission impinge upon the nanotube carrier wave frequency; the nanotube is relatively motionless
forcing it to physically vibrate through their action on the and no radio reception can occur. Apparent in this image is
charged tip. These vibrations are only significant when the the negative charging of the tip of the nanotube, which
frequency of the incoming wave coincides with the nano- manifests itself as a significant brightening toward the
tube’s flexural resonance frequency. As described in detail nanotube’s tig! In the lower image, the nanotube’s reso-
below, the nanotube’s resonance frequency can be tunechance frequency has been brought into tune with the
during operation, and hence the nanotube radio, like any goodtransmission carrier wave frequency (251 MHz). Here the
radio, can be tuned to receive only a preselected band of theoscillating electric field of the radio signal resonantly drives
electromagnetic spectrum. Already, this explains at leastthe charged nanotube causing it to vibrate vigorously thereby
superficially how the nanotube serves as both antenna andblurring its image® During this resonance condition, radio
tuner of a radio. reception is possible.

The amplification and demodulation stages rely on the To correlate the mechanical motion of the nanotube to
remarkable field-emission properties of carbon nanotubes,actual radio receiver operation, we launched a frequency-
which are due in large part to their needle-point geometry modulated (FM) radio transmission (amplitude-modulated
that concentrates the electric fieldThe dc bias voltage  (AM) signals work as well) of the song “Good Vibrations”
applied across the electrodes in Figure 2a produces aby the Beach Boys. After being received, filtered, amplified,
nominally constant field-emission current. Mechanical vibra- and demodulated all by the nanotube radio, the emerging
tions of the nanotube modulate the field-emission curkent, signal was further amplified by a current preamplifier and
which then serves as the easily detected electrical signal.sent to an audio loudspeaker and recorded. The upper portion
Because the battery voltage source, rather than the incomingf Figure 3 shows the frequency spectrum and audio
electromagnetic wave, powers the field-emission current, waveform d a 2 ssegment of the song as transmitted, while
amplification of the radio signal is possible. Also, due to the lower portion of the same figure shows the same segment
nonlinearities inherent in field-emission, demodulation of the as received by the radio. The nanotube radio faithfully
radio signal occurs as well. Thus, all four essential compo- reproduces the audio signal, and the song is easily recogniz-
nents of a radio receiver are compactly and efficiently able by ear (see Supporting Information for audio and video
implemented by the vibrating and field-emitting nanotube. of this song and other nanotube radio classics). As a test,

Because of the critical role played by mechanical motion during operation we purposely detuned the nanotube from
of the nanotube during radio operation, visual observation the carrier frequency, and as expected whenever mechanical
of the nanotube radio is invaluable. We accomplished this resonance was lost so was radio reception. We found it
by mounting the nanotube radio inside a high-resolution straightforward, even without active feedback, to maintain
transmission electron microscope (TEM). A sine-wave carrier “lock” on a given radio transmission channel for many
radio signal (generated for screening reasons inside the TEM)minutes at a time. Of course, it is not necessary to operate
was launched from a nearby transmitting antenna. Figure 2bthe nanotube radio inside a TEM. Using a slightly different
shows TEM micrographs of the nanotube attached to the configuration, we successfully transmitted and received
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Fine-tuning of the radio within the desired band is ac-
complished by tensioning the nanotube with an electrostatic
field.®® Thus, much as a guitar is tuned by tensioning its
strings, the nanotube’s resonance frequency is tuned (over
several megahertz) through small adjustments to the already
established dc bias voltage. Figure 4b demonstrates fully
reversible fine-tuning of a nanotube’s resonance frequency
during radio operation.

The antenna is implemented by the charged tip of the
nanotube. This is substantially different than other proposals
that use nanotubes as scaled-down versions of macroscopic
antennad®'* The quantity of charge at the tip critically
affects the performance of the antenna. Nanotubes of similar
sizes and under similar conditions to the ones used in this
, , , , , experiment L ~ 500 nm,r ~ 5 nm, Eex ~ 10° V/m)

500 600 700 800 900 1000 accumulate approximately 8 10717 C of charge (almost
Nanotube length [nm] 200 unbalanced electrons) at their ttpsThe tuner filters
b Fine tuning radio signals through the nanotube’s flexural resonance
78 - - - - - frequency. According to classical EuteBernoulli beam
theory, the resonance frequency of a cantilevered nanotube
is fo = 0.56L2VYl/pA, where L is the length of the
nanotubey is the Young’'s modulud, is the areal moment
of inertia [(7/4)(r,* — r?) for a cylinder with outer and
inner radiir, 17)], p is the density, and\ is the cross-sectional
area'® Typical nanotubes used in our experiments had
resonance frequencies from 10 to 400 MHz, lying in a
commercially relevant portion of the spectrum including FM
radio. The bandwidth of the filter is determined by the quality
factor of the nanotube resonators, typically around 500 (see
_ Figure 4b).
87 88 83 90 By combining theoretical results for the antenna and tuner,
. . Frequency [MHz] it is possible to determine the sensitivity of the nanotube
200 205 210 215 220 225 230 radio to incoming electromagnetic waves. The amplitude of
Bias voltage [V] the vibrations of the tip of the nanotube is given by the
familiar equation
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Figure 4. Demonstration of coarse and fine methods for adjusting
the center frequency of the nanotube radio’s tuner. (a) During coarse

