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ABSTRACT
The aim of this paper is to present a procedure to determine the intrinsic model of Carbon NanoTube Field Effect
Transistors (CNTFETs) for RF applications. In particular an active model, deduced from S parameters
measurements, already proposed by us, is examined. Moreover, through a de-embedding procedure, which allows to
remove random errors in measured S parameters of small-signal device, we evaluate the intrinsic model of
CNTFETs to implement directly in simulation software.
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1. INTRODUCTION
One of the main differences between Si based VLSI and RF electronics is the choice of semiconductor materials and
transistor types. While Si is the only semiconductor used in VLSI, a wide range of alternative materials and devices
are present in RF electronics.
CNTFETs (Carbon Nanotube Field Effect Transistors) are novel devices that are expected to sustain the transistor
scalability while increasing its performance. One of the major differences between CNTFETs and MOSFETs is that
the channel of the devices is formed by Carbon NanoTubes (CNTs) instead of silicon, which enables a higher drive
current density, due to the larger current carrier mobility in CNTs compared to bulk silicon [1]. In particular, with
CNTs we obtain good operation even at very high frequencies [2-8].
A number of different geometries and solutions for CNTFETs, as well as their DC and low frequency behavior [9],
have been evaluated and reported in many papers. By contrast, radio frequency (RF) operation has not been so
deeply analyzed yet [10].
As it is known, RF systems critically depend on their front-end circuit blocks, such as power amplifier, low-noise
amplifier and so on.. These circuits are typically designed using simulators with compact models representing the
devices on a chip. The requirements for device models used for RF design are quite stringent since they need to
describe a typically nonlinear device accurately over a wide range of bias, frequency and temperature [11].
Moreover, in order to have low simulation time, it is necessary to simply the device behaviour introducing lumped
element two-port network models.
In this paper we present a de-embedding procedure, applicable to any CNTFET structures, in order to determine the
intrinsic model of CNTFETs for RF applications, to implement directly in simulation software.
The presentation of the paper is organized as follows. In Section 2 we briefly summarize the main characteristics of
CNTs, while in Section 3 we examine the technological and electrical characteristics of CNTFET analyzed. In
Section 4 a description of the our RF model is presented. The de-embedding procedure is in detail analyzed in
Section 5, togheter with the discussion of relative results. The conclusions are described in Section 6.
2. REVIEW OF CNTs
A Carbon Nanotube, discovered in 1991 by S. Iijima, is a sheet of hexagonal arranged carbon atoms rolled up in a
tube of a few nanometers in diameter, which can be many microns long. Graphene is a single sheet of carbon atoms
arranged in the well known honeycomb structure [1] [12]. This lattice is shown in Fig. 1.
Carbon has four valence electrons, three of which are used for the sp2 bonds. In sp2-hybridization an electron is
promoted from the 2s-orbital to a p-orbital, and then two electrons from different 2p-orbitals combine with the
single electron left in the 2s-orbital to generate three equivalent sp2-orbitals. These orbitals are planar with 120o
between the major lobes, and the remaining p-orbital is perpendicular to this plane. The leftover p-orbital is
perpendicular to the graphene, and electrons in this orbital bond to other carbon atoms through weak π-bonds. The
electrons in the p-orbitals are thus loosely bound and responsible for the conductance of graphite. Since the CNT is
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made up of one or more sheets of graphene rolled up in a tubular structure, the binding in the CNT is nearly identical
to that of graphite. The differences in binding are due to the larger inter-shell distance in CNT compared to the
interlayer distance of graphite, and the curvature of the graphene sheets [13-15].
Fig. 1 shows the construction of a graphene sheet.

Figure 1. Lattice of graphene. Carbon atoms are located at each crossings and the lines indicate the chemical
bonds, which are derived from sp2-orbitals. Ch is chiral vector, T is tube axis; θ is chiral angle [1].
The chiral vector, Ch, is the vector perpendicular to tube axis T, which is given by:
Ch
(1)
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being n and m a pair of integers and a1 and a 2 the lattice vectors, which can be written as:
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where a0 is the iner-atomic distance between each carbon atom and its neighbor, equal to 1.42 Å.
The pz atomic-orbitals are oriented perpendicular to the plane and are rotational symmetric around the z-axis.
A CNT can be multi-wall (MWCNT) or single-wall (SWCNT) [1]. A MWCNT (Fig. 2) is composed of more than
one cylinder whereas a SWCNT (Fig. 3) is a single cylinder.

Figure 2. Structure of a MWCNT.

Figure 3. Structure of a SWCNT.

Depending on their chiral vector, CNTs have either semi-conducting or metallic behaviour.
In particular, if n = m or n – m = 3i, where i is an integer, the nanotube is metallic; in other cases it shows semiconducting property [1] [12].
The diameter of the CNT can be calculated by the following equation:
a
C
d  h  0 n 2  m 2  nm
(3)


The chiral angle shows the chirality of nanotube and can be found by the following equation.
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If (n = m, φ = 0°), CNTs are defined as armchair-type, while, if (m = 0, φ = 30°), as zig-zag type.
Fig. 4 shows the conduction band and valence band energy level diagram of carbon nanotube [16].
2

2

(4)

Figure 4. Energy level diagram of carbon nanotube.
In particular, for a SWCNT having a semiconductor behaviour, the band gap Egap is expressed by the following
relation [1]:
2 a
(5)
Egap  0 0
d
where  0 is the carbon-to-carbon tight-binding overlap energy.
A straightforward application of this semiconducting property of CNTs is to form a field-effect transistor (FET)
analogous to the MOSFET [1].
Carbon NanoTube Field Effect Transistors (CNTFETs), in fact, are FETs using a carbon nanotube as channel, and
are regarded as an important contending device to replace conventional silicon transistors [17].
3. TECNOLOGICAL AND ELECTRICAL CHARACTERISTICS OF CNTFET ANALYZED
In this paper we have considered the device proposed in [18-19]. It was a back-gate CNTFET, fabricated on a n++
substrate. The gate oxide layer was realized by thermal deposition, then carbon nanotubes were grown in order to
form the channel, using CVD (Chemical Vapor Deposition). Finally, a Ti/Au bilayer was patterned to form metal
electrodes. In that way, mainly single-walled CNTs were obtained; a high source-drain voltage was applied to break
most of the metallic nanotubes, without affecting semiconducting ones. A SEM photo of the structure is shown in
Fig. 5, in which the insert indicates the cross section of the employed back-gate geometry.

