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Abstract. A semi-empirical approach to model the temperature effects on I-V characteristics of Carbon Nanotube
Field Effect Transistors (CNTFETSs) is proposed. The model includes two thermal parameters describing CNTFET
behaviour in terms of saturation drain current and threshold voltage, whose values are extracted from the simulated
and trans-characteristics of the device in different temperature conditions. Our results are compared with those of a
numerical model online available, obtaining I-V characteristics comparable but with a lower CPU calculation time.
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1. Introduction

Carbon NanoTubes have attracted much interest in the scientific world due to their excellent
electrical, thermal, and mechanical properties. In particular CNTFETs, which are field-effect
transistors that utilize a single carbon nanotube or an array of carbon nanotube as the channel
material instead of bulk silicon in the traditional MOSFET structure, are now a promise for an
alternative material to replace silicon in future electronics (Avouris et al. 2005, Marani and Perri
2009, 2011, 2012, Gelao et al. 2011, Marani et al. 2012, 2013, Gelao et al. 2015a, b).

As prediction through modeling forms the basis of engineering design, engineers need models
which relate to their design area and are adaptable to new design concepts.

Most of the CNTFET models available in literature are numerical and make use of self-
consistency and therefore they cannot be directly implemented in modeling languages for analog
and digital circuits, such as SPICE, Verilog or VHDL-AMS. Moreover the research on temperature
effects on DC characteristics of CNTFETs is still at an early stage.

Generally there are two methods for developing thermal models of electronic devices (Perri
2011, Marani and Perri 2012).

The first method consists of the calculations of the thermal gradient inside the device and drain-
source current Iy, since the thermal field depends on the consumed power. This procedure allows
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good agreement between the measured and simulated -V static characteristics at different
temperatures but it results rather heavy from a computational point of view. On the other hand,
physical models of the temperature dependence of device parameters must take into account a
number of physical factors, such as, for example, the energy gap, the available state density at the
conducting and valence band edge, the dielectric constant, the electron saturation velocity, the
electron mobility (Perri 2011). Therefore the approach generally used for the thermal modeling lies
in accounting for the device parameter dependence as linear or non linear functions of temperature.
In these functions temperature coefficients, depending on the device technology and bias voltages,
are used. Physical modeling of bias dependence on the device characteristics can be accurate
enough if analytic expressions take into account a lot of second order effects, such as the negative
output conductance, especially due to self-heating. Thus model expressions become very
complicated. This makes it very difficult to model the large signal behavior by means of physical
expressions and to derive an analytic small signal model from the large signal one. On the other
hand, physical models do not require an electrical characterization of the devices.

The second method is based on a semi-empirical approach, where some of the fitting
parameters of the large signal model are dependent on the temperature according to empirical
relationships including fitting parameters having a physical meaning. However the semi-empirical
model requires the electrical characterization of devices and the delicate procedure of parameters
extraction.

In this paper we have followed this second approach, because it can be considered more useful
for computer-aided design (CAD) applications, since it is less complicated without any loss of
accuracy, can be easily implemented in an electrical simulator and the computational time is very
low. In particular we have firstly enhanced a semi-empirical model, already proposed by us
(Marani and Perri 2012), to simulate very accurately the effect of device negative output
conductance, especially due to self-heating. Then the temperature effects on I-V characteristics
have been modeled by the dependence on temperature of the device threshold voltage and of the
maximum saturation drain-source current, whose values have been extracted from the simulated
and trans-characteristics of the device in different temperature conditions.

Moreover, in order to validate our results, they have been also compared with data obtained
from simulator online available (Rahman et al. 2006), obtaining [-V characteristics comparable but
with a lower CPU calculation time.

The presentation is organized as follows. The proposed model is presented in Section 2, while
the discussion of simulation results is given in Section 3. The conclusions and future developments
are described in Section 4.

2. The proposed thermal I-V model of CNTFETs

In Marani and Perri (2012), we have proposed a DC model, which has been implemented with
the following aims:

e to improve the accuracy of modeled I-V curves, in particular in the knee and saturation
regions;

e to give the device source-drain current as a function of external voltages, as seen at the
device gates, by-passing the very difficult measurement of parasitic resistances for the I-V
characterization.

e to use empirical parameters to be extracted by a quick and accurate procedure, the initial
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estimation of empirical parameters being performed referring to measured I-V curves and
to physical considerations, making univocal, fast and easy the extraction of the best fitting
parameter set.

