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ABSTRACT. In this paper we present a new VHDL-AMS model of carbone nanotube field
effect transistor for photo-detection application: (photo-CNTFET). Contrary to classical
photodetectors, the photo-CNTFET has the potential to work on a wide range of optical
frequencies and high quantum efficiency and can be used as a highly sensitive and rapid response
photodetector. Based on its excellent conductivity and very low capacitance, Carbon nanotubes
provide highly mobile electrons and low noise in the system. The simulation results obtained in the
present paper has shown its relevance as precise and fast tool to investigate the effects of
photoexcitation on Ids-Vds characteristics of the photo-CNTFET. We have present results
obtained after variation of power illumination and light beam wavelength.
1.

INTRODUCTION

Carbon nanotubes (CNTs), discovered in 1991, have been a subject of intensive research for
a wide range of applications [1,2]. A very large literature has been published on the properties
of CNTs. These tubes may be found in two types of structures: multi- walled nanotubes
(MWCNTs) and single-walled nanotubes (SWCNTs). The Single-walled carbon nanotubes
(SWCNTs) are nearly ideal one-dimensional (1D) materials [3, 4]. The carrier confinement
and reduced dimensionality give them unique electrical properties that have been, in particular
used as channels of field-effect transistors [2-6]. The major operation, Structure and operation of
CNTFET is the same as traditional MOSFET. Because of the one-dimensional material of
the CNT, electrons are limited to the narrow nanotube, the mobility goes up greatly on
account of ballistic transport, as compared with the traditional bulk MOSFET [7]. We will
consider the MOSFET-like CNTFET with ballistic transport as our device of interest.
So far, Among the wide range of application of CNTs, semiconducting Carbon Nanotubes
show interesting optoelectronic properties In particular from near ultraviolet (UV) to infrared
(IR) [8]. Their ability to generate a photocurrent in a wide wavelength range has been
demonstrated by several authors [9–12] [13–19]. In this paper we have developed a compact
model of a new photo-detector based on carbon nanotube field effect transistor photo-CNTFET
characterized by a ballistic conduction.
This model is defined and developed in VHDL-AMS language. It represents an important
amelioration of the absorption of light in the CNT structures which is our matter of interest.
The novelty of this photo-CNTFET resides on its highly sensitivity to the radiation, from
UV to IR wavelength region. We show that measurements of photocurrent demonstrate
the ability of our device to detect visible light radiation. We also demonstrate that the
simulation results obtained using this compact model, presents important amelioration of
photocurrent at hight power illumination and higher wavelength.
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2.

PHOTO-CNTFET DETECTOR
For photodetection application, Photo carbon nanotube field effect transistor (photoCNTFET) appears as a good candidate according to its high charge sensitivity and
excellent conductivity.
The device structure presented in this paper is consisting of a single walled carbon nanotube
incorporated as the channel of a field-effect transistor (FET). Our compact model of the photoCNTFET is developed based on the one of CNTFET [20]. Under illumination, the self consistent
voltage Vsc of the photo-CNTFET is directly affected by the electron-hole pairs which are
generated within the carbon nanotube molecule.
The study of the charge balance in the presence of the light explains the mechanism of the
modulation of the potential channel VSC due to the optical excitation.

with VG, VD, VS and Vph are respectively the potentials of gate, drain, source and Laser
(excitation source). The four products terms respectively represent the charges issue from the
gate, the drain, the source and the optical source. Here CΣ is the total terminal capacitance.

where‘d’ is the diameter of the CNT, tSub is the thickness of the SiO2 layer on the substrate, tox
is the thickness of the gate insulator and, are the relative permitivities of the gate and the
substrate respectively. CD
and CS
present the electrostatic parasitic capacitances of
drain and source respectively. We have assumed that CS = CD due to the symmetry of the
device.
QS and QD are the non-equilibrium mobile charge densities. They can be modeled as nonlinear circuit capacitances, which are dependent on the self-consistent voltage VSC.

Where NS
(respectively ND) is the density of positive (negative) velocity states filled by
the source (drain), and N0 is the equilibrium electron density.
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The other elements shown in the equivalent circuit of the photo-CNTFET (Fig.1) RG, RD,
and RS are access resistances to the gate, drain, and source, respectively.
refers to the self consistent voltage Vsc. Cox is the planer gate capacitor. The nodes G, D, and
S refer to the intrinsic CNTFET device.

