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Possibility of a metallic field-effect transistor
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We develop theoretical arguments that demonstrate the possibility of metallic field-effect transistors

in one-dimensional systems and particularly in armchair carbon nanotubes. A very inhomogeneous
electric field, such as the field of a tunneling tip, can penetrate the relatively weakly screened
nanotubes and open an energy gap. As a consequence, an energy barrier forms that impedes electron
flow and thus permits transistor action. This type of metallic field effect is advantageous because of
the high conductance of the metallic tubes in the ON state2004 American Institute of Physics.
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Field-effect transistors in current use are semiconductois ultimately related to the SWNT mirror symmetryyhich
devices. The scaling trend to nanometer dimensions calls fdorbids any mixing of these subbands. We propose to break
ever higher doping and channel conductance of thesthis mirror symmetry by applying very nonuniform electric
devices' Ultimately one desires a conductance close to thafields by use of a MG. Two possible mechanisms for gap
of a metal if one wants to scale devices to the smallest popening in armchair SWNTs arél) by a direct mixing of
sible size. However, a metallic conductance also prevents thelectron and hole states of the A and B subbands, which
penetration of the electric field except for extremely shorthappens if the external potential has an atomic scale corru-
distances; ordinarily too short to achieve device function. gation, and(2) by the indirect subband mixing in a higher

We propose here an approach to control electron trangrder of the perturbation theory, which essentially can be
port in metallic one-dimensiondlLD) systems by use of the realized for any nonuniform potential. Both mechanisms re-
inhomogeneouslectric field of a low-dimensionddighly lo-  quire (i) a relatively high electric fieldorder of 13 V/cm)
calized “modulating” gate (MG) such as nanometer tips or and(ii) SWNT symmetry breaking.
metal nano-interconnects. Use of a highly localized gate re- Group theory proves that the direct matrix element is
sults in a strong enhancement of the electric field in a narroviionzero if the Fourier transform of the potentidy, s, is a
region. Thus any depletion of charge is easier to achievélll scalar with respect to the rotations of the symmetry
since it occurs only in extremely small volumes. In addition,droup of the nanotubThis is fulfilled for Sm=sn, where
the weak screening of electric potentials in 1D channels furS=2,4,... is a positive even integer amdis the integer
ther enhances possible field effects. appearing in the notatiofin,n] for armchair SWNTE?

The purpose of this letter is to show that metallic carbonTnen, the energy dispersion of two new subbajis B)
nanotubes may be suitable for use as metallic field-effec? Vicinity of the Fermi point reads as:E.=
transistord METFETS. Key to this metallic field effect is the * VEA(Q)*+Ug sm,. Here Ea(q)=—Eg(q)=Eg(—q) is
opening of a band gap due to the breaking of the mirrothe dispersion in A/B subband at zero gate voltage. At the
symmetry by the MG. Note that a region of spatially nonuni-Fermi pointE,(0)=0 and, thus, a gap opens:
form electric field also represents a barrier that reflects elec-
trons, while the homogeneous field of an extended gate Egs”)=2|Uq,sn|. (1)
changes predominantly the carrier density. These qualitative

factors are discussed in the following in a more quantitative]_hiS is adirect mixingof the subbands A and B. The band
way and their potential for device applications is |Ilustrated.gap is linear in the applied gate potentisée the inset in Fig.

h Metalllc_ﬂel(; erffecjc n arrfnchalg_N.TslBM rellgearcgers .1). A full calculation presenting a self-consistent solution of
ave enunciated the vision of combining metallic an S€Mboint Schrglinger and Poisson equations following the deri-
conducting single-wall  nanotubes (M-SWNTs and

S-SWNTS in circuits2 The M-SWNT: d ; vation of Refs. 11 and 12 will be published elsewhere. Ex-
- $ in circuits” The M- s woulld serve as Inter- cept for a natural condition that the field must not cause an

connects and the S-SWNTs as active devices of th? ®Xlectric breakdown, there exists no upper limit for the mag-

tremely s;:neall size (typically, the SWNT radius iS iy 4e of the gap that opens in this case and we estimate the
~0.7 nm)?~° Here we discuss the possibility to also usepossibility of a gap of several electron volts.