tuning or “trimming”, the nanotube is controllably shortened thus OE .M
increasing its resonance frequency. Its resonance frequency closely lyl = (1)
follows the 1L? dependence predicted by Euteernoulli beam \/(a)z — 0%+ (wwyQ)?

theory. (b) During fine-tuning, a bias voltage is used to adjust
tension on the nanotube. Multiple sweeps of the bias voltage
demonstrate the reversibility of the process. Inset is a typical whereq is the charge on the tif.q IS the amplitude of the
resonance peak with a Lorentzian fit. electric field of the incoming transmissiom ~ 0.24 m is
the effective mass of the nanotube determined from Euler

signals across the length of our laboratory, a distance of Bernoulli theory, an@ is the quality factor. This amplitude
several meters. may be compared to the thermal vibrations of the nanotube,

We turn now to details of nanotube radio operation and Whi_ch uItima_te_Iy limit the sensitivity qf the single_nanotub_e
ultimate sensitivity limits. The resonance frequency of the radio. The minimum detectable electric field amplitude while
nanotube radio is tuned using a two-step process. An initial maintaining a bandwidtB is Eraq = (1/0)./4kg Tmq,B/Q,
“coarse” tuning adjustment sets the operational frequencyWhich for our experiments was typically 1 V/iHz or
band by trimming, or shortening, the length of the nanotube. equivalently 60 dBmV/m¢/Hz !’ The nanotube radio’s
To accomplish this, a high field-emission current, which is Sensitivity can be enhanced by operating at reduced tem-
much higher than used for radio operation, is run through perature, using a lower resonance frequency, or improving
the nanotube, and as a result carbon atoms are ejected frorthe Q of the oscillating nanotube. Other modifications include
the end of the nanotube, permanently altering its lefgth. attaching an external antenna (this method was found
The trimming process is terminated once the nanotube’s effective for long-range reception described above) or in the
resonance frequency reaches the target frequency bandnterest of preserving the overall small size of the receiver
Figure 4a demonstrates coarse tuning of a nanotube radicSystem using multiple nanotubes all tuned to the same
from a lower frequency FM radio band (around 100 MHz) frequency.
to much higher frequency bands (up to 350 MHz) reserved The final two components of the nanotube radio, amplifier,
for applications such as television or emergency services.and demodulator rely on the details of field-emission from
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nanotube tips. The field-emission currehtfrom a carbon
nanotube is well described by the Fowlétordheim lavi®

)

)

— 2 _

whereA is the area from which the nanotube emks, is

the external applied electric field, andis the local field
enhancement factor. The constaaitgndc,, which involve

only fundamental constants and the nanotube’s work func-
tion, take the values 3.4 10°° A/V2 and 7.0x 10 V/m,
respectively. The field enhancement factor, a measure of the
concentration of the local electric field by the nanotube’s
geometry, distinguishes carbon nanotubes as excellent field
emitters and also plays a critical role in the operation of the
nanotube radio. To a good approximation, the field enhance-
ment factor for a nanotube js= 3.5+ h/r, whereh is the
height of the tip of the nanotube above the cathoderasd

the radius of the nanotuBBe As the nanotube vibrates, the
height of its tip oscillates resulting in a time-varying field
enhancement factory(t) = yo + Ay(t).

The response of the field emission current to the vibrations
is determined by substitutingo, + Ay(t) for y in eq 2.
Expanding to second order in powersof(t)/yo and filtering
out the zeroth and first powers afy(t)/yo, which correspond
to dc and radio frequency terms, yields

C
o=

Al(t) = 1oL+ o+ oZ2) Ay (v o) =
VOEem

®)

which accounts for both amplification and demodulation.
Amplification occurs because the output of the radi(t),

is proportional to the field emission curreng, which is
powered by the battery voltage source. The power gain, given
by the ratio of the power dissipated by the signal current
through a load resistoP. = AlnéR., to the power absorbed
by the nanotube from a radio signal on resonare—=
Merrwo®|y|%2Q, was typically on the order of 50 dB in these
experiments, though it is easily adjustable over a wide range.
Demodulation occurs becaugd(t) is proportional to the
square of the input signdly(t), effectively mixing the input
signal with itself. In this manner, a field-emitting nanotube
operates similarly to standard diode detectors.
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