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Single Carbon Nanotube Schottky Diode
Microwave Rectifiers

Enrique D. Cobas, Steven M. Anlage, Member, IEEE, and Michael S. Fuhrer

Abstract—We report the fabrication of single and few-channel
carbon nanotube (CNT) Schottky diodes on high-frequency
compatible substrates using horizontally aligned CNT arrays
and dissimilar metal contacts in a coplanar-waveguide geometry.
Rectification of ac signals in the range of 100 MHz-40 GHz is
examined and the observed cutoff frequencies are used to compute
the Schottky junction capacitance of the devices, which is strongly
CNT-length-dependent and appears dominated by stray capaci-
tance between the CNT channel and metal electrode, in agreement
with electrostatic simulations.

Index Terms—Carbon nanotubes (CNTs), impedance mismatch,
microwave rectification, Schottky diodes.

I. INTRODUCTION

HE high-frequency properties of carbon nanotubes

(CNTs) have been of interest to the academic community
for some time due to their useful bandgap [1], [2], high sustain-
able transport current density [3], high carrier mobility [4], long
mean-free path [5], [6], and small capacitances, all properties
they exhibit at room temperature. In addition, these 1-D sys-
tems challenge some assumptions about device electrostatics
and charge transport. Significant quantum capacitance and
kinetic inductance[7] introduce novel device physics. Further,
electron—electron interactions are inevitable in one dimension,
the charge carriers cannot be described as electron-like (Fermi
liquid), but instead are plasmon-like (Luttinger liquid [8]-[12])
and transport charge at a velocity that is significantly different
than the Fermi velocity. These properties and novel phenomena
point to the possibility of terahertz CNT devices, including
transistors, amplifiers [13], and oscillators [14], [15].

Reviews of the theoretical expectations for the high-fre-
quency properties of these nanostructures have been performed
by Burke [16] and others [17]. One of the principal obstacles
to the use of CNTs in high-frequency electronics is their high
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individual impedance. The quantum of conductance for a single
quantum channel can be calculated by integrating the density
of states between source and drain potentials

ks Hs
e [de(k), e G _ eVsp
I_E/ Ik dk—ﬁ/dg—ﬁg(us—ud)— A ()

ka Hd

where s and 14 are the source and drain potentials, ks and
kq are the momenta of the states at energies of i and ug4, and
Vsp is the source—drain voltage. Thus, the conductance of a
quantum channel is limited to e¢2/h independent of any mate-
rials parameters, even without scattering. Spin and band degen-
eracy in CNTs produce a total of four parallel quantum chan-
nels, yielding a minimum impedance of h/4e? ~ 6.45 k(2 for
a single CNT. The impedance mismatch with traditional 50-2
equipment produces signal transmission factors below 10™*. To
avoid this problem, devices can be based on a large number of
parallel CNT channels that provide a better match to the 50-2
standard. Although obstacles remain in the control or sorting of
nanotube types, this approach has produced promising results,
including device cutoff frequencies up to 23 GHz [18] and in-
trinsic cutoff frequencies up to 80 GHz [19] in field-effect tran-
sistor (FET) geometries. However, using many parallel CNTs,
especially of different types, may blur and obscure phenomena
unique to these 1-D systems.

To characterize few-CNT systems at microwave frequencies,
we must deal with the high-impedance mismatch between
them and the macroscopic world. One approach proposed by
Manohara et al. [20] is the creation of Schottky diodes using
semiconducting CNTs (CNT-SDs). Manohara et al. fabricated
diodes on SiO,/Si, which was unsuitable for high-frequency
characterization. In a previous study, we improved upon this
approach by fabricating CNT Schottky diodes on quartz sub-
strates using a patterned catalyst approach, and demonstrated
rectification of microwave signals up to 18 GHz introduced in
the far field and coupled somewhat uncontrollably to the device
[21].

