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Frequency-Independent RC' Circuit Model for
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Abstract—We demonstrate that a frequency-independent par-
allel RC circuit is the simplest model that accurately describes
high-frequency electrical conduction in 1-D nanostructures. The
resistance is determined from dc measurement, and the capaci-
tance is extracted directly from the measured S-parameters for
a ground-signal-ground test structure, without using any fitting
parameter. The methodology is applied to carbon nanofibers,
and the RC model yields results that are within +0.5 dB and
+5° of the measured S-parameters up to 50 GHz. The model is
further justified by examining the relationship between S- and
Y -parameters of the test network.

Index Terms—Carbon nanofibers (CNFs),
independent RC circuit model, S-parameters.

frequency-

1. INTRODUCTION

HE STUDY of carbon-based nanostructures as a potential

interconnect material for next-generation integrated cir-
cuit technology has drawn increasing interest in recent years
[1]-[4]. Electron transport at dc in carbon nanotubes and carbon
nanofibers (CNFs) has been investigated at length [5], [6]. In
order to predict the behavior of 1-D nanostructures in a circuit
operating at high frequencies, a lumped parameter model is
necessary for implementation in an industry-standard circuit
simulator. To this end, three different models have been pro-
posed. The first one treats low-resistance (a few ohms) nano-
structures as a transmission line modeled with an RLC network
[7]. Most nanostructures have much larger total resistance. The
second one models the nanostructure—electrode contact with a
parallel RC' and the “bulk” with an RLC network [8]. The third
model [9] omits the parallel capacitor in [8]. The models in [8]
and [9] are reasonable circuit representations of nanostructures
in contact with two electrodes, but the number of frequency-
dependent parameters is prohibitively high for implementation
in a circuit simulator.
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Recently, we have demonstrated that the measured
S-parameters of ten CNF test devices can be accurately
reproduced using a frequency-independent parallel RpCFr cir-
cuit model up to 50 GHz [10]. Transport within the CNF
is ohmic, and kinetic inductance is not present [11], [12].
The magnetic inductance for a metal-oxide—substrate system
is given by L, ~ (u/27)In(4h/d) [12], where u is the
permeability and / and d are the oxide thickness and the metal
cylinder diameter, respectively. In our experiment, h is 3 pm.
For CNFs whose diameters d are between 70 and 200 nm, their
respective magnetic inductance value is < 1 pH/um. Thus,
L., is negligible below 1 THz.

In this letter, we introduce a methodology in which a simple
frequency-independent parallel RC' circuit extracted directly
from measurements is sufficient to describe high-frequency
electrical conduction in nanostructures [10]. Unlike our pre-
vious work [10], no fitting parameter is employed. Twenty
CNFs with two different types of CNF-electrode contacts are
measured, with diameters ranging from 70 to 200 nm.

II. EXPERIMENT

The fabrication procedure was described in detail elsewhere
[1], [10]. In five of the 20 devices, platinum was deposited onto
the drop-casted electrode contacts using focused ion beam to
obtain improved contacts. The dc resistance Rq. between the
signal pads is then measured for each of the 20 devices. R
consists of probe contact resistance Ry, signal pad resistance,
CNF bulk resistance, and contact resistance between CNF and
electrodes R¢. The two-port S-parameters of the test structure
with and without CNF are measured from 0.1 to 50 GHz using
a vector network analyzer (VNA). Note that several open test
structures in close proximity to the one with CNF are used in
the de-embedding process, giving rise to errors due to process
variations, to be addressed in Section IV.

III. CIRCUIT MODEL PARAMETER EXTRACTION

We de-embed the test structure upon which the nanostruc-
ture is placed using an equivalent circuit for the fabricated
ground-signal-ground configuration, as shown in Fig. 1. The
shaded components constitute the open test structure, or the
“open circuit” (OC) before the nanostructure is placed between
the two signal pads. The equivalent circuit model of the nanos-
tructure in its admittance form is given in the inset in Fig. 1.
Using this model, Gp(w) and Cp(w) of the CNF (includ-
ing contacts) are extracted directly from the simple relation
y(w) = Gr(w) + jwCr(w) = YRC(w) — YN (). YN is
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Fig. 1. Circuit model of the test network [10]. The shaded components
represent the signal pads and coupling between input and output, with CNF
connecting the open gap. At a given frequency, both S11 and S2; are measured.
CNF and its contacts are represented in its admittance form y(w). At low
frequencies, Cpp = 1.1 {F, Cpg = 50 fF, Rpp = 1 M€, and Rpg = 30 k€2.
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Fig. 2. (Red lines) Extracted Rp(w) and Cp(w) from S-parameters are
shown for devices A (drop-casted contacts) and B (Pt-deposited contacts). (Blue
line) Ry is the measured dc resistance, and (blue line) C'r,y is the average
value of Cr(w). (Green line) C'rgy from fitting is also shown for comparison.

obtained from the measured S of the test structure with CNF
present, and Y0 © is computed using the equivalent circuit from
the open structure.

While both G and Cr are frequency dependent in general
and can be extracted directly using y(w), one can exploit the
fact that Gr(0) = 1/Ry. and use a frequency-independent RC
circuit to represent the CNF and its contacts. The constant
capacitance can be a fitting parameter as we reported in [10], or
more systematically and without loss of accuracy as we show
here, it is computed as the average of the extracted C'p (w) over
the measurement frequency range Cray.