metallic tubesas transistors or switching devices, which is Thus direct mixing of the crossing subbands allows one
appealing because of their virtually ballistic conductaht®. to open a large gap. It does require, however, a very high
_ The band structure of an armchair SWNT, as shown iny, itinole moment of the potential in order to break the sym-
Fig. 1, has two subbands A and(Bhown as bold green and ey (we must at least havém=2n) and this is difficult to
blue curveg crossing at the Fermi level. Absence of the gap, hieve because the amplitude of any high multipole compo-
nent will be typically much smaller than the gate voltage,
dElectronic mail: rotkin@uiuc.edu Ugq2n<<Vg. Nevertheless, it may be possible to create such a

0003-6951/2004/84(16)/3139/3/$22.00 3139 © 2004 American Institute of Physics
Downloaded 21 Apr 2004 to 130.126.121.244. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1710717

3140 Appl. Phys. Lett., Vol. 84, No. 16, 19 April 2004 S. V. Rotkin and K. Hess

= .E"- = L A T=4K, W=50nm
Iy = e P _E?_ — —  ————
=, 0015 ,_,,.---"'""' _._________,.---""" ﬁ’:

-T;M//—;-VF-ES ag1as g ,//T/I;:,E‘Iqu
it R e ] - = i b0 | | 55
r 3 e gkb o : /-,r‘m \

am //

- 1
nms -1 - |

5 P TR |
) "R R P
L -

o8 f w2 38 4 AR
ol ol | . L vy Walis

ab 111 s Qs L] I.'|1.25 ois
FIG. 1. (Color Band structure of armcha[rl0,10 M-SWNT. Left inset Vy, Violts
shows zoom view of the Fermi point with opening of a gap in the M-SWNT.
Right inset shows how the gap grows linearly with applied potential, cf.FIG. 3. (Color) Current of &5,5] METFET vs the drain potential. The gate
Eq. (1). width is 50 nm.T=4 K. Curves from top to bottom correspond\g from
0 to 3 V (in color: from red to blug Inset shows corresponding band gap
opening for the same gate voltage range[f®6] and[10,10 SWNTSs.

potential by applying the gate voltage to a chemically modi-
fied surface of the SWNT. This approach is technologicallygicts a maximum gap that depends only on the size of the

complex. . _ __tube and scales in a universal way for nanotubes of arbitrary
Fortunately, there exists a more straightforward poss'b”'chirality:

ity to open a band gap by virtually any kind of inhomoge-

neous electric field that breaks the mirror symmetry. A band () Nveb vy

gap opens also bipdirect mixingof the subbands. This band 9 2R? “n?’

gap opening is smaller because it arises from higher OI’dQF . . . . .
: L . his was confirmed by numerical calculations in Refs. 11
erturbation termgsimilar to a nonlinear Stark effecand . . .
b & ech nd 13. Herevg=3vyb/2h is the Fermi velocity for a

thus has consequences for the conductance only at low te’%-SWNT, andb=0.14 nm is the bond length. This gap may

peratures. In particular, any potential that contains both : . . .
uniform field and a higher ordefquadrupolé component e possible to achieve experimentally by use of the inhomo-
geneous electric field of a tunneling tip. Also, ultranarrow

will lead to a gap which scales with the third power of theI 4 fapricated closelv to th tube ch I il
gate voltage. In what follows we consider an example of twocads,” fabricated closely 1o the nanotube channel, Specia

metal tips at opposite sidewalls of the SWNT at the tunnelinq(e“.emm)Chemic{’II function groups at the tubg sidewalls or
distance of 0.5 nm from the tube: one-a2V, and the other nside the twb& may be used as a MG. We notice that use of

; ; - a dual gatgboth local and backgatenay be beneficial for
at _Vg _blas. Note tha_t the potentlal of a metal tqngeth_e " 1D MEnggTs because the unigf](?m bi'/:\ckgate controls the
with its image charge in the insulator substrate, e.9.,Si® Fermi level(ch densitvwhile the MG trols th
equivalent to the potential of two tips at1.69%/, and— V. ermi level(charge densifywhile the controls the con-