In this study, we improve upon our previous work by creating
CNT-SDs from arrays of aligned CNTs prepared on quartz sub-
strates with coplanar-waveguide (CPW) contacts. This arrange-
ment enables us to probe electrical transport in CNTs as a func-
tion of frequency (up to our equipment limit of 40 GHz) with
a good signal-to-noise ratio (SNR). The maximum operating
frequency of these rectifiers, (2r RC)~!, is determined by the
channel resistance and junction capacitance. The latter is ex-
pected to be in the 1078 F range [10], [22]-[25] and in parallel
with a larger parasitic capacitance, making it difficult to measure
experimentally. Here we use the high-frequency cutoff values
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Fig. 1. (left) SEM image of the CPW electrode geometry and (right) close-up
of the active device area. The center electrode (bottom feature on the close-up)
is the Schottky contact, while the outer electrode (top in the close-up) is ohmic.

observed to extract the junction capacitance C'y, as a function
of bias, channel length, and ambient doping.

II. DEVICE FABRICATION

Horizontally aligned arrays of CNTs were synthesized via
chemical vapor deposition (CVD) using ferritin catalyst on
st-cut quartz substrates following the approach of Kocabas er
al. [26]. A further detailed review of synthesis parameters was
performed by Routstka et al. [27]. Conventional photolithog-
raphy was used to pattern an array of 50-{2 CPW electrodes.
Angled evaporation of chromium-gold (chromium work func-
tion 4.5 V) and platinum contacts (work function 5.6 V) was
exploited to produce asymmetric contacts to the CNTs (work
function 4.8 eV [28], [29]), as in our previous study [21]. Due
to oxygen and moisture [30], the CNTs are doped p-type in
ambient conditions, making holes the majority carrier type and
creating a p-type Schottky barrier at the chromium contact. The
resulting Schottky diodes (CNT-SDs) are similar to those of
Manohara et al. [20]. A second photolithography step, followed
by oxygen plasma etching, removed all the CNTs outside of
the target device area. One of the devices is shown in Fig. 1.
The close-up shows several nanotubes that extended beyond
the device area and were cut by plasma etching. Contrast
differences between nanotubes are due to a voltage-contrast
mechanism [31] such that only nanotubes connected to the
metal leads appear bright.

III. DC MEASUREMENTS

DC characterization of the 100-device array showed a diode
yield under 5%, with other devices exhibiting either: 1) con-
stant bias-independent background conductivity; 2) very high
impedance; or 3) open-circuit impedance. These conditions are
consistent with: 1) a metallic nanotube in the channel; 2) very
high contact resistance; and 3) the absence of a contacted CNT
in the device area, respectively.

Fig. 2 shows the conventional circuit model for a Schottky
diode [2], in parallel with a purely reactive parasitic capacitance
Cp. Here, Rg represents the series resistance of the diode cir-
cuit, in this case, the combined resistance of the CNT channel
and contacts under forward bias R;(V') is the bias-dependent
resistance of the Schottky junction and C'; is the capacitance
across the Schottky barrier. We expect that R 7 (V') is determined
by the Shockley diode equation
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Fig. 2. Conventional circuit model for a Schottky diode shown in parallel with
a parasitic capacitance C'p.
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where V; is the junction voltage. It is clear that the voltage seen
by the diode is equal to that applied to the parasitic capacitance.
Further, rectification occurs only due to the variable junction
resistance R j(V'), which is expected to have an exponential de-
pendence on applied bias. Measurements at dc exhibit this ex-
ponential dependence at low bias, followed by a linear I — V'
characteristic at high bias, consistent with R ;(V') having fallen
to a negligible value, compared to a linear R;. We can extract
both resistances from the dc /-V measurements.

Using the Rg and R j(V') values extracted from the -V char-
acteristic, we calculate the fraction of applied voltage that is
present as a potential drop across the Schottky junction V. In
Fig. 3, we plot the current flowing across the junction as a func-
tion of V; and fit the resulting data to the Shockley diode (1)
for two of our CNT-SDs. The ideality factors calculated from
the fits vary widely, between 2-20, indicating that although the
current follows the expected exponential dependence on V,
the mechanisms of current transport may not be the traditional
thermionic emission and diffusion that limit the ideality factor
to 2. Tunneling may play a significant role in these 1-D sys-
tems [32]. The value of the junction capacitance C'; ought to
depend on the depletion region width. The problem of charge
carrier density in a 1-D pn-junction was explored by Leonard
and Tersoff [33] and Krowne [34]. Findings indicate that lack
of shielding in a 1-D semiconductor leads to significantly ex-
tended charge carrier density profile. This density also depends
on doping fraction, with the dominant doping in ambient CNT
systems arising from oxygen and moisture [30], [35].

