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Abstract: Compared to single-gate CNTFET, dual-gate structures have better electrostatic control over
nanowire conductive channels. However, currently, there is insufficient research on the back-gate
effect in a compact model of dual-gate CNTFET. This paper presents an improved dual-gate carbon
nanotube field effect transistor (CNTFET) compact model. The functional relationship between the
back-gate voltage (V) and threshold voltage (V) is derived. And a voltage reference regulation
mechanism is adopted so that the back-gate effect can be accurately reflected in the DC transfer
characteristics. The influence of gate voltage and drain voltage on transmission probability is
analyzed. Meanwhile, the drain current is optimized by modifying the mobility equation. This
compact model is built based on Verilog-A hardware language and supports the Hspice simulation
tool. Within the supply voltage of 2 V, the simulation results of the proposed compact model are in
good agreement with the measurement results. Finally, based on the compact model, an operational
amplifier is designed to verify its correctness and feasibility in analog integrated circuits. When
the power supply voltage is 1.8 V, and the load capacitance is 2 pF, the gain is 11.8 dB, and the
unit-gain-bandwidth (UGB) is 214 kHz, which proves the efficiency of our compact model.

Keywords: CNTFET; dual gate; back gate; transmission probability; compact model

1. Introduction

As a powerful substitute for the CMOS process below 5 nm, the carbon nanotube field
effect transistor (CNTFET) has a quasi-one-dimensional structure and an ultra-long mean
free path (MFP). While the gate voltage can effectively control the on/off of the transistor,
the carrier realizes quasi-ballistic transport in the channel and has very high mobility. There-
fore, CNTFET can provide large current transmission capacity in low voltage environments,
offering a solution for the implementation of nano-scale analog/logic circuits.

As a new nano device, CNTFET avoids most of the basic limitations of traditional
silicon devices. Its structural and electronic advantages are shown in the following aspects:
(1) Easy integration with high-k dielectric materials. All carbon atoms in CNTFET bond with
each other via sp2 hybridization, which makes it possible to integrate with high-k dielectric
materials so as to effectively reduce the leakage current in the channel. At the same time, it
also reduces the impurity diffusion of the gate dielectric layer and avoids the diffusion of a
large number of impurities from gate to substrate, which may change the device threshold
voltage and worsen the device’s performance; (2) High mobility. Single-walled CNTFET
can be regarded as a piece of graphene, and the electrons in CNTFET are confined in the
atomic plane of graphene. Due to the quasi-one-dimensional structure of CNTFET, the
movement of electrons in nanotubes is strictly limited. Electrons can only move freely
along the axis of the tube without scattering. For the carriers in CNTFET, only forward
scattering and backscattering due to their interaction can occur. Moreover, CNTFETs have
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ultra-long MFP ~(1 pm) of elastic scattering, which means that carriers behave as ballistic
or quasi-ballistic transport in the channel. So, their mobility is much higher than that of
the known MOSFETs; (3) High current capacity. The current capacity of CNTFET is about
3 orders of magnitude higher than the maximum current capacity of copper, and there
will be no performance degradation during operation at high temperatures. The excellent
carrier transport and conduction characteristics make CNTFET suitable for interconnection
and electronic applications of nanodevices; (4) Better conductive channel control. The three
(or four) terminal device consists of a semiconductor nanotube, which acts as a conductive
channel and bridges the source and drain. The device is turned on or off by gate electrostatic
control. The quasi-one-dimensional structure can provide better gate electrostatic control
in the channel region than 3D and 2D device (such as FInFET and FD-SOI) structures.