IV. RESULTS AND DISCUSSION

Results for two representative devices, one for each type of
electrode contacts, are shown in Fig. 2. R4. and the extracted
Rp(w) for both devices are shown together with C'r(w), Cray,
and Crpg, obtained from fitting. Ry (w) for drop-casted device
A shows a strong dependence on frequency, decreasing from
16 kQ at dc to 9 k2 at 50 GHz, while Cr(w) decreases from
0.3 to 0.1 fF. On the other hand, for device B with Pt deposited
onto the drop-casted electrode contacts, Rp(w) shows a much
weaker dependence on frequency as it decreases from 10.8 to
8.5 k€, while C'r(w) remains fairly constant over the entire
frequency range. This weak w dependence in device B indicates
that the nanofiber resistance is fairly constant in this frequency
range and that the contact impedance, while not completely
eliminated, is reduced significantly.

In the constant RC' model, the resistance is set to Rgc,
which is experimentally determined from dc measurement and
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Fig. 3. S2; magnitude (in decibels) and phase comparison between measure-
ment and model for devices A and B: Errors for R (w) and Cg(w) in red, for
Ry and Cryy in blue, and for Ry and Cpggy in green. The inset for either
device shows (red line) wRp(w)Cr(w) and (blue line) wRy:Cray versus
frequency in gigahertz.

includes the CNF bulk resistance Rcng and the contact re-
sistance with each electrode R¢ [8]. Thus, Ry = Rp(0) =
2Rc(0) + Renr(0). The capacitance is assumed to be the
average of the extracted Cr(w) over the measured frequency
range, or Cr,,. Contact resistance R¢ is generally frequency
independent, and if the contact capacitance is small, using
Ryc to replace R (w) over the measured frequency range is a
reasonable representation of the resistive behavior of the entire
device. Furthermore, since the CNF capacitance is very small
because of its size, the resulting impedance is dominated by its
resistive component, and it is a good approximation to assume
an average value for Cr. These assumptions are verified by
the results for either device, as shown in Fig. 2. This finding
suggests that the capacitance in the constant RC' model serves
largely as a correction to a pure resistive model for devices with
significant contact impedance.

Fig. 3 shows the corresponding magnitude (in decibels) and
phase differences between the measured and modeled Sy, for
both devices. The red lines represent the errors when using
the frequency-dependent elements Rp(w) and Cr(w), which
are nonzero due to process variations between the open test
structure and the test structure with the nanofiber in place. The
errors introduced by using Rq. and Cg,, are shown in blue in
Fig. 3. Note that the error for |Ss1| is £0.5 dB, and for the
phase, it is < 5° for either device. For comparison, the errors
for | S21| using the fitted constant value Crgt are also shown.
No significant difference between the results from using either
constant capacitance is observed.

To examine the constant RC' model further and to validate
its utility, we proceed to derive the S-parameters of the test
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network with and without the nanostructure as a function of
the admittance matrix. The VNA load admittance is given by
Yo = 0.02 S, the electrode—ground admittance by Ypg(w) =
1/Rpi(w) + jwCpi(w), the electrode—electrode admittance
by Ypp(w) = 1/Rpp(w) + jwCpp(w), and the CNF admit-
tance by y = Gp + jwCp. Ry (~2 Q) can be neglected
[10]. From their extracted values, we observe that |Yp| >
ly| ~ |Ypa| > |Ypp| over the entire frequency range. Thus, we
deduce the following.

1) Reflections without and with a CNF, S3¢ and STV,
are both approximated by 1 — [Ypg(w)/Yo]?. The depen-
dence is predominantly on Ypg over the entire frequency
range and not on the admittance of the CNF, and the
reflection is nearly unity as expected.

2) Transmission without a nanostructure SSN¥, is approxi-
mated by 2Ypp(w)/ Y. As expected, S$¢ is dependent
on Ypp (w)

3) Transmission with nanostructure present, SSNF, is
approximated by 2[y + Ypp(w)]/Yy for frequency
<~10 GHz. This expression is further reduced to 2y/Y;
since |y| > |Ypp|. The measured monotonic increase in
|SSNF| and arg(SSNF) for w < 10 GHz is consistent
with this simplified expression and reproduced using the
constant RC model [10]. Above 10 GHz, y is comparable
with Ypg or Ypp, and the approximation is no longer
valid, resulting in a more complex behavior which is also
predicted using the constant RC model.

From the insets in Fig. 3, the relation wRp(w)Cr(w) < 1
is valid for the entire frequency range, and thus, 1/Rp is
dominant in y. By replacing Rr(w) and C'r(w) with constants
Rg. and Cgy, in the model proposed here, the result (blue line)
approximates its w-dependent counterpart (red line) quite well
while keeping 1/Ry dominant in y as long as w R4eCray < 1.
The validity of the constant RC' model depends on the differ-
ence between the blue and red lines or whether the relation
WRp(w)Cr(w) ~ wR4.Cray holds true. Comparing the insets
in Fig. 3, we observe that, for device B, the blue wRy.Cray
line approximates the red wRp(w)Cr(w) behavior very well
over the entire frequency range, supporting the constant RC
model. For device A, the two lines in the inset coincide for
frequencies below 10 GHz and diverge at higher frequencies.
Nevertheless, as shown in Fig. 3, the frequency-independent
RC model reproduces the measured Sa; very well over the
entire frequency range for either device. This finding further
supports our earlier suggestion that, for a nanostructure with
good contacts such as device B with low contact impedance, its

behavior up to a very high frequency can be simply represented
by its dc resistance.

V. CONCLUSION

We have developed and validated an analytical approach
to extract a frequency-independent parallel RC' circuit model
for nanostructures, directly from measurements with no fitting
parameters. The CNF, in this case, behaves mostly like a resistor
up to 50 GHz, with its resistance being the total dc resistance
from the bulk and contacts with electrodes. The capacitance in
the model represents a correction that takes into account the
contact impedance. The difference between the model and ex-
periment comes primarily from process variations. The model
is further justified by considering the relation between the
S- and Y -parameters in the test network.
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