Figure 5. SEM photo of the analyzed CNTFET structure (from [19]).
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The IDS-VDS output characteristics for different gate-source voltage values (VGS) are shown in Fig. 6.

Figure 6. IDS -VDS characteristics for different VGS values.
Despite the fact presence of some metallic CNTs the device operates similarly to a typical field-effect transistor,
showing its ambipolar behavior, i.e. the channel is formed for either positive or negative V GS values, even if it
shows much better performances when it is biased like a p-channel FET (negative VGS).
S parameters measurements, from very low frequency up to 12 GHz, were performed employing a HP 8510 network
analyzer [20], where the bias values of the examined CNTFET are VDS = - 3 V and VGS = -15 V.
Provided that the measurements aimed at mainly analyzing transmission properties of the CNT-based channel, rather
than amplification performances, a very high VGS was chosen. In this situation the trans-conductance is low (80 S),
because a variation in VGS corresponds to an almost negligible change in VDS, so that the transistor works
substantially as a passive device.
S11 and S21 parameters, both in magnitude and phase, were measured for several frequencies.
However they are affected by parasitic effects due to the measurements setup.
Therefore, in order to extract some information on CNTFET intrinsic behaviour, a de-embedding procedure has to
be performed, as we will explain in Section 5.
4. OUR RF CNTFET MODEL
In [21] we have presented a new active model, shown in Fig. 7, whose parameters values have been obtained
through a best- fitting procedure between the measured and simulated S parameters.
In particular the proposed model is an active, non symmetrical circuit, since it takes into account the transistor transconductance gm, whose values, deduced from Fig. 6, are reported in Fig. 8.
Similarly, in Fig.9 we have reported the output impedance of transistor deduced from I-V characteristics.

Figure 7. The proposed RF CNTFET model.
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Figure 8. CNTFET trans-conductance gm versus VDS for different VGS values.

Figure 9. CNTFET Z0 versus VDS for different VGS values.
The element, indicated with Rpad and Cpad, model the parasitic effects due to measurement setup (metal pads). Source
and drain contacts between the channel and pads are considered both resistive (R c) and capacitive (Cc).
Finally, we have modeled the transmission properties of the channel by the RCNT – LCNT series, in parallel with CCNT
source-drain capacitance.
Moreover initial simulations have brought us to omit source-substrate and drain-substrate capacitances, as well as
the DC conductance of few possible metallic CNTs in the channel, since their effects are negligible.
Definitely the unknown circuital elements of model of Fig. 7 are: RCNT, LCNT, CCNT, Rc, Cc, Rpad, and Cpad.
In order to determine their values, we have performed a best fitting procedure, based on the minimization of an
objective function, formed by the values of the squared differences between the measured and calculated values of
S11 and S21 parameters [21]. In Table 1we have reported the circuit parameters values, obtained through the best
fitting procedure, previously illustrated.
Element
RCNT
LCNT
CCNT
Rc
Cc
Rpad
Cpad

Calculated value
3.33 kΩ
149 nH
0.542 pF
40.3 Ω
≈ 0F
1.39 Ω
4.46 pF

Table I. Circuital values of our model.
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However the measured S parameters are affected by random errors and therefore it is necessary to use a e deembedding procedure that removes existing errors in measured S-parameters of high-impedance devices.
5. DE-EMBEDDING PROCEDURE
In our model of Fig. 6 parasitic effects due to the measurement setup have been modeled by the two R pad - Cpad
branches; whose values have been determined by the fitting procedure, previously illustrated.
Eliminating the two branches, we have extracted. a network, which theoretically models the intrinsic device. In this
way the S parameter results have been de-embedded by the effects of metal pads.
In Fig. 10 and Fig. 11 we have reported S11 and S21 parameters, both in magnitude and phase, measured and modeled
for several frequencies, respectively, after de-embedding.

(a)

(b)

Figure 10. Comparison between measured (■) and fitted (continuous line) of S 11, in magnitude (a) and phase (b)
after de-embedding.

(a)

(b)

Figure 11. Comparison between measured (■) and fitted (continuous line) of S 21, in magnitude (a) and phase (b)
after de-embedding.
From the analysis of Fig. 10 and Fig. 11 we have confirmed that CNTFET presents a good behaviour at higher
frequencies, while the strong de-embedding correction shows the main importance of the technology used to realize
the device, which limits the CNTFET properties.
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6. CONCLUSIONS
We have proposed a de-embedding procedure, applicable to any CNTFET structures, in order to determine the
intrinsic RF model of CNTFETs, whose circuital elements have been deduced from S parameters measurements up
to 12 GHz, through a best fitting between the measured and calculated values of S11 and S21 parameters.
The proposed de-embedding procedure allows us to remove random errors in measured S parameters of smallsignal device, obtaining the intrinsic model to implement directly in simulation software for electronic circuits
CAD.
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