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Electrostatics of Nanowire Transistors

Jing Gug Student Member, IEEBing Wang Student Member, IEEEEric Polizzi, Supriyo DattaFellow, IEEE and
Mark Lundstrom Fellow, IEEE

Abstract—The electrostatics of nanowire transistors are Intrinsic CNT
studied by solving the Poisson equation self-consistently with
the equilibrium carrier statistics of the nanowire. For a one-di- r j
mensional, intrinsic nanowire channel, charge transfer from the
metal contacts is important. We examine how the charge transfer o

depends on the insulator and the metal/semiconductor Schottky
barrier height. We also show that charge density on the nanowire
IS a §enS|tl\_/(r31 Ifunctlon of ﬂ:je fomac;[] geometry.f Fordaf nangmlll'("e Fig. 1. Modeled, coaxially gated carbon nanotube transistor. The intrinsic

transistor with large gate underlaps, charge transferred from bulk . an6tbe channel has a diameter of 1.4 nm and the flat band voltage of the

electrodes can effectively “dope” the intrinsic, ungated region and gate is zero. The cylindrical coordinates for solving the Poisson equation is
allow the transistor to operate. Reducing the gate oxide thickness also shown.

and the source/drain contact size decreases the length by which
the source/drain electric field penetrates into the channel, thereby,
improving the transistor characteristics. II. APPROACH

Index Terms—Electrostatic analysis, nanotecnology, transistors.  \nfe simulated the coaxially gated carbon nanotube transistor
shown in Fig. 1. Although the calculations are for carbon nan-

|. INTRODUCTION otube t_ransisto_rs, the general conclusion should épply to other

o ) . ) nanowire transistors with 1-D channels. The equilibrium band

W ITH the scaling limit of conventional silicon transistors, sfiie and charge density were obtained by solving the Poisson
/ in sight, there is rapidly growing interest in Nanowirgqation in cylindrical coordinates self-consistently with the

transistors with one-dimensional (1-D) channels, such @gjiprium carrier statistics of the carbon nanotube. The charge

carbon nanotube transistors [1], [2] and silicon nanowire tragensity per unit length on the nanotulsgy (=), is calculated

sistors [3]. Due to the 1-D channel geometry, the electrostaliGs e grating the “universal” nanotube density-of-states (DOS)
of nanowire devices can be quite different from bulk silico 1, D(E), over all energies

devices. Previous studies of carbon nanotube p/n junctions and
metal/semiconductor junctions demonstrated unique properties +o0
of nanotube junctions [4]-[6]. For example, the charge transf@r (2) = (—¢) - /
into the nanowire channel from the metal contacts (or heavily .
doped semiconductor contacts) can be significant [4], [5]. x fsgu(B)IE — Er(2)])) (1)
In this paper, we extend previous studies by looking at th . . . .
dependence of the charge transfer on the metal/semicondutv,\(erc}?r?e is the electron cha_rge,gn(E) IS the sign funcﬂpn,
Schottky barrier height, the insulator dielectric constant, and t Qd E{”(z) = Ep — E,(2) is the Fermi energy Ieyel minus
metal contact geometry. We show that if an intrinsic nanowi? e middle gap energy of the nanotub#,,(z). Since the

is attached to bulk metal contacts at two ends, large cha oeurce/dram electrodes are grounded, the Fermi Ieyel IS set
zero, Er = 0. The nanotube middle gap energy is com-

transfer can be achieved if the Schottky barrier is low and t . .
insulator dielectric constant is high. If, however, the intrinsi uted fiom 316 ele_ctrostatlchpotentlgl ?]t the nanbotubg_ shell,
nanowire is attached to 1-D metal contacts, the charge dgif* (Z)l = —eV(z,r= TC“.gf’W _e:c_ercmhls'::e_ hanotube radius.
sity on the nanowire depends critically on the electrostatic en- e electrostatic potentiaf satisfies the Poisson equation
vironment rather than the properties of the metal contacts. Re- 9 _p
ducing the gate oxide thickness and the contact size decreases ViV(zr) = e @)
the distance over which the source/drain field penetrates into the ) o ) )
nanowire channel and can, therefore, help to suppress the shiIgrer is the charge density, is the dielectric constant. The
channel effects and improve the transistor performance.  following boundary conditions were used:

