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ABSTRACT

Here we report experimental results for a carbon nanotube (CNT) based amplitude-modulated (AM) demodulator for modulation frequencies

up to 100 kHz. Further, the CNT based demodulator was successfully demonstrated in an actual AM radio receiver operating at a carrier
frequency of 1 GHz and capable of demodulating high-fidelity audio. The demodulation originates from the nonlinear current -voltage ( bs Vs
Vbs) characteristic of the CNT, which induces rectification of a portion of the applied RF signal. By properly biasing the CNT such that the

operating point is centered on the maximum nonlinear portion of the I~V curve, one can maximize the demodulation effect. This represents

a simple application of carbon nanotubes and nanotechnology to the wireless realm.

The use of carbon nanotubes (CNT) as components in high- r
frequency electronics has garnered much attention due to :
their favorable characteristics such as large mobilities, high !
transconductance, and long mean-free paths. Aside from the :
popular application of CNTs as high-frequency field-effect 1
transistors; ® other successful applications include their use :
as RF detectors and mixers. The use of CNTs as an RF mixer 1
has been demonstrated in various arrangements by Appen- :
zeller et al. and later by Rosenblatt et al. up to 50 GHz, as 1
well as by Pesetki et al. who measured frequency indepen- :
dence up to 23 GH%.8 All the preceding work utilized the ]
nonlinearity of the drain current with respect to the gate- :
sourcelp(Ves) relationship. More recently, Rodriques etal. L - - -
have demonstrated similar mixer properties of heterodyne
microwave detection up to the low gigahertz frequency at

= 77 K but this time by taking advantage of the nonlinearity
of the source-draihp(Vps) relationship created by the zero-
bias anomaly that manifests at low temperatdrés.this
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Figure 1. Schematic of the test-setup for the CNT-based AM
demodulator. SEM image of a CNT (right).

Carbon nanotubes were synthesized on high resistivity Si

- : < . wafers #8000 cm) to minimize the detrimental effect of
work we utilize room-temperature nonlinearities present in parasitic capacitance at high frequencies. Using optical

the source-draifb(Vos) relationship and report experimental i qqraphy, catalyst regions were patterned onto the wafer
results for a carbon nanotube based amplitude-modulated,nq afte 1 h of sonication an aqueous solution of 100 mM
(AM) demodulator with modulation frequencies up 10 FeCy catalyst was applied for 10 s and rinsed with DI water.
100 kHz. Our device thus represents a room-temperature tWo-The CVD growth process is identical to that detailed
terminal nonlinear device, simpler than prior three-terminal g|sewherél!2 Subsequent to the nanotube growth, Pd (20
mixers/detectors. Though not optimized, it represents the firstnm)/Au(go nm) electrodes were evaporated onto the nano-
such demonstration, similar to that proposed in Manohara tybes with a gap-spacing of 50n and a width of 30Qum.

et al’® Additionally, we present noise measurements of a Only samples with a single CNT bridging the gap were used
CNT RF detector. Finally, the CNT based demodulator was for this work. To perform high-frequency measurements the
successfully demonstrated in an actual AM radio-receiver sample device was incorporated on a microwave mount with
demodulating high-fidelity music. This represents a simple a pair of SMA connectors and microstrip line connecting
application of a CNT that can demonstrate the utility of the device as shown in Figure 1. A total of four devices with
nanotechnology in the wireless field. semiconducting CNTs were tested, and all were capable of
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Figure 2. (a) Plot of the source-drain differential conductance vs i : i {
gate (substrate) voltage of the semiconducting CNT. (b) Cutrent ! ' ' !

voltage (ps Vs Vps) curve. [b] -20 R|;1F"50wer(;j1E?m) -

acting as an AM demodulator. The conductance vs gateFigure 3. (a) Comparison of demodulated current (red crosses)

voltage of the semiconducting CNT under study is presentedand |d?/dV? (blue dots) with respect to the bias voltag®s,
in Figure 2 showing a very good match. (b) Linear modulation current detected

. - , by a lock-in amplifier across a 10@Xresistor, indicating thdtis
To determine specific features of the nanotube’s use as ay;onortional toVee? (f = 1 GHz, P = 0 dBmM, fnog = 13 H2).