An exhaustive description of our DC model is in (Marani and Perri 2012). In this Section we
just describe the main equations on which our I-V model is based.
Our DC model, without taking into account the temperature T, has the following expression

v N
Idsx (Vds s Vgs) = [dxx [(1 - ;J :l[tanh (a VdS )]M ( 1 )

t
where I, is the maximum saturation drain current, which is not an empirical parameter
Vt :Vto +7XVds XVgs

is the threshold voltage, V,, is the threshold voltage at zero bias, y is the threshold voltage shift
parameter, and

N=Ny+NV, +N,Va+N,JV, (2a)
alpha=a, +aV, +a, ngs +a, V;S (2b)

being V;, the drain-source voltage and V,, the gate-source voltage.

Egs. (2) allow the third order dependence of N and a on the bias conditions, improving the
fitting in the linear, knee and saturation regions. Moreover, the M parameter improves the fitting in
the knee region, modifying here the behavior of hyperbolic tangent function.

The voltages in Eq. (1) are external, i.e., measured at the device external terminals. In this way
it is possible to overcome the problem of measurement of the parasitic resistances, thus making
easier the parameter extraction procedure and the use of the model for circuit design. If the
complete DC device characterization requires the resistances to be determined, the linear
approximation can be used for them without affecting the I-V model accuracy.

The extraction of the 11 empirical parameters by an appropriate optimization routine is widely
described in our Ref. (Marani and Perri 2012) and therefore the reader is requested to consult it.

In this paper we enhance the previous DC model to simulate accurately the effect of device
negative output conductance, especially due to self-heating.

In particular we propose that temperature effects on [-V characteristics can be modeled by the
dependence on temperature of the device threshold voltage and of the maximum saturation drain-
source current, because of their strong sensitivity to the temperature variations as suggested by the
device physical behavior analysis (Perri 2011). In fact internal thermal effects cause mainly a
decrease of current in saturation region, that is the output negative differential conductance
phenomenon for high gate-source voltage Vg, occurring as a consequence of the reduced mobility
and saturation velocity. In correspondence to low V,, near the threshold voltage, there is an
increase of current with temperature. This phenomenon can be modeled as a shift in the threshold
voltage, that decreases as the temperature increases (Perri 2011, Marani and Perri 2016).

We propose that temperature effects on I-V characteristics can be modeled by the following
equation for drain-source current /;
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yoy
Ly (Vds’VgS’T) =1,,(T) (1 - Vj})J [tanh(ans )]M 3)

Therefore, in order to evaluate Z;(Vy, Vs, T), it is necessary to determine the dependence of I
and of V;, on temperature.

As we have already said, firstly, we extract the 11 fitting parameters, i.e., Vi, ¥, No, N1, Na, N3,
a,, a1, az, a3, M, by minimizing a squared error function within the required tolerance (typically
107, at room temperature, according to the procedure described in our Ref. (Marani and Perri
2012), where we have reported the resulting extracted parameters, obtaining also a very good
agreement between measured (Javey et al. 2002, 2003) and modelled data in terms of I, versus Vs,
with a CPU calculation time very short (0.03 s, by using a 2.4 GHz compatible PC).

In this paper, in order to extract the 2 parameters depending on thermal effects, i.e., V; and I
at different temperatures, we propose the following procedure:

(1) we determine the simulated I-V characteristics of the device, obtained by our Eq. (3), in
which, at first, we consider the values of V; and I4 parameters at room temperature;

(2) then we extract the I parameters from the simulated I-V output characteristics at
considered temperatures and the V, parameters from the modelled trans-characteristics of
the device.

The proposed procedure has been applied also to the numerical model online available
(Rahman et al. 2006), named FETToy, in order to compare the two considered models.

3. Discussion of results

The simulations were performed at the temperature of 250 K and 500 K in Agilent
Technologies CAD ambient, Advanced Design System (ADS). We referred to a CNTFET, whose
features are reported in (Naderi ef al. 2012) to perform our simulations The device has a zig-zag
(19,0) CNT structure with approximately 1.5 nm radius which is embedded in cylindrical gate
insulator of HfO, with the thickness and dielectric constant (k) of 2 nm and 16, respectively. The
length of source and drain regions is equal to 20 nm. The channel is intrinsic and its length is 20
nm. There is no overlap between the source (drain) and gate regions.