V = (Fg/2 — ¢un)/e at the left metal contact;

Manuscript received September 9, 2003. September 10, 2003. This work was V= (E9/2 o gbb“)/e at Fhe right metal contact; .
supported in part by the National Science Foundation (NSF) under Grant EEC- V' = V¢ at the gate cylinder (the flat band voltage is as-
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Fig. 2. Schematic plots for (a) a bulk Si structure where the cross-sectional area is assumed to be large and (b) a carbon nanotube channel betaieen bulk m
electrodes. The Schottky barrier heights for electrons are zero. (c) The conduction band edge and (d) the electron density in the units ofidopResinést
for the bulk Si structure are shown as dashed lines and for the nanotube as solid lines.

[8]. In order to improve the convergence when iteratively The charge transfer to the tube is significant because the
solving (1) and (2), the Netwton—Ralphson method (witbharge on tube doesn’t effectively screen the potential pro-
details in [9]) was used. The results obtained by the finiuced by the bulk contacts. Compared to the bulk channel,
difference method and by the method of moments agree welthe charge element on the nanotube only changes potential
locally. For example, in the bulk channel, the charge element
is a two-dimensional sheet charge, which produces a constant
field. The charge dipole formed by charge sheet in bulk Si and
metal contacts shifts the potential far away. In contrast, for the
nowire channel, the charge element is a point charge, which
duces a potential decaying with distarek/r and has little
ect far away (the potential of a point charge dipole decays
n faster as-1/r2) [4]. As the result, for the 1-D channel,
> potential produced by the bulk contacts is not screened

Ill. RESULTS

We first compare the charge transfer from bulk contacts f
the 1-D carbon nanotube to the charge transfer to a bulk silicB
channel. We simulated two cases: 1) an intrinsic bulk Si chanrfe
sandwiched between two metal contacts as shown in Fig. 2 )

and 2) an intrinsic carbon nanotube channel between metal ¢ .
tacts as shown in Fig. 2(b). In both cases, the Schottky b N the charge on the nanotube near the metal/semiconductor
?rface. The bulk contacts tend to put the conduction band

rier heights between the metal contacts and the semicondu% he Fermi level he whola | be if th
channel are zero, which aligns the metal Fermi level of to t ge near the ermileve _overt & wholg®i-long tube It the
tal/CNT barrier height is zero.

conduction band edge of the semiconductor. Electrons are trarﬁ'%v . he ch densitv in the ch L Th
ferred from metal contacts into the intrinsic channel due to the g next esgmate t. ei arge ensréy n t edch ann(ra]. he es-
work function difference between the metal and the semicoﬁlﬁn""tIon provides a simple way to understand how the charge

ductor. Fig. 2(c) plots the conduction bands, and Fig. 2(d) p|oq§_nsity of t?\e t;bg varies with thﬁ conFact_ang g‘S‘ﬂ]]a;C’r propl—
the charge densities in the unit of electron per atom for the pufikties: For the device structure shown in F.'g' (b), if the metal
Si and nanotube channel. Compared to the bulk Si channel, ﬁ%'taf:ts are grpunded, and the metal/semlconductor_work func-
barrier in the nanotube is much lower, and the charge density'f{! difference iso = ¢enr — ¢ar, wheredoxr(¢ar) is the
much higher. Although the nanotube g8 long, the charge nanotube (metal) work function, the electron density is

denS|ty_ at the center of the tube is still as high as*HJatom, _ n(z) = DUy — U(2)) 3)
about five orders of magnitude higher than that of the bulk Si