IV. HiGH FREQUENCY MEASUREMENTS

At high frequencies, the impedance of the parasitic capac-
itance Z, = (jwC,)~" and that of the measurement circuit
(50 ©2) will determine the voltage at the CNT device terminals.
The parasitic capacitance for these devices is the CPW open-cir-
cuit capacitance Cop, estimated by [36]
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Fig. 3. Measured [-V" characteristics of two CNT-SDs (black dots) with su-
perimposed fits (red solid lines in online version) to the Shockley diode equation

(D).

Fig. 4. Circuit diagram for the measurement setup showing the diode (DUT)
connected to a bias tee (capacitor and inductor), microwave source (VAC), dc
source (V¢ ), and a lock-in amplifier.

where ng = vV1+n2andn = g/(S + W), eesr is the effective
dielectric constant for the CPW, and ¢( the permittivity of a
vacuum. For our devices, S = 10 pum is the inner electrode
width, W = 30 pm is the lateral separation between inner and
outer CPW electrodes, and the channel length g varied between
0.5-25 pm. The value of Co¢ is in the range of 1 fF such that
the parasitic capacitance becomes comparable to a short circuit
only at frequencies above 3 THz and can thus be ignored in
the frequency range studied here. This capacitance value is in
agreement with the result of numerical simulations of our CPW
geometry performed in Ansoft Maxwell 3D.

High-frequency measurements were performed at room tem-
perature in a probe station using 50-(2 air coplanar (ACP) mi-
crowave probes. The measurement circuit is described in Fig. 4.
The CNT-SD was connected, via the microwave probe, to a
broadband (50 GHz) bias tee. The ac branch was connected

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 10, OCTOBER 2011

T T T T T

Offset Bias (V)
——15——03
—&—1.0—2—02
—4—05—=—0.1
0.4—=—0.0

N
o
L

w
o
L

N
o
I

——

Rectified Current (nA/mW)
o

o
L

o
N

4 6 8 10
Frequency (GHz)

Fig. 5. Rectified current (in units of nanoamps per milliwatt) for a CNT-SD as
a function of ac frequency and dc offset bias.
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Fig. 6. (a) Calculated bias-dependent cutoff frequency f.(V") assuming var-
ious trial junction capacitance values [1 aF (in red in online version), 10 aF (in
green in online version), 100 aF (in blue in online version)] and the observed
cutoff frequencies (black circles) for a 20-gim-long device. (b) Experimentally
determined junction capacitance as a function of frequency (red circles in online
version), extracted from the observed cutoff frequency using (5). Green line (in
online version) shows the mean value of the junction capacitance of 108 aF.

to a 40-GHz signal generator (Vac), amplitude modulated at
fam = 200 Hz. The rectified current (in the dc branch) was
measured with a lock-in amplifier, which had ground-isolation
impedance of 10 k{2 (labeled R in the diagram). An offset
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TABLE I
CHANNEL LENGTH [,,+, SERIES RESISTANCE R, DIODE IDEALITY FACTOR n,
NUMBER OF NANOTUBES NV, AND EXTRACTED JUNCTION CAPACITANCE
C'; UNDER AMBIENT AND VACUUM CONDITIONS

Mean
+
Device i"pt.m) g\i[ Q) n N C(';F_) o

(ambient)
1 20 1.38 14 | 108 + 25
2 7 6.50 80 |3 15+7
3 4.30 22 | pa | 836
4 3 0.69 20 |3 20+9

voltage Vpc was applied to the CNT-SD via the low input of
the amplifier.