demodulator, a simple test setup was devised, as shown in
Figure 1. An Agilent E4428C signal generator, with ampli-
tude modulation, functioned as the RF source transmitter (Ios Vs Vbs) characteristics of the CNT itself:* We found
(TX) and was fed through a MiniCircuits 0565000 MHz the demodulated signal followed this relationship very well.
bias tee and into the sample device. Sinusoidal modulationComparing the demodulated signal to the absolute value of
frequencies of 0.02100 kHz were used to amplitude- the numerical second-derivative of theV trace shown in
modulate (AM) the RF carrier with an 80% modulation Figure 2b, we see in Figure 3a that the two are nearly
depth. The CNT along with a sense resistor and a lock-in identical in form supporting thdtecies [ d?l/dV2 Further,
amplifier (SR-810) functioned as the receiver (RX) in this the proportionality relationship between detected output
setup. Extraction of the modulation signal from the RF carrier signal and the applied RF power (which itself is proportional
was performed by the CNT and the lock-in amplifier, t0 Vre?) was measured to be linear, indicating thakiies O
which was tuned to the modulation frequency and used to Vr#, as shown in Figure 3b.
measured the voltage-drop of the signal across the sense Maximizing the demodulated signal can be achieved
resistor. through proper biasing of the CNT. As evident in Figure
The CNT is capable of demodulating an amplitude- 3a, one can obtain maximum demodulation by biasing the
modulated RF signal due to its nonlinear currevbltage =~ CNT such that the operating point is centered on the
(Ios VS Vps) characteristics. It can be shown that such maximum nonlinear portion of the-V curve. Due to the
nonlinearities can rectify a portion of the applied RF current, inherent symmetry of the nanotube, two such operating points
which to first order comes out to be exist at +1 V. The maximum current responsivity was
measured to be 125 nA/mW and was found to be independent
of back-gate voltage.
Vre (1) Considering that the CNT resistance is on the order of
100 kQ, from an RF point of view, a large impedance
mismatch will exist between the CNT and the %P
where the voltage of the applied RF signaMg-, and the characteristic impedance of the transmission line, resulting
second derivative represents the nonlinear cutreoltage in a strong microwave signal reflection off the CNT. Because
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Figure 4. Demodulated current amplitude as measured with respect
to the modulation frequency & 1 GHz, Pwr= —5 dBm,R =
100Q, andVgg = 2 V).
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Figure 5. (A) Demodulated signal at various frequencies. Parasitic
capacitance shorts the RF signal at frequenci® GHz. (B)
Schematic of RF equivalent circuit.

the power available from the sourceRsys = Vri/8Z, and
the RF voltage at the CNT ¥gr due toZcnt > Zo, using
eq 1, we obtain/Pays = 2(cPI/dV?)Z, for the responsivity
of the CNT demodulator. The circuit for this analysis is
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Figure 6. Schematic of CNT radio demonstration.

As expected, at high carrier frequencies2( GHz) the
parasitic capacitance resulted in a strong degradation in the
received signal (Figure 5A). This is predominantly due to
the relatively large contact pads used (300 x 1000um).

Noise measurements were performed on the CNT de-
modulator system operating at a carrier frequency of 1 GHz
and bias voltage of 2.5 V. The system voltage-noise density,
which includes noise from the lock-in amplifier, sense-
resistor, and CNT was measured to bexdQ0~° (V/Hz'?)
at an audio frequency of 1 kHz. Using the measured
responsivity,3;, of 125 nA/mW together with the device
resistance of 100®, the noise-equivalent power (NEP) is
calculated using NER= v/(B/R) (W/HZzY?) and is 3 nW/
HZY2, This puts an upper limit on the noise equivalent power
of the CNT itself.

Utilizing the above documented effect, we demonstrate a
simple design for a CNT based radio receiver (see Figure
6). Here the carbon nanotube functions in the critical role

presented in Figure 5B. This indicates that the resistance ofas the receiver's AM demodulator. The transmitter portion

the CNT is independent of the device’s responsivity insofar

of the demo utilizes a signal generator to cesatl GHz RF

as the second derivative of the CNT is the same. Taking thesignal that is externally amplitude modulated (AM) with

maximum measured value for second-derivative agAd
V2, one arrives at a responsivity of 400 nA/mW, which is
comparable to the measured value of 125 nA/mW.