Therefore, the METFET setup illustrated in Fig. 2 shouldducﬁ':\_”%()fhfhet char;mlel.t_ f all ductanch

have a valid geometry to generate a band gap and METFET e -ef ?hc m(: u_adlon g meta ch cotn uctan Iny th
effect. We only have shown two tips for the current exampIeOpenmg. or the gate induced semiconductor gap ajong the
because the METEFT effect is somewhat bigger and thgrmchalr metallic tube will create a potential barrier for the
simulation is more clear cut. In both cases the gaphas electrons and therefore modulate conductitipte that this
qualitatively the same dependence \¥pas shown folf5,5] modulation may be enhanced by Coulomb blockdfén-
and[10,10 armchair SWNTs in the inset of Fig. 3. THig

first increases witlV, and decreases beyondy/(en) where log loulloee ™" = LI Lh- el
y=3 eV is a hopping integral. Perturbation the§ri*3pre- 107 | |

2

E; eV

.r'
P Ay / FIG. 4. (Colon The [5,5] METFET current vs the opened band gap.
gf‘i‘éﬂ;}:‘; = =50 nm. The reduppe) curve is at 295 K, the bludowes) curve is at 4
™ = -'-ﬂ"' K. The drain voltage dependence of the barrier transmittance is shown in the
s left inset. The families of curves correspond different temperatiress,
77, and 295 K from bottom to top. Within each family, the gap is increased
from O to 0.12 eV from top to botton(in color: from blue-green to pink-
FIG. 2. (Colon Setup of an armchair SWNT METFET using the STM tip as red). Right inset[5,5] METFET current as a function of (at the biasvy

a modulation gate. from 0 to 0.15 V from bottom to top, in color: from blue to ped
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clusion of tunneling is important for the calculation of the geneous electric fields that are created by special gates
current because the effective mass of the electrons in SWNTenodulation gatesthat in the simplest case resemble a tun-
is very small (-0.08mg, similar to the in-plane effective neling tip to break the SWNT symmetry. Assuming ballistic
mass of graphit€). At nonzero temperature thermionic transport, we have calculatéeV curves for the METFETs
emission must be taken into account as well. Although thewvith gate widths of the order of 15-50 nm and found sig-
rate of tunneling through the classically forbiddéated nificant modulation as well as reasonably large ON/OFF cur-
region is high, a significant metallic field effect can berent ratios. We finally note that one can expect excellent
achieved by increasing the width of the gated region, or byscaling properties of the SWNT METFET because of the
operating the device at low source—drain voltagg, and  metallic conductivity enhanced by ballistic transport.

low temperatureT. (The ON/OFF current ratio is controlled ) i
by the paramete, /V4). Because the transport in the arm- The authors are indebted to B. Grosser for help with

chair SWNT METFET is ballistic, its conductance in the ON IMage preparation and Y. Li for help in numerical computa-
state is limited only by reflections at the contact. We will usetions: This work was supported by NSF Grant No. 9809520,
in what follows (mainly for normalization purposga maxi- ~ PY the Office of Naval Research Grant No. NO0014-98-1-

mum conductance of@,=2e?/h.1° 0604, and the Army Research Office Grant No. DAAG55-

For the OFF state, we estimate a semiclassical Wentzel39-1-0306. S.V.R. acknowledges partial support of DoE
Kramers—Brillouin transmission coefficienT,(E), by as- Crant No. DE-FG02-01ER45932, and NSF Grant No. ECS-

suming a uniform gap of widthW in the gated region. In 0210495.

order to extend the validity of our results to nonzero tem-

peratures we calculate the total transmission of the channel

by integrating the partia| current; T(E)’ mu|t|p||ed by the ! Advanced Theory Of Semiconductor Devjcedited by K. HesgIEEE,

: T . New York, 2000.
difference of the Fermi distribution functions of the left and . Appenzeller, Device Research Conference, Utah, 26 June, 2003.

right ?leCtrOdes- . 3J. Appenzeller, J. Knoch, R. Martel, V. Derycke, S. J. Wind, and Ph.
Figure 3 shows typicdl-V curves (-V-C) for a MET- Avouris, IEEE Trans. Nanotechnolody 184 (2002.