This setup enabled control of microwave frequency and am-
plitude, as well as offset dc voltage. Parameter ranges studied
included 100 MHz < f < 40 GHz, power —20 dBm < P <
+15 dBm (0.01-32 mW) and —8 V < Vp¢ < +8 V. The only
calibration performed was a power-flatness calibration of the
microwave source. This was done by replacing the ACP probe
with a custom adapter, connected to a broadband microwave
power sensor (HP 8457C). The power calibration therefore re-
places the loss properties of the ACP probe with those of the
simple cable adapter. The rectified current measured is there-
fore shown in units of amps per milliwatt of applied signal,
i.e., the detectivity. Fig. 5 shows the measured detectivity of the
CNT diodes as a function of frequency of the applied signal,
and as a function of dc bias on the CNT. Fig. 5 shows an ex-
pected bias-dependent roll-off of detectivity in frequency. For
the model circuit of Fig. 2, the bias-dependent cutoff frequency
fe(V) for a Schottky diode is given by [2]
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Fig. 8. Extracted junction capacitance in vacuum as a function of dc bias for
CNT-SDs with channel lengths of: (a) 1 gm, (b) 3 #m, and (c) 7 pm.

where the other terms have the same meanings as described
above. The variation of the cutoff frequency with applied bias
is shown in Fig. 6. As forward bias increases, the junction re-
sistance R ;(V) falls exponentially, and the combined RC' time
constant of the device rises to higher frequencies (in this case,
from 950 MHz to 3.6 GHz for the biases shown). The measure-
ment was repeated in ambient and vacuum (10_6 torr) condi-
tions to explore the effect that oxygen and ambient moisture
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Fig. 9. 3-D model used for numerical capacitance calculations. (a) Overall
view of the conducting cylinder and rectangular electrode on a quartz substrate
and (b) close-up view of the gap between the channel and electrode, which rep-
resents the depletion region.

doping [30] might have on the charge carrier density and the
depletion region width.

V. ANALYSIS: JUNCTION CAPACITANCE
VERSUS CHANNEL LENGTH

The solid lines in Fig. 6(a) show the predictions of 5 for f.(V')
for several different values of the junction capacitance C'y, su-
perimposed on the observed cutoff frequency values (circles) for
a single-CNT 20-pm-long CNT-SD. There is good agreement
for bias values explored, from 0 to 41.25 V, corresponding to
cutoff frequencies between 300 MHz-9 GHz, and a constant ca-
pacitance value of 108 aF. This result is shown more explicitly
in Fig. 6(b), where the capacitance was extracted from the ob-
served cutoff frequency and (4). The same measurements were
performed on CNT diodes comprised of three parallel CNTs
each with channel lengths of 7, 3, and 1 psm. The extracted junc-
tion capacitance values for these shorter devices were all under
20 aF despite having three parallel junctions each. As shown
in Fig. 7, the capacitance per junction is found to be strongly
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Fig. 10. Results of capacitance calculated from 3-D numerical simulations,
showing a much stronger dependence on channel length than depletion length.

related to channel length, suggesting that stray capacitance be-
tween a long CNT channel and a metal electrode dominates
junction capacitance in long-channel devices.

In order to explore the effect of doping, the devices were also
measured under vacuum conditions (1076 torr). Fig. 8 shows
the junction capacitance, extracted from the observed cutoff fre-
quencies, as a function of junction voltage [i.e., C;(V;)] for a
CNT-SDs of 1-, 3-, and 7-pm channel lengths. A positive rela-
tion between capacitance and dc bias is observed.

VI. NUMERICAL SIMULATION

Numerical simulations were used to explore the relationship
between channel length, depletion length, and junction capaci-
tance. The system was modeled in Ansoft Maxwell 3-D v12 as
a conducting cylinder and rectangular electrode separated by a
variable gap D, representing the depletion region width, laying
on top of a quartz substrate, as shown in Fig. 9. A parametric
analysis was performed to vary the critical system dimensions
(e.g., depletion length, tube length, etc.) and the capacitance was
calculated for each solution. The calculated dependencies of
junction capacitance to depletion length and nanotube channel
length are shown in Fig. 10(a) and (b). Fig. 10(a) shows that
capacitance is relatively insensitive to variations in depletion
width, while Fig. 10(b) shows that capacitance depends strongly
on the CNT length. This indicates that, for the parameters ex-
plored here, the capacitance is dominated by stray capacitance
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Fig. 12. Rectified current signal from a CNT-SD showing: (a) bias-dependent
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of the CNT length to the electrode. Fig. 10(b) also shows that
the capacitance saturates for long CNT lengths. This is further
explored in Fig. 11, where calculations were performed with
different electrode widths. The CNT length at which saturation
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occurs is seen to scale with electrode width. These results sup-
port our hypothesis that stray capacitance dominates junction
capacitance in long-channel devices.

