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ABSTRACT

The drain current-voltage (I-V) characteristics of Schottky-barrier carbon nanotube FETSs
are computed via a self-consistent solution to the 2-D potential profile, the electron and hole
charges in the nanotube, and the electron and hole currents. These out-of-equilibrium results
are obtained by allowing splitting of both the electron and hole quasi-Fermi levels to occur
at the source and drain contacts to the tube, respectively. The interesting phenomena of
bipolar conduction in a FET, and of drain-induced barrier thinning (DIBT) are observed.
These phenomena are shown to add a breakdown-like feature to the drain I-V characteristic.
It is also shown that a more traditional, saturating-type characteristic can be obtained by
workfunction engineering of the source and drain contacts.

1 INTRODUCTION

In Schottky-barrier carbon nanotube field-effect transistors (SB-CNFETSs), the gate electrode
spans the entire length of an intrinsic nanotube, and transistor action is achieved by the
modulation, by the gate, of the Schottky-barrier profiles at the interfaces to the tube at the
source and drain contacts [1, 2]. At equilibrium, when the distribution functions of the carriers
in the tube are known, it is relatively straight-forward to obtain a self-consistent solution to
the charge and potential profiles [3]. Out-of-equilibrium, the situation is complicated by the
fact that the hot carriers injected into the tube by tunneling and thermionic emission at the
contacts are likely to travel quasi-ballistically. The situation is not unlike that in extremely
short-basewidth HBTs, in which the reduced opportunities for scattering lead to electron
distribution functions that are highly distorted from their equilibrium forms [4]. Nevertheless,
it has been common practice in modeling HBTs to employ quasi-equilibrium statistics via a
splitting of the minority-carrier quasi-Fermi level (QFL) at the hetero-interface between the
emitter and the highly doped base [5, 6, 7]. It is possible with this approach to get good
agreement in the DC characteristics with results from a complete solution to the Boltzmann
Transport Equation [8].

In this work, we apply the principle of QFL-splitting to SB-CNFETSs. Because the si-
multaneous injection of electrons and holes is possible [3, 9], and the nanotubes considered
here are intrinsic, it is necessary to account for the splitting of both the electron and hole
QFLs. This allows both the electron and hole currents to be computed in a manner that is



entirely self-consistent with the non-equilibrium charge on the nanotube and the potential
profile within the transistor. Thus, it is possible to obtain a more rigorous self-consistent
solution than has been achieved hitherto [10, 11]. This new modeling feature not only clearly
reveals the transition from unipolar to bipolar conduction in SB-CNFETS, but it also predicts
the occurrence of a new phenomenon, namely: drain-induced barrier thinning (DIBT). In the
latter condition, the source/tube barrier is modulated by the drain-source voltage, leading to
increased electron current at high source-drain biases. These bipolar phenomena occur at a
single polarity of gate bias and, therefore, are to be distinguished from the previously reported
ambipolar property of SB-CNFETS [12], which referred to the ability of these devices to be
either mainly electron-conducting, or mainly hole-conducting, depending on the polarity of
the gate bias. We show that a more traditional, unipolar, saturating-type, drain I-V char-
acteristic can be obtained if bipolar effects are suppressed by choosing metals of appropriate
workfunction for the source and drain contacts.

2 METHODOLOGY

For a SB-CNFET, the general, non-equilibrium situation, i.e., when Vpg # 0, is illustrated
in Fig. 1. This figure identifies the electron and hole QFLs, and also indicates how the split
in the electron QFL, AFEp,, is referenced to the source Fermi energy, and how the split in
the hole QFL, AEp,, is referenced to the drain Fermi energy. Fig. 1 also shows the various
electron and hole fluxes at the two ends of the nanotube. Considering the electron fluxes at
the source/tube interface, for example, Fj is a flux of electrons originating from the source,
and F; is a flux of electrons flowing into the source from the tube. The latter arises from
reflection at the tube/drain potential barrier, and injection from the drain. Backscattering
within the tube would also contribute to F3, but is not considered here as we are assuming
ballistic transport. This assumption allows the QFLs to be kept constant along the length of
the tube. If scattering were significant, there would be a gradient in the QFLs, commensurate
with a drift/diffusion current, which would serve to reduce the drain current from the values
predicted in this paper.