Fig. 1 shows the I-V output characteristics of the two considered models, at various
temperatures.

It can be seen from Fig. 1 that for low gate source voltages, at temperature of 500 K, the drain
current Ipg is higher than that at 250 K. In spite of this, as Vs increases, at low drain source
voltages, Ips at 500 K is less than that at 250 K.

In the saturation region, by increasing Vgs, the drain current difference between high and low
temperature reduces. It is evident from Fig. 1(a) that the drain current in the saturation region and
Ves = 0.8 V for 250 K and 500 K are approximately equal. This claim appears to be less verified
for the FETToy model for V5= 0.6 V (Fig. 1(b)).

Similarly, Fig. 2 shows the trans-characteristics of the device, obtained by the considered two
models.

As it is possible to see from Fig. 2, at Vps = 0.8 V the current raises, when temperature
decreases from 500 K to 250 K, while the threshold voltage of the device decreases.
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Fig. 2 Ipgversus Vs at different temperatures and different Vpg for: (a) proposed model;
(b) FETToy model

Moreover, for Vps> 0.8 V, both in our model and in FETToy model the current dependence on
temperature is almost zero.

While the current rises with temperature 7 is present also at Vps = 0.05 V for Vs < 0.4V, the
dependence is inverted for our and FETToy models for Vs> 0.4 V.

According to the proposed procedure, Figs. 1 and 2 allow us to extract respectively the thermal
parameters I, and V; at considered temperatures (250 K and 500 K).

The obtained results are summarized in Tables 1 and 2 respectively.

In particular in Table 1 we have reported, for both models, the extracted values of current /,; at
250 K and 500 K, for different gate-source voltages, while in Table 2 we have reported the
extracted values of threshold voltage of the device at temperatures of 250 K and 500 K with Vpyg
equal to 0.8 V and 0.05 V.

The obtained results show that the values of saturation current for different temperature are
equal for high Vs for the proposed model and the FET Toy numeric model.
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Table 1 Extracted parameter I, at different temperatures for the two considered models

Proposed model FETToy model
Vs L (at Vps=0.8 V) Ly (at Vps=0.8 V)
250K 500 K 250K 500 K
02V 10.5nA 0.365 nA 154 nA 0.416 uA
04V 5.64 uA 7.56 uA 4.84 uA 6.66 A
0.6V 25.2 uA 254 uA 22.0 A 22.5 uA
0.8V 44.1 uA 44.1 uA 42.2 uA 42.3 uA

Table 2 Extracted parameter V, at different temperatures for the two considered models

Proposed Model FETToy Model
Vbs Vi Vi
250 K 500 K 250 K 500 K
0.05V 033V 026V 034V 029V
08V 034V 033V 038V 037V

The simulation results of Table 1 show furthermore that the calculation error is very low, but
with our semi-empirical model we have a lower CPU calculation time of about 0.01 s, using a 2.4
GHz compatible PC.

4. Conclusions

In this paper we have taken a semi-empirical model, already proposed by us (Marani and Perri
2012), initially utilized to reproduce the measured I - V characteristic curves at room temperature.
Then, to simulate very accurately the effect of device negative output conductance, especially due
to self-heating, we have enhanced our DC model, introducing the dependence on temperature of
the maximum saturation drain-source current and of the device threshold voltage.

These two parameters have been extracted respectively from the simulated output and trans-
characteristics of the device in different temperature conditions.

At last, our results have been compared with those of FETToy model (Rahman et al. 2006),
obtaining, with reference to I-V characteristics, trends comparable, but with CPU calculation times
lower. This result allowed us to assert that the proposed model seems particularly suitable to be
implemented in CAD applications.

Actually, for any model, we are introducing the dependence on temperature of energy bandgap.
Moreover, as the only experimental data have been measured at 300 K, we are implementing a
measurement apparatus to characterize in temperature the CNTFETs behavior, to validate the
simulation results with also experimental data, measured at different temperatures.
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