At present, CNTFET has made great progress in material, device, and small-scale
logic IC. However, as a bridge between circuit design and process integration, the compact
model is still a missing link in the research field of CNTFET. A compact model is necessary
for large-scale simulation and verification of CNTFET integrated circuits. Most of the
existing compact models are based on single-gate CNTFET [1-9]. In 2002, J. Guo et al.
proposed the first CNTFET compact model with the numerical analysis method [10].
With a large number of integral functions for calculation, when embedding commercial
simulators such as Hspice for simulation, it operates very slowly, and the practicability
is poor. A. Raychowdhury et al. improved the model simulation time significantly by
using the polynomial fitting method [11]. However, this method does not fully map
the physical meaning of the device. In order to further simplify the above two models,
the model reported by C. Dwyer et al. uses a simple coaxial or planar gate CNTFET
structure [12]. The compact model proposed by the research team of the University of
Tsukuba integrates multiple lumped static gate capacitors [13] and assumes that CNTFET
has an ideal ballistic transport channel. However, these simplifications lead to errors in
evaluating the transient response of transistors and the dynamic performance of devices.
In most research achievements, the back gate is usually used as a common substrate. These
compact models ignore the modulation effect of the back gate on the conductive channel,
thus introducing errors in the DC characteristics of CNTFET. However, in practice, dual-
gate CNTFET can construct n-type or p-type transistors according to different back-gate
bias voltages. And the back gate provides an additional degree of freedom, which can
regulate the conductive channel, and then affect the transmission current and threshold
voltage. To date, only a few research institutions, such as IBM and Stanford University,
have proposed the compact model of dual-gate CNTFET. The IBM model believes that
although the back gate has some influence on drain current Ion, the source depletion effect
appears quickly under a small back-gate voltage, and the conduction current is mainly
controlled by the front gate. Therefore, the front gate screens the influence of the back gate
on the internal conductive channel [14]. The dual-gate CNTFET compact model proposed
in Ref. [15] measures I;; at different front-gate voltages (VFG), and it is observed that the
back gate will cause the change in threshold voltage. This compact model only shows
the back-gate effect and does not conduct a deep investigation of this effect. But it still
provides experimental basis and exploration ideas for follow-up research. Ref. [16] has
further studied dual-gate CNTFET. When constructing a compact model, the conductive
channel is divided into three regions: source access, inner part, and drain access. It is
considered that there is a strong coupling effect between the front gate and the back gate.
The back gate adjusts ambipolarity by controlling the source access and drain access areas.

Based on experimental results, the above compact models only show the back-gate
effect and does not analyze its specific mechanism. Therefore, an improved compact model
with a back-gate effect is proposed in this paper. In this model, the principle of the back-
gate effect is analyzed in detail, and the relationship between the back-gate voltage and
the threshold voltage is derived via accurate calculation and numerical fitting. At the
same time, in order to further expand its application, the influence of gate voltage and
drain voltage on transmission probability is also analyzed, which improves the calculation
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accuracy of channel current. Comparing the simulation results with the measurement
results, they have good consistency. Finally, via the simulation of the operational amplifier,
the practicability of the model in a circuit simulation environment is verified.

The paper is organized as follows: Section 1 briefly reviews the CNTFET compact
model. Section 2 describes our proposed dual-gate CNTFET model. The experiment results
and circuit implementation are presented in Section 3. Finally, conclusions are drawn in
Section 4.

2. Improved Dual-Gate CNTFET Model

In this paper, the dual-gate CNTFET structure similar to Ref. [17] is used, as shown in
Figure 1. The heavily doped substrate is also used as the back-gate terminal.

Gate
(Front-Gate)

(@)

Source
Gate
Front-Gate

b)

ligned-CNT

(©)

Figure 1. Dual-gate CNTFET structure: (a) front view; (b) side view; (c) top view.

2.1. Back-Gate Effect

In the following discussion, we use the symbol ¢ to denote the surface potential (in
units of volts) and the symbol ¢ to denote the corresponding energy level (in units of
electronvolts). In CNTFET, x is the direction perpendicular to the surface, and the surface
energy level ¢ can be expressed as

5= M
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g is the electron charge, N4 is the substrate doping concentration and ; is the dielectric
constant of silicon material. By integrating (1), it can be obtained that the electric field
distribution in the silicon film is

—qNAx _ ((Psff(Psh B —qNatg;

E(x) =
( ) Esi tsi 2

) )

@sf, s is the surface potential of the front gate and back gate, respectively. t;; is the
thickness of silicon film. When x = 0, that is, on the surface, the electric field E; % of the
front-gate surface is expressed as

Psf—Psb  gNats;
tsi + 2

Ey = ®3)

According to Gauss law, the voltage drop on the oxide layer at the front gate can be

obtained as 0 0
8 J— J— .
Voxf _ Ssi Oéi‘x invf @)