The energy point of reference is taken to be the source, at which the Fermi-Dirac distri-
bution function is f(£), where E is the energy. The charge in flux Fy is characterized by
a QFL, Ep,, which differs from the equilibrium Fermi-level at the source, giving rise to a
quasi-Fermi-Dirac distribution f(F — Eg,). Both fluxes F; and F, traverse the source/tube
potential barrier by tunneling and thermionic emission, and can be described in the Landauer
formalism [13]:
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where Ty, is the transmission probability for electrons at the source barrier, and Es is the
energy of the essentially flat conduction band edge in the region of the tube distal from the
contacts. The factor of 2 that arises in each of the above equations is a result of double
degeneracy in the lowest subband. Only the lowest energy subbands are included since the



contribution of all higher subbands is negligible. The corresponding expressions for the elec-
tron fluxes at the drain end of the tube are:
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where Tp,, is the transmission probability for electrons at the drain barrier, ¢ is the magnitude
of the electronic charge and Vpg is the applied drain-source bias. Continuity of electron
current, in the absence of recombination in the tube and leakage to the gate, implies

Fl—F2:F3_F4. (5)
The corresponding expression for holes, with reference to Fig. 1, is
Fy— Fs = Fy— Fy, (6)

where the sign conventions for the two flux-balance equations have been chosen to give a
positive drain current. The individual components of the hole fluxes can be defined similarly
to the electron fluxes, using a hole QFL, Ep,, and hole transmission probabilities at the
source and drain, Ts, and T, respectively. Rearranging (5) and (6), two equations, suitable
for minimization by Newton’s method with Er, and Ep, as independent variables, can be
formulated:

[ Tsu(EVF(E) + Tou(E)J(E + qVs) ~(TsalE) + Tonl ED(E — Ea)] dE =0 (7
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where E)y is the energy of the essentially flat valence band edge in the region of the tube distal
from the contacts. The transmission probabilities are computed using the WKB approxima-
tion, with a value of unity being assumed in the case of thermionic emission.

The self-consistent solution procedure begins by assuming values for the QFLs, Er, and
Erp, and then using these to compute the electron and hole charges that are used in a nu-
merical, finite-element, two-dimensional solution of Poisson’s equation [3]. From the potential
profile the tunneling probabilities are then computed, and used to determine the various fluxes.
The flux-balance equations, (5) and (6), are then solved to yield new values for Ey, and Ey,.
Iterations of the entire procedure are performed until the differences between the starting
and calculated QFLs are within the prescribed tolerance. Note that, while the flux calcula-
tions assume independent electron and hole fluxes, the self-consistent solution for potential
and charge takes both fluxes into account, so that the final barrier profiles depend on the
concentrations of both electrons and holes.

The total current, I, and the electron and hole currents, I,, and I, respectively, are given
by

I=1,+1,, 9)



where, for example,

I, = q(F —F) (10)
I, = q(Fs—F). (11)

3 RESULTS AND DISCUSSION

Results are presented for (16,0) tubes having a radius of 0.63 nm and a length of 100 nm. The
tube “wall” is taken to be infinitesimally thin, and the permittivity of the interior space is
assumed to be €, the free-space value. The coaxial structure considered is shown in Fig. 2 [3,
11]; the gate radius is 6.3nm and the gate-insulator permittivity is 3.9¢5. The bandgap of
the carbon nanotube is 0.63 eV, and the work functions of the tube, ®¢y, and of the gate-,
source-, and drain-metallizations, &, g, and ®p, respectively, are taken to be 4.5eV, unless
otherwise stated. This specification implies that there is no band-bending when there is no
applied bias. Further, because of the use of an intrinsic nanotube, the Fermi levels of the
source and drain metals lie in the middle of the nanotube’s bandgap. The temperature is
taken to be 300K. It is known that SB-CNFETs are ambipolar, meaning that both n-type
and p-type conduction is possible, depending on the polarity of the gate-source bias, Vg [12].
Here we confine the treatment to Vg > 0, and report on new bipolar conduction phenomena.

A typical evolution of the energy band diagram for the device is depicted in Fig. 3, which
considers the case of Vgg = 0.3 V. As Vpg is increased from 0 to 0.3V, the potential “spike”
at the drain end of the tube is progressively diminished. The two consequences of this are:
(i) flux Fj is increased due to the reduced barrier height; (iz) flux Fy is decreased due to the
reduced transparency of the barrier for electrons tunneling from the drain. Thus, under these
conditions, the drain current is almost entirely electronic, as can be seen from Fig. 4. In the
absence of recombination, the net flux, (F3 — F}), must also be manifest at the source/tube
interface. Initially, this is accomplished by a reduction in F5, i.e., a split, AFg,, appears in
the electron QFL. There is also a slight splitting, AEp,, of the hole QFL, to accommodate
the small, net hole flux, (Fs— F7), that arises because of the reduction in the barrier presented
to hole thermionic emission from the drain into the tube.

When Vpg > Vg, a “spike” appears in the valence band edge at the drain end of the tube,
facilitating the flow of holes into the nanotube, i.e. Fy > F7, and causing AEp, to increase
(see Fig. 5). The concomitant increase in hole charge drives the nanotube towards charge
neutrality in the mid-length region between the potential barriers. Thus, the gate potential
starts to couple more effectively to the source and drain, resulting in a thinning of the two
potential barriers. The effect is shown clearly in Fig. 3(d), and results in a dramatic increase in
both hole and electron currents (see Fig. 4). Thus, under these bias conditions the SB-CNFET
exhibits distinctive bipolar behaviour. We suggest that the label of Drain-Induced-Barrier-
Thinning (DIBT) be given to the phenomenon responsible for the sudden increase of electron
current.