FET using 45,5] armchair M-SWNT of the diameter 0.7 nm 4J. Appenzeller, R. Martel, V. Derycke, M. Radosavljevic, S. Wind, D.
_ _ Neumayer, and Ph. Avouris, Microelectron. E6g, 391 (2002.
at T=4K, W=50 nm. The uppefred 1-V-C corresponds 5Ph. G. Collins and Ph. Avouris, Sci. Ani2, 62 (2002; Ph. Avouris,
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the ON current is determined by injection from a contact and®s. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller, and Ph.
thus by the quantum conductanc&4'® With increasing ~Avouris, Phys. Rev. Let89, 106801(2002.
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trons in this region(blue curve. In the right inset of Fig. 4, gMchen,.M. Lundstrom, and H. Dai, Nat. Matdy. 241 (2002.

the METFET current is plotted versus tifg for the dipole— (TZ'O\(’)UQKOV'C’ I Milosevic, and M. Damnjanovic, Phys. Rev. @, 5418
quadrupole potentigkwo tip geometry as described earlier. 1oy | ; S V. Rotkin, U. Ravaioli, and K. Hesaunpublishegt

At low drain bias(blue curve the METFET is switched OFF v, Li S. V. Rotkin, and U. Ravaioli, Nano Let8, 183(2003.
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The total transmission coefficient of the METFET, nology Conference and Trade Shdfoston, 7—11 March, 2004, 37

T(E)=G(E)/Gy, assuming transparent contacts, is plotted (504,
in the left inset of Fig. 4. Several families of curves are given'*J.-F. Lin, J. P. Bird, L. Rotkina, and P. A. Bennett, Appl. Phys. L&,

for different temperatures. In the upper family of curveslsgofl(zé)otiz; 41 Zharov, Int. 3. Nanosdi, 347 (2002
. L . V. Rotkin and I. Zharov, Int. J. Nanosdi, .
(room temperatu')ethe suppression of transmission thml'";]l’]leAt the points of metal-semiconductor juncti@dSJ) a charge accumula-

the gated region is clearly seen as a function of an increasedion may happen. This MSJ boundary becomes a side of a 1D capacitor
gap: from 0 to 0.12 e\{from green to red, top to bottomAt with a capacitance- W/2In(W/R). Neglecting the logarithmic term, a clas-

lower temperature§ =77 and 4 K this effect is naturally  sical charging energy of this capacitor @8/2W, which is large for a
sharper. narrow gate. However, in this work we did not consider a Coulomb block-

Th ti tial f ti f th d ade because an effective gap is exponentially renormalized at a high con-
€ current Is an exponential tunction o e qm ! ductance of the tunnel junctiqiRef. 17. Large coupling between sides of

hence, of the gate voltageResults are shown in Fig. 4: by  the MSJ and quantum fluctuations of the charge wash out the correlation
opening a gap of about 0.5 eWhich would certainly re- _and destroy the Coulomb blockade.

17 m
uire sophisticated technologgne can decrease the current ,,K: A- Matveev, Phys. Rev. 51, 1743(1995.
q . P . 0y BThe effective mass near the band edge* =#2(°E/ok?) !
by five orders of magnitude.

. =2#2/(9bRy) is about 0.06 of the free electron mass for the SWNT of
In conclusion, we have proposed a novel type of elec- e radiusR=0.7 nm.

tronic switching device based on carbon nanotubes: a one2ror a circuit with macroscopic leads to the M-SWNT channel the total
dimensional metallic field-effect transistole METFET). conductance will be about@,=2e?/h, 4 times of the conductance quan-
We have described armchair SWNTs in detail because of tum (for two spin and two space channel$his gives a minimum resis-

. . . . . . tance of the SWNT device-6.5 K. The lower resistance can be ex-
their special symmetry that also gives rise to virtually ballis- : : .
. . L. pected in the case of entirely nanotube ciroiRef. 2. The quantum
tic transport. Our calculations demonstrate, at least principle, contact resistance will not limit anymore the ON current in this case. That

the possibility to open a band gap by application of inhomo- device can fully exploit all advantages of the METFET.
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