Qoxf is the fixed charge in gate oxide, Qo is the inversion-layer charge, and Coy is
the gate oxide capacitance per unit area. It is also deduced that the voltage drop on the
oxide layer at the back gate is

esiEsf — qNatsi + Qoxf + Qsp
Chox

Voxb = )

Qoxp 1s the fixed charge in the back-gate oxide layer, and Qg is the inversion-layer
charge on the back gate. Therefore, the front-gate voltage Vg5 and the back-gate voltage V),
can be obtained as follows:

Vgs = @sf + Voxf + Qbmsf (6)
ng = @sp + Voxb + Pmsh @)

Pmsr and ¢y,sp represent the work function difference between the front gate, the back
gate, and the substrate. By combining Equations (3), (4), (6), and (7), we can obtain the
front-gate and the back-gate voltage, and the surface potential as

Q Ci Csi 3Queg + Qi
Vgs —¢msf OXf +(1+i)§0sf_ifpsb_zeq—mvf 8)
0x Cox Cox Cox
Qoxb C Csi szeq + QSb
Vig = Pmsp — =22 4+ (1+ - - 9)
b ¢msb Cbox ( Cbox )(P b Cbox (Psf Cbox

where Cy; = t L, Qieqg = —qNats; is the depletion-layer charge.
When CNTFET is inverted, it is considered that Vgs is the threshold voltage at this time.
Then, g5 = @5 = 2¢s (¢ is the Fermi potential) and Q;,,,¢ = 0 is put into Equation (8)

Qoxf Qdeq
¢msf +2¢5 — 2C,y (10)
There is no inversion charge at the back gate (Qg, = 0)
Qoxb Qdﬁq
- +2¢r — 11
= Pmsh . @5 2Cpox (11)
Equation (11) is substituted into Equation (10) to obtain the following;:
Q
Vi = Vag + (@ — ) + (222 ) (12)

Cbox Cox
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It can be seen that the threshold voltage of CNTFET is directly affected by the back-
gate voltage.

When the drain voltage Vj; is small (e.g., V5 = 0.1 v), the gate voltage when the drain
current is 0.1 pA is set as the threshold voltage (V};,). The proposed compact model is
simulated and compared with the device measurement results. As shown in Figure 2, the
model simulation results have a high degree of fit with the measurement results, which
verifies the correctness of the inference. The maximum error margin is about 4% of the
full range.

[ J— Simulation result

P Y— Measurement result
104

0.25 |

0.0 . . . L
0.0 05 1.0 15 20 25 3.0

Vg (V)

Figure 2. Relationship between threshold voltage and back-gate voltage.

Further analysis shows that the surface potential increases with the increase in the
back-gate voltage, and V};, decreases with the increase in the back-gate voltage. Meanwhile,
the relationship between the front-gate voltage variation and the surface potential variation
A®gp is double. Therefore, the change in Vy, is approximately twice that of surface potential
variation Adp. This is because the increase in the gate voltage makes the energy band
bend downward, and the surface potential increases. Then, the electron concentration
at the surface increases, and the current increases. When the surface potential increases,
the applied voltage required to reach the fixed current value decreases, and V};, decreases.
Therefore, the trend of surface potential and V};, changing with the back-gate voltage is the
opposite. The back-gate voltage will affect the current by affecting the change in surface
potential, so it is very important for the model to correctly reflect the influence of the back
gate on the current.

Since the back gate of CNTFET is used as a substrate, the back gate is connected to
the power supply by default during the parameter extraction of the p-CNTFET model.
Therefore, there will be a voltage difference between the back gate and its source. And
the influence of back-gate voltage must be correctly reflected in the model. As shown in
Figure 3, according to the simulation results, the transfer characteristic of the p-CNTFET
model is inconsistent when the source and back gate are connected with different voltages.
The reason for this is that the terminal voltage in the model adopts absolute voltage, which
leads to an error in the voltage input to the model and the wrong result. Therefore, it is
optimized to deduct a voltage from the input voltage in the model so that the transfer
characteristic of the output when the source and back gate are connected with different
reference voltages is consistent, as shown in Figure 4. Then, the back-gate voltage effect can
be reflected in the transfer characteristic. The back-gate voltage also affects the threshold
voltage of CNTFET. This mechanism is similar to MOSFET, where changes in threshold
voltage can cause a certain degree of nonlinearity in the transfer characteristic curve.
Therefore, even after optimization, there is still about 1% nonlinearity in the transfer
characteristic curve in Figure 4 [18]. Because the currently developed compact models
are mainly aimed at Hspice simulation applications, all results in this paper are based on
Hspice simulation. Since the CNTFET’s maximum supply voltage is 2 V, Vs is swept from
2 to 0V in Figures 3-8. From Figures 3 and 4, it can be seen that when Vg, is greater than
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1.2 V, CNTFET is saturated. When the Vs is less than 1.2 V, CNTFET enters the linear