in terms of electron fraction. As the result, the carbon nanotutshereU (z) is the electron potential energy produced by charge
channel is more conductive. in the channel, and is the average density-of-states for the
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) ) ) ) o Fig. 4. Electron density at the center of the:B%long tube [in Fig. 2(b)]
Fig.3. Electron density (the dashed line) and hole density (the solid line) atfigsus the insulator dielectric constant. The Schottky barrier height for
center of the 3:m-long CNT [in Fig. 2(b)] versus the Schottky barrier height forg|ectrons sy,.,, is zero.
electronsgy,,, and that for holespy,, . The left axis shows the charge density in
the unit of number of electrons (holes) per unit length and the right axis shows

the same quantity in the unit of charge fraction. contacts. In this case, the results are quite different from bulk

contacts. The charge density of the nanotube channel s critically
energy between the nanotube middle gap energy and the Fegigtermined by the electrostatic environment (i.e., the potential
level. The charge element in the 1-D channel only shifts thd location of nearby bulk contacts) rather than the metal-con-
potential locally, we approximately relate the potentidl:) to  tact properties, as will be discussed in detail next.

the electron density at the same positiga) as follows: Fig. 5 illustrates the important role of the contact geometry.
) We simulated: 1) a CNT between grounded bulk contacts as
U(z) = e"n(2)/Cins 4)  shown in Fig. 5(a) and 2) a CNT between grounded wire con-

. . . . tacts as shown in Fig. 5(b). In both cases, the tube length is 3
whereC},s is the electrostatic capacitance per unit length be- . . . .
and a grounded, coaxial gate cylinder is far away with a

tween the nanotube and the bulk contacts. The electron den%%us of 30um. The S/D contacts have zero Schottky barrier

due to the charge transfer from the bulk contacts can be obtaer]eelghts for electrons thus tend to dope the tube n-type, while the
gate has a high work function and zero barrier height for holes
Up/e? thus tends to modulate the tube to p-type. For the bulk contact
n(z) = 1/Chns +1/Co (®)  case, the whole tube is doped to n-type by bulk contacts and
" the charge density on the tube is independent of the voltage on
where the quantum capacitance [10], [11] is defined’as= the gate cylinder. In contrast, for the wire contacts, the tube is
e? D, which is proportional to the average DOS of the nanotubkghtly modulated to p-type and the charge density on the tube
Equation (5) can be interpreted in a simple way. The bulk eleis-very sensitive to the potential on the gate, although it is far
trodes modulate the charge density of the nanotube throughaavay. The results shown in Fig. 5 can be explained as follows.
insulator capacitor(,s, which is in series with the quantumFor the bulk contacts, because the gate cylinder is far away,
capacitance of the nanotube. the bulk contacts at the ends collect all field lines and image
We now examine how the charge transfer varies with ttedl charge on the tube, as shown in Fig. 5(a). For the wire con-
Schottky barrier height and the insulator dielectric constanéacts, however, the potential produced by the charge on the 1-D
Fig. 3, which plots the charge density at the center of tivére decays rapidly with distance, thus several nanometer away
tube as shown in Fig. 2(b) versus the barrier height, shofvem the metal/semiconductor interface, the wire contacts have
that when the barrier height decreases, the charge density fiitie effects. On the other hand, the capacitance between the gate
increases. Fig. 4, which plots the charge density at the centecyglinder and the tube decays slowly (logarithmically) with the
the tube versus the insulator dielectric constant, shows that tbbe radius, thus several nanometer away from the metal/semi-
charge density increases as the dielectric constant increasesductor interface, the charge on the tube images on the gate
The dependence of the charge density on the barrier heigither than the wire contacts nearby. As a result, the charge den-
and the dielectric constant can be easily understood basedsiiyis determined by the potential on the gate. The charge den-
(5). Lowering the barrier height increases the metal/CNT wosdity on the nanotube channel is essentially determined by the
function difference[/,, and increasing the insulator dielectricelectrostatic environment.
constant increase§,,,s, both of which increase the electron One consequence of the significant charge transfer is that
density, n(z) (or hole density if the metal/semiconductomanowire transistors with large gate underlap can still operate.
barrier height is lower for holes). Fig. 6(a) shows a coaxially gated CNTFET with a 500-nm gate
The importance of charge transfer into the carbon nanotubederlap and the bulk electrodes. Fig. 6(b) plots the conduction
channel by one- dimensional metal contacts has been previousiynd profile atVe; = 0 and 0.3 V. In theoFFstate {/g = 0
discussed in [4]. We, however, reached the same conclusion #ata large barrier is created in the channel and the transistor
charge transfer into the 1-D channel is significant for a differerd turned off. In theon-state {z = 0.3 V), the barrier under
contact geometry (the bulk contacts). We also explored the 1tfie gate is pushed down. Because the low dimensional charge