The effectiveness of the device at detecting the modulation
signal up to 100 kHz was found to be limited by extrinsic

music by an IPod and fed to a dipole antenna for wireless
broadcast (see Supporting Information). On the receiver side,
the RX antenna picks up the 1 GHz RF signal, feeding it
though a bias-tee and onto the carbon nanotubes where it is
rectified. The distance between the TX and RX antennas was

parameters of the experimental setup and not due to the CNTlimited to ~1 m, but that can be improved by simply
itself. Due to capacitance within the bias tee and coax cableincluding a standard front-end preamplifier to boost the

in conjunction with the sense resistor, an RC low-pass filter
was established, thus giving a roll-off in the high audio
frequency range of the demodulated signal. To minimize this

received signal before sending it on to the CNT for de-
modulation. A 1.5V battery is used to properly bias the CNT
for maximum demodulation. A differential pre-amplifier then

effect, the detection resistor and the bias-tee’s capacitor wereamplifies the voltage drop across a sense resistor, and the

reduced to 10@ and 100 pF, respectively. The roll-off was
measured to have &3 dB corner at 40 kHz, as shown in
Figure 4, which is well above the upper range of human

high-fidelity audio is fed to a speaker for audio broadcast.
The audio-quality of the signal demodulated by the CNT
was very clear and indistinguishable to the human ear from

hearing. Signal loss due to the inductor of the bias tee waslistening to the music directly (see Supporting Information).

measured to be-1.5 dB at 100 kHz, which is rather
insignificant compared to the other sources of attenuation.

3298

To predict how to optimize device performance as a
function of length, one would need a quantitative and detailed
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theory of nanotube —V curves, and their nonlinearity. similar work demonstrating nanotube radio performance at
Although numerical simulation code exists that can predict UIUC in the group of Professor John Rogétd/anuscript
nanotubd —V curves, a detailed study of the nonlinearity of was originally published ASAP October 17, 2007; the
CNTs as a function of length has not yet been performed. updated version was published October 30, 2007.

In the absence of such studies, we may predict on the basis

of general physical principles methods to optimize the CNT
length to maximize the nonlinearity.

Considering that the nonlinearity In-V originates from
phonon scattering processes, one can further optimize th
responsivity of the CNT demodulator by maximizing this
nonlinear influencé* 16 In general, this can be accomplished Réferences
by decreasing the length of the nanotube to an optimum (1) McEuen, P. L.; Fuhrer, M. S.; Park, H. K. Single-walled carbon
value. Depending whether one is in the low or high voltage Tarl‘OtL;%‘ige'SewO”iCEEE Transactions on Nanotechnologg02
bias re.glme, the dommam scatterln.g mechanism WOUIq be 2) Bl(mi’e, P.J. AC performance of nanoelectronics: towards a ballistic
acoustic phonon scattering or optical phonon scattering, THz nanotube transistoBolid State Electronic8004 40 (10), 1981
respectively. In the limit of each of these regions the slope 1986.
of the nanotube’$ps Vs Vps curve can be expressed @s= (3) Le Louamn, A. F. K.; Bethoux, J.-M.; Happy, H.; Dambrine, G.;
(4€%/h)  1(l + L), whereL is the nanotube length ard 2-Fntinsic current gain cutofl iequency of 30 Gz with carbon
equalslay ~ 300 nm for acoustic phonon scattering in the nanotube transistoréppl. Phys. Lett2007 90, 233108.
low bias regime ando, ~ 15 nm for optical phonon (4) Kang, S. J.; Kocabas, C.; Ozel, T.; Shim, M.; Pimparkar, N.; Alam,
scattering in the high bias regim®.The nonlinearity M. A; Rotkin, S. V,; Rogers, J. A. High-performance electronics
manifests as the bias voltage transitions from a region with :’ust;';gairtﬁree' Eg;ifgghﬂggggogaﬁ 4c;f Sz'ggez';":”ed carbon nano-
one dominated scattering mechanism to the other, which in (5) wang, D.; Yu, Z.; McKeman, S.; Burke, P. Ultra High Frequency
general can be maximized by considering what length Carbon Nanotube Transistor Based on a Single NanotEeE
nanotubel, would result in the greatest difference in the Trans. Nanotechnol007, 6 (4), 400-403.

. . (6) Pesetski, A. A.; Baumgardner, J. E.; Folk, E.; Przybysz, J. X.; Adam,
slopg ofl—V between the two regions. For example, if we J. D.; Zhang, H. Carbon nanotube field-effect transistor operation at
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is decreased further, ballistic transport dominates and the

nonlinearity inl—V is again reduced. For long nanotubes

(>210um) other scattering processes would become signifi-

cant such as defect induced elastic scattering, which further
complicates the analysis. Other mechanisms typically re-
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onstration of the CNT radio. This material is available free
eof charge via the Internet at http://pubs.acs.org.
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