working region.
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Figure 3. Transfer characteristics before optimization.
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Figure 5. The 500 nm P-CNTFET fitting results: (a) linear coordinate; (b) logarithmic coordinate.
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Figure 6. CNTFET SEM.
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Figure 7. P-CNTFET output characteristics.
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Figure 8. P-CNTFET transfer characteristics.

2.2. Transmission Probability Optimization

Since the scattering caused by defects is suppressed in CNTFET, the main source of
scattering is considered to be phonons, especially at high temperatures. There are many
phonon modes in CNTFET, and phonon scattering is an inelastic scattering process. There
are only three kinds of electron—phonon backscattering in CNTFET. The first is the scattering
of low-energy acoustic phonons, which involves small changes in momentum and energy.
The other two scattering processes are due to optical phonons and Brillouin boundary
phonons, which require large energy changes (150-180 meV) and large momentum changes,
respectively. Phonon scattering involves the emission or absorption of phonons by moving
charge carriers. When V; is small, acoustic phonon scattering is the only scattering process
that occurs because electrons do not have enough energy to interact with high-energy
phonons. In this case, the resistance is inversely proportional to the temperature because
the scattering probability is determined by the number of available phonons [19]. The direct
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effect of phonon scattering is to reduce the transmission probability and the transmission
current in the channel.

In CNTEFET, the carrier injection depends on the transmission probability and the drain
and source voltages. There are two main ways for electrons to pass through the barrier
from source, drain to channel: thermal excitation and tunneling [20]. In an ideal scenario,
ignoring the influence of nonideal effects such as scattering, tunneling, and traps, we
believe that all charge carriers can be transferred from the source to the drain, which means
that the accumulated charge in the drain is equal to the charge in the source. Therefore, we
set T(E) to 1. For one-dimensional systems, the Landauer-Buttiker approximation can be
used to calculate the current from drain to source [15] as follows:

Iy = %’7 / T(E)[fen (E — Ers) — fro(E — Epp)]dE (13)

T(E) is the coefficient related to energy transmission, frp is the Fermi-Dirac distribu-
tion, E is energy, and Erg and Erp are the Fermi energy of source and drain, respectively.

For a ballistic transmission system, as long as the energy of the electron is higher than
the top of the potential barrier in the channel region, it can be directly transmitted to the
drain due to thermal motion. At this time, the transmission probability T(E) of the carrier
is 1, and its conductivity is controlled by drain and gate voltage. However, the channel
region of the device is not completely ballistic, and the current is far lower than the current
predicted by the ballistic model. The transmission probability of the carrier in non-ballistic
transmission depends on the channel scattering mechanism. Both phonon scattering and
optical phonon scattering depend on carrier energy.

With the increase in gate voltage, the surface potential of CNTFET increases, and
the energy band of the channel region decreases. The Fermi energy of carriers along the
+k and -k directions are the source and drain Fermi energy, respectively. All +k states
are filled according to the Fermi energy at source, and all -k states are filled according
to the Fermi energy at drain [21]. Since the Fermi energy in the source and drain region
remains unchanged, the energy difference between the substrate and the Fermi energy will
decrease with the decrease in the energy band in the channel region. With the increase in the
Fermi-Dirac distribution function, the probability that the substrate is occupied increases,
so the probability that the substrate is empty decreases. Therefore, with the increase in gate
voltage, the number of empty substates where electron transition can occur becomes less,
the MFP of scattering increases, and the carrier transmission probability increases.