Fig. 1. Schematic representation of the proposed photo-CNTFET detector

The working principle of the proposed photo-CNTFET is based on ballistic transport of charges
between the CNT and the electrodes via the gate and can be gated by input optical intensity.
The photo-CNTFET shows a significant increase of the drain current. The photo generated
carriers are separated by an applied electric field between the source and the drain contacts.
Under important power illumination the light excitation will dominate the functionality of
the photo-CNTFET. Thus the optical characteristic values of the light power will replace the
gate effect and will behave as a photonic gate. The photocurrent Iph is directly proportional to
the incident optical power Popt and the quantum efficiency of electron generating and the photon
energy which is linked directly to the laser wavelength:

Iph results from the photo generated electron–hole pairs.
This current source was used to excite the second exciton state of the semiconducting
nanotube ((E22) transition). When this state is excited with an energy E = hω>E22 and
absorbed by the CNT, an energetic e-h pair at the band edge will diffuse within the channel or drift
in an applied electric field [21].
3.

RESULTS AND DISCUSSIONS

VHDL-AMS is a derivative of the hardware description language VHDL (Very High Speed
Integrated Circuit (VHSIC) Hardware Description Language). It includes analog and mixedsignal extensions (AMS) in order to define the behavior of analog and mixed-signal systems [22].
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To investigate the device properties as radiation detector, we have used the photo-CNTFET to
measure the curves characteristics Ids-Vgs
in the dark and under laser illumination to
show the effect of the optical gate.
Fig. 2 shows the curves of photocurrent measured when the device is illuminated with a
continuous laser beam at 532nm for various light power intensities swept from 0.1 to 1 mW with
a step of 0.1 mW.

Fig. 2. Ids–Vds curves at L =532 nm for various laser light intensities

In order to reduce photo generated electrons-holes recombination and to collect and
detect the maximum of photo carriers, we apply a moderate drain voltage on the order of 0.6
V. This draining voltage limits carrier injection from the contacts into the channel and allows
the photo-generated carriers to leave the channel and be collected. It can be seen that the
generated signal is typical of a phototransistor: the drain current increases as the drain
voltage until a voltage value from which the photo-current becomes constant. This constant
current explains that all the photo-generated carriers are collected at the electrodes. In the region
of saturation our device operates as an ideal photo detector in which the output signal depends
only on the intensity of radiation.
Under excitation, a large part of the incident light will be absorbed by the CNT. Indeed this
absorbed light will generate carriers and giving rise to the photocurrent.
Fig. 3.a shows a direct proportionality between the current at saturation versus the laser light
power. As shown on this figure, the same linear behavior has been found at all the laser light
wavelengths. This result is in agreement with the relation between the photocurrent Iph and the
incident optical power Popt (9). For higher light intensities the photo-current is important, thus
the charges have acquired significant energy while increasing light power enabling them to
overcome the barriers at the interface between the CNT and contacts. In addition, the transport in
the CNT is ballistic. It allows photo-generated carriers to cross the carbon nanotube with minimum
of interaction between them and reduce the probability of a recombination process. Fig. 3.b
shows the evolution of photo-current with the laser light wavelengths at different optical power. It
can be seen that in all cases, the saturation current value as well as the incident power
increases with the incident wavelength of the laser beam in a linear relation. Thus, the
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photocurrent exhibits a linear response with the light wavelength and with bias voltage
varying from to 0.5 V to 0.75V. For higher wavelengths, we will have a large electric field in
the middle of photo-CNTFET device which will separate the carriers and limit the charge
recombination,
making the photocurrent maximized and the detector noiseless in
this operating condition.

Fig. 3: (a) The effect of incident optical power showing the increscent of photo-generated current and
linearity plot at various wave lengths.(b) Effect of laser beam wavelength on the photcurrent .

4.

CONCLUSION

The present photo-CNTFET is extremely promising in a future use in high energy
physics applications. It allows large photosensitive areas with the desired geometry. The
performance of this detector depends on the carbon nanostructure morphology and
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ultimately on their electronic properties. The photocurrent is strictly proportional to the light power
intensity almost up to 1 mW in the wavelength range 405–650 nm. Only a low drain voltage
varying between 0.5 to 0.75 V is needed to drive a photocurrent of about 6.9 μA for a 1 mW source
power at 650 nm light beam wavelength.
Our photo-CNTFET can be immediately produced on industrially scale, and used at room
temperature as high light sensor. We note that our device does not require signal
amplification.
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