In practice, the extent to which DIBT allows I,, to remain the dominant contributor to Ip
will depend on the ratio of Vpg to Vigs. This is because the hole current, I, increases due to the
direct effect of Vpg on the thinning of the tunneling barrier at the drain. From Fig. 3 it can be
appreciated that for larger Vg, a larger Vg is required to invert the slope of the band-bending



at the drain, thereby facilitating the flow of holes. Our simulations show, generally, that the
“cross-over” point from mainly electron conduction to mainly hole conduction occurs at Vpg =
2Vgs-. Fig. 4 shows a particular example of this, for the case of Vg = 0.3 V. Associated with
these electron and hole currents will be the simultaneous presence of large electron and hole
concentrations, which might lead to significant recombination. Although this phenomenon
is not yet incorporated in our model, we can anticipate that maximum recombination will
occur, for a fired Vpg, when the product (I,,,) is a maximum. Our simulations reveal that
this condition is reached when Vgg = Vpg/2, which is precisely the bias conditions under
which maximum radiative recombination has been observed experimentally from planar SB-
CNFETsS, yielding the smallest electrically controlled light source yet reported [9]. Further
confirmation of the relevance of the present model to device analysis comes from the family of
drain I-V curves shown in Figs. 6(a) and (b). These characteristics are very similar to those
which have been obtained experimentally by others, e.g., in Fig. 1(c) of Ref. [9].

The bipolar phenomena described above are interesting new features of SB-CNFETSs that
give the drain I- V characteristic a breakdown-like appearance. However, more traditional FET
behaviour, in the form of a “linear-triode-saturation” characteristic, is also possible. For the
workfunctions considered thus far, such a characteristic could occur at low Vpg and, as Fig. 4
indicates, would result in very low saturation currents. One way of obtaining higher saturation
currents, and to have them persist to larger Vpg, would be to change the workfunctions
of the source- and/or drain-metallizations. An example of this “workfunction engineering”
concept is shown in Fig. 7. The bottom curve on this figure is for the device we have been
considering thus far, i.e., &g = &p = oy = 4.5eV. By reducing ®p to 4.3eV, there is
noticeable current saturation before the onset of breakdown. This is primarily due to the
diminishing of the barrier to electrons on the nanotube side of the drain (refer to Fig. 3(a)),
which allows Fj to increase. The counter-directed flow, F}, is affected in two compensatory
ways, namely: it would decrease due to a reduction in the barrier transparency to tunneling,
yet increase due to a reduction in barrier height. If, ®¢ is reduced, instead of ®p, the electron
flux F} issuing from the source is increased, but the net flux at the drain is constrained by
the barrier existing at the tube/drain interface. Saturation of Ip does not occur until this
barrier is removed by the applied Vpg. A reduction in the saturation voltage, Vpggat, and a
prolongation of the saturation current, Ip s, can be achieved by reducing both &g and ®p,
as demonstrated by the top curve in Fig. 7. These results indicate that the workfunctions of
the source and drain contacts determine whether a SB-CNFET exhibits either a “saturating”
or a “continuously increasing” characteristic. Experimentally, characteristics of the former
type [2], and of the latter type [9], have both been observed, and it could be that differences
in contact workfunction are responsible for this range of behaviour.

4 CONCLUSIONS

From this theoretical study of coaxial, Schottky-barrier carbon nanotube FETs operating
under quasi-equilibrium conditions, it can be concluded that:

1. contrarily to the behaviour in other field-effect devices, the presence of Schottky barriers
at the source and drain leads to the possibility of the drain current having a bipolar



character;

2. this bipolar conduction is accentuated by a new phenomenon, drain-induced barrier
thinning, DIBT, in which the tunneling of electrons from the source into the nanotube
is enhanced by source/nanotube barrier modification due to Vpg;

3. when bipolar conduction occurs, it occasions a large rise in the drain current, as is
usually associated with breakdown;

4. the simultaneous presence of large concentrations of electrons and holes in the nanotube
indicates that significant recombination may occur. The bias conditions under which this
might happen have been shown here to be those under which radiative recombination
has been observed experimentally;

5. more traditional, unipolar conduction, leading to the usual, saturation-type drain I-V
characteristics can be obtained by workfunction engineering of the source and drain
contacts.
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Figure 1: Energy band diagram under non-equilibrium conditions, showing: the electron and
hole quasi-Fermi levels, EF, (dashed line) and Ef, (stippled line), respectively; the splitting
of the two QFLs; and the various electron and hole fluxes, F} to Iy, and F; to Fg, respectively.
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Figure 2: SB-CNFET model geometry. The gate forms the curved surface of the outer cylinder,
and the source and drain form the two ends. The semiconducting nanotube is placed coaxially
with the outer cylinder.
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