The drain voltage also affects the scattering. With the increase in drain voltage, the
Fermi energy of the drain decreases. Therefore, the Fermi distribution function decreases,
the number of states in which the electron transition can occur is empty increases, the
scattering MFP decreases, and the electron transmission probability from drain to source
decreases [22,23]. For current I, it is the drain to source current minus the source to drain
current; For electrons, it is the source to drain electrons minus drain to source electrons.
For the drain electrons, the Fermi distribution function is smaller than the source when the
drain voltage is applied, and the Fermi distribution function will continue to decrease with
the increase in drain voltage. Therefore, when drain voltage increases, the transmission
probability and Fermi distribution function of electrons from drain to source will decrease,
and the total current will increase. Therefore, the influence of drain voltage on scattering
can be expressed indirectly by the Fermi distribution function.

So, the transmission probability is related to gate voltage and increases with the
increase in gate voltage. The Fermi distribution function of the source and drain region is
also related to gate voltage and gradually increases with the increase in gate voltage. In
order to solve these problems, the Fermi distribution function of source and drain and the
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transmission probability of source and drain carriers need to be related to gate voltage,
taking the mobility model in the BSIM model as a reference [24].

Heff = v, y0+2v Veurorr 12V, (14)
1+ (U, + Uchseff)(W) + UMW)

Three parameters, coeffvg0, coeffvgl, and coeffvg?2, are added to the model so that the
mobility in the model is related to the Fermi distribution function and gate voltage, thus
indirectly reflecting the current transmission probability. We have not yet completed our
research on this mechanism. Currently, we can only use these three coefficients to fit the
simulation results of the compact model with the measured results. The specific adding
methods are as follows:

tempt = coeffvg0/(1 + coeffvgl x (v_vg — v_vs) + coeffvg2 X (v_vg — v_vs) X (V_vg — V_vs));
current_subl1 = (T11 x fermi_s11 — T11_0 x fermi_d11) x Coeff_J11;

By adjusting coeffvg0, coeffvgl, and coeffvg2, the current value in the right area of the
simulation curve of the I;;-Vgs-V;; model can be modified, and the rise and change in the
simulation curve can be adjusted. As shown in Figure 5, the model simulation and device
measurement results are compared, and the fitting degree of the two is good. However,
in linear coordinates, the current value in the negative voltage region is particularly small
and has not been characterized. Essentially, the two graphs are consistent.

3. Experimental Results and Circuit Implementation

The CNTFET is manufactured in a similar process to MOSFET; SEM photos are shown
in Figure 6. This compact model is built based on Verilog-A hardware language, which
describes the physical characteristics of CNTFET. The CNTFET-based circuit is simulated
using the Hspice tool. The main parameters in the compact model are shown in Table 1,
and each parameter has a clear physical meaning.

Table 1. Model parameter definition.

Parameter Description
Lch Channel length
Lgeff Mean free path in the channel region of intrinsic CNTFET with imperfect elastic scattering
Lss Source extended region length of CNTFET
Ldd Drain extended region length of CNTFET
Efi Fermi energy
Kgate Dielectric constant of high-K top-gate dielectric material
Tox Thickness of high-K top-gate dielectric material
Csub Coupling capacitor between channel and back gate (back-gate effect)
Cesd Coupling capacitor between channel and source/drain region
CoupleRatio Percentage of Cesd corresponding to the coupling capacitor between channel and drain
Vfbn, Vibp Flat band voltage of n-CNFET and p-CNFET
Pitch Distance between centers of two adjacent CNTs in the device
CNTPos Position of carbon nanotubes under gate
nl, n2 Chirality of CNTFET
tubes Number of carbon nanotubes in device
coeffvg0, coeffvgl, coeffvg2 Fitting parameters

The above parameters are imported into the model. The process parameters of p-
CNTEFET are the length and width at both 1 um. There are about 200 carbon tubes every
1 pm wide, and the chirality of CNTFET is (14, 7). According to the diameter equation, the

diameter can be obtained:
a\/n3 +ning + n3
(15)

7T

DcntreT =
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The coupling capacitance between the channel and back gate can be calculated accord-
ing to the buried-oxide thickness. The parameter pitch can be obtained when there are
200 carbon tubes in 1 um width. The number of carbon tubes can be determined accord-
ing to the gate width and the density of carbon tubes. Let tubes = W/(1 x 107° x 200).
The threshold voltage of the curve is adjusted by changing the flat band voltage Vibp.
The increase in Lss and Ldd will increase the resistance in the source/drain region and
reduce the overall current value on the right side of the I-Vgs simulation curve; Cesd
and CoupleRatio will affect the electrode-induced charge in the channel, thus affecting the
solution of surface potential and tcurrent. With the increase in Ccsd, the surface potential
decreases, so the current decreases. CoupleRatio will change the influence of drain voltage
on surface potential.