from (3) and (4) as
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Fig. 5. Contact geometry. A gm-long CNT between (a) the bulk contacts and (b) the 1-D wire contacts. The tube diameter is 1.4 nm. and Schottky barrier
heights for electrons are zero. A coaxial gate far away with aB80radius is grounded. The workfunction of the gate metal equals to the semiconductor affinity
plus the band gap, so that the gate tends to dope the CNT to p-type. (c) The band profile for (a). (d) The band profile for (b).
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Fig. 6. (a) Coaxially gated CNTFET with bulk electrodes and a large gate X [nm]

underlap. (b) The conduction band profiledt; = 0V and 0.3 V. The Fig. 7.
metal/CNT barrier height for electrons is 50 meV, the Zr@ate oxide
thickness is 8 nm, the tube diameter is 1.4 nm, the gate lengtpms,2nd the
gate underlap is 500 nm.

(a) A coaxially gated CNTFET with a 20-nm-long, intrinsic channel.
The source/drain radiugic, is equal to the oxide thickness. The metal/CNT
barrier height for electrons is zero, the tube diameter is 1.4 nm and the dielectric
constant of the gate insulatordas= 25 (b) the equilibrium conduction band
edge afi’; = 0 for the gate oxide thicknegs, =2, 8, and 20 nm.

on the ungated nanotube does not effectively screen the poten-

tial produced by the gate and S/D electrodes, the potential aDne concern about the nanowire transistors with low
the ungated region is close to the Laplace potential produceeta/CNT Schottky barriers is that due to the significant
by the source and gate electrodes. The conduction band edgeh@rge transfer, it might be difficult to turn off the transistor.
approximately linear in the ungated region. If the Schottky bafo examine this concern, we simulated the coaxially gated
rier height between S/D and the channeliSO meV, the bar- CNTFET as shown in Fig. 7(a) with different gate oxide thick-
rier height at the ungated region at the-state is low enough ness. Fig. 7(b), which plots the equilibrium band profile, shows
to deliver anon-current of~1 pA. This mechanism provides that when the gate oxide thickness is the same as the channel
a possible explanation for the operation of the n-type CNTFH&ngth, the source/drain field penetrates into the channel the
in a recent experiment by Javeyal.[12], in which an n-type channel and the transistor cannot be turned off. When the gate
CNTFET with large, intrinsic gate underlaps still had a goodxide is thin, however, the gate still has very good control over
ON-OFF ratio. the channel and the transistor is well turned off. By solving
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Fig. 8. Equilibrium conduction band edge & = 0 for the CNTFET as
shown in Fig. 7(a). The gate oxide thickness is kept constant at 20 nm and thd’]
source/drain contact radius & =0.7, 8, and 20 nm. i8]

the Poisson equation for the CNTFET in Fig. 7(a) [13], [14], (9]
the length by which the drain field penetrates into the channgtio]
(the scaling length [15]) is estimated to be the radius of the
cylindrical gate,A ~ Rg. If the ratio between the channel (1]
length and the gate oxide thickness is large, the transistor can
be well turned off. [12]
Another way to reduce the penetration of the lateral field is;
to reduce the size of the source/drain contact. Fig. 8, whiclu4]
plots the equilibrium band profile for the CNTFET (in Fig. 7(a))
with 20-nm-thick gate oxide and different contact radius, shows; 5
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