The junction voltage-dependent capacitances in vacuum
(Fig. 8) do show a slight increasing dependence of capacitance
on junction voltage, as expected for narrowing of the depletion
width with voltage. The observation of this effect in devices
in vacuum likely indicates that doping by ambient species
reduces the depletion width to small values in ambient [35],
and removal of doping in vacuum allows the depletion width to
be modulated more significantly by bias voltage.

VII. HIGH-FREQUENCY TRANSPORT

Finally, the rectified signal was used to probe transport up
the equipment limit of 40 GHz. Fig. 12 shows two examples of
very high-frequency rectification. The large peaks in the recti-
fied signal with periodicity of ~3 GHz correspond to resonances
in the microwave probe assembly that were not calibrated out by
the power flatness calibration. Nevertheless, two important facts
can be gleaned from the data. Fig. 12(a) shows a minimum in the
rectified signal at —1.0- and —1.1-V dc bias and 25 GHz, fol-
lowed by a recovery of rectification at higher frequencies. This
phenomenon is not understood, but serves as an example of the
utility of this technique in examining unusual phenomena in RF
1-D transport. Fig. 12(b) shows data from a CNT-SD at frequen-
cies up to 40 GHz. The bias dependence reveals a noise floor of
0.2 nA and a maximum signal of 100 nA at 40 GHz, yielding an
SNR of 500:1.

VIII. CONCLUSION

We have demonstrated the use of Schottky rectification as a
probe of high-frequency electrical transport in high-impedance
semiconducting nanosystems. We expect this technique will be
particularly useful for 1-D systems (semiconducting CNTs and
small semiconducting nanowires) because these systems exhibit
quantized conductance and cannot be impedance matched to
macroscopic RF equipment. We have used this technique to ex-
amine the capacitance of CNT Schottky barriers as a function
of bias and ambient pressure and doping. We find that the ca-
pacitance of long-channel CNT-SDs is dominated by stray ca-
pacitance between the metal electrode and the bulk of the nan-
otube channel and exhibits no dependence on dc bias, in agree-
ment with numerical simulations. For short-nanotube diodes
with doping reduced in vacuum, we find junction capacitance
values under 10 aF, which exhibit a positive relation with for-
ward bias, consistent with the hypothesis of increasing Schottky
barrier capacitance as the length of the depletion region de-
creases.

We expect that these measurements could be significantly
improved by calibrating the power reaching the device. By
using a 50-(2 load fabricated in a CPW geometry on a quartz
substrate, it would be possible to calibrate out the microwave
probe assembly’s transmission resonances and get a clearer
picture of the frequency response of the CNT-SD devices out
to 40 GHz or beyond. Furthermore, improvement of the series
resistance should be possible by doping, cleaner fabrication
methods, and by annealing the contact. Such improvements,
combined with the Schottky barrier capacitances of 10 aF, point
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to the possibility of single-tube CNT-SDs with bandwidths
exceeding 100 GHz. Low-temperature measurements would
also clarify the transport mechanism at the barrier while simul-
taneously providing a longer mean-free path to enable detection
of Fermi or Luttinger liquid plasmon velocity resonances.

With stray capacitances of order 10 aF or greater and junc-
tion resistance necessarily larger than 6 k€2, it is unlikely that the
cutoff frequency of a single-nanotube device will exceed 1 THz.
However, the stray capacitance will scale sub-linearly with the
number of tubes, while the junction resistance and series resis-
tance should scale inversely with tube number. Thus, bundles
or parallel arrays of CNTs [18], [19] could show an even higher
cutoff frequency.
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