The proposed compact model is simulated. The output characteristic of p-CNTFET is
shown in Figure 7, and the transfer characteristic is shown in Figure 8. The results show
that the simulation results are in good agreement with the test results, which proves the
effectiveness of the compact model.

In analog integrated circuit design, the compact model determines the accuracy of
circuit simulation. Based on the proposed dual-gate compact model, an operational am-
plifier is designed. As shown in Figure 9, the back gate of the input differential transistor
p-CNTEFET is connected to a power supply to reduce the threshold voltage and increase
transconductance. When the power supply voltage is 1.8 V, and the load capacitance is
2 pE, the AC small-signal simulation is carried out. The simulation results show that the
gain is 11.8 dB, and the unit-gain-bandwidth (UGB) is 214 kHz. It has the basic amplifier
function, which verifies the feasibility of the compact model and its convergence in the
spice simulator.

VDDA
o
. hoA /
Vbiaso{ ¢ p-CNTFETO 2 UGW4214 kHz
15um/0.5um g -20 L
! ) s
Vin Vip -1
o ko -40
P-CNTFET1 P-CNTFET2
15um/0.5um 15um/0.5um
Voutp ‘fEccococooooBoo fl-—..—i'
-20 =
N-CNTFET1 N-CNTFET2 & o
0.2um/0.5um 0.2um/0.5um £ -40 i
) i
g B
= S 80 F.-
-100 | :“.’"! "

7
01 1 10 ? 10° 10° 10° 10

0 1
Frequency (Hz)

Figure 9. CNTFET-based operational amplifier and its output AC characteristics.
As shown in Table 2, based on other research achievements, the compact model
proposed in this paper is aimed at the 90 nm CNTFET process and provides a relatively

complete description of the back-gate effect and its impact on transport probability, which
is constructed using analysis methods with good simulation convergence.

Table 2. Performance comparison of CNTFET compact model.

Parameter [11] [12] [14] [15] [16] This Work
Technology (nm) - 20 - 200 32 90
Gate structure single single dual dual dual dual
gate gate gate gate gate gate
Simulation tool Hspice Hspice Hspice Hspice Hspice Hspice
Method polynomial semi- numerical numerical numerical numerical
fitting empirical analysis analysis analysis analysis
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Table 2. Cont.

Parameter [11] [12] [14] [15] [16] This Work
Convergence Normal Normal Normal good good good
- drain leakage SChOt.tky quantum back-gate
ballistic barrier, . effect,
. L. conductance vs. current, . confinement, ..
Characteristics transport, . electrostatic . transmission
gate voltage unipolar . scattering, .
DIBL . modeling, . probability,
behavior . screening effect .
tunneling tunneling

4. Conclusions

In order to characterize dual-gate CNTFET, an improved compact model is proposed
in this paper. The compact model mainly analyzes the influence of back-gate voltage on
threshold voltage and deduces the relationship between them. At the same time, based
on the influence of phonon scattering on carrier transmission, the effect of gate voltage
and drain voltage on transmission probability is analyzed, and the carrier mobility in the
model is modified to fit the device current more accurately. In order to more accurately
characterize the model, three fitting parameters were added to the mobility formula based
on the CNTFET test results. The output characteristics and transfer characteristics of
CNTFET are simulated and tested to verify the accuracy of the model. This compact model
includes the main CNTFET parameters, such as Channel length, Tox, and so on. Finally,
via the simulation of the operational amplifier, which shows a gain of 11.8 dB and UGB of
214 kHz. The convergence and simulation feasibility of the model in an analog integrated
circuit design environment are verified.
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