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Performance evaluation of ballistic silicon nanowire transistors
with atomic-basis dispersion relations
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In this letter, we explore the band structure effects on the performance of ballistic silicon nanowire
transistors(fSNWTS9. The energy dispersion relations for silicon nanowires are evaluated with an
sp’d®s” tight binding model. Based on the calculated dispersion relations, the ballistic currents for
both n-type andp-type SNWTSs are evaluated by using a seminumerical ballistic model. For large
diameter nanowires, we find that the ballisgeSNWT delivers half the ON-current of a ballistic
n-SNWT. For small diameters, however, the ON-current ofgtigpe SNWT approaches that of its
n-type counterpart. Finally, the carrier injection velocity for SNWTs is compared with those for
planar metal-oxide-semiconductor field-effect transistors, clearly demonstrating the impact of
quantum confinement on the performance limits of SNWT005 American Institute of Physics
[DOI: 10.1063/1.1873055

With the rapid progress in nanofabrication technology,length of a;=5.43 A. In the nanowire Hamiltonian, each
silicon nanowiregSiNWs) with small diameter§<20 nm  atom is modeled using 20 orbitals—tls@’d®s" basis with
have been synthesized and extensively studied for potentisthe spin—orbital coupling. The orbital-coupling parameters
applications in nanoelectroni¢s’ Among them, the silicon used in this work are from Ref. 12, which have been opti-
nanowire transistofSNWT) has attracted broad attention as mized by Boykinet al. to accurately reproduce bulk Si prop-

a promising structure for future integrated circuits due to itserties(band gap, effective-masses, gté\ hard wall bound-
excellent scaling capability and compatibility with Si-basedary condition for the wave function is used at the
electronic technology®’ Device theory stipulates that to semiconductor—oxide interfaces and the dangling bonds at
maintain a good electrostatic gate control, the diameter of ¢hese interfaces are pacified using a hydrogenlike termination
SNWT should be reduced as the gate length of the transistanodel of thesg® hybridized interface atom$.As demon-
scales down. For this reason, SNWTs with ultrasmall diamstrated in Ref. 14, this technique successfully removes all the
eters(<5 nm) are needed when the gate lengths enter thénterface states from the band gdfi.should be mentioned
sub-10 nm regimé® Due to strong quantum confinement that the wave function penetration into the oxide may reduce
(QO) in ultrathin SiINWSs, atomic band structure effécts  the wire band gap and increase the effective wire width, but
are expected to play an important role on their devicdt should not affect the qualitative conclusions of this lejter.
characteristics. Figure 1 shows theE—k dispersion relations for the

In this letter, we theoretically explore the impact of simulated SiNWs with@ D=1.36 nm andb) D=5.15 nm.
bandstructure, nanowire diameter and carrier type or ~ The bulk conduction band of Si has six equivaldntalleys
p-type) on the performance limits of SNWTs. First, the en-located near the X points in the Brillouin zone. For a nano-
ergy dispersion(E-Kk) relations for SiNWs with different wire with the transport axis alonfl00], four of the six
wire widths (e.g., 0.5—-6.8 niare calculated by using an equivalentA valleys(i.e.,[010], [010], [001], and[001]) are
sp’d®s” semiempirical tight-binding approach?A seminu-  projected into the™ point in the one dimensional Brillouin
merical ballistic modéf is then employed to evaluate the zone to form the conduction band edge. The other two
ballistic current—voltagél —V) characteristics of both-pre A valleys (e, [100] and [TOO]), located at k,
af‘d p-type SNV\_/Ts_b_ase_d on the_ calculatEeI-k relations. =+0.815-2r/ay=+1.63m/ay in the bulk Brillouin zone, are
Finally, the carrier injection velocity for the simulated SN- 4 fo1ded to the pointk, = +0.377/a, in the wire Bril-

WTs is compared with that for the corresponding metalq i z0ne and become off-states. A similar phenomenon is
oxide-semiconductor field-effect transistgMOSFETS. observed by Kt al% and Zhenget allin a[100] oriented

Silicon nanowires with various cross-section shapes an ctangular wire with equivalentl10) confinement direc-
transport orientatiogs have been synthesized by different ex;ons. As in a Si quantum well, the degeneracy of the four-
perimental group%l. In this work, we focus on one specific fq|q T valleys in a[100] oriented nanowire can be lifted by
SINW structure with one particular transport orientation as e interaction between the four equivalent valleys, which is
first step in exploring bandstructure effects in small SNWTs.g5 ¢alled “band splitting®® It is clear from Fig. 1 that the
The inset of Fig. 1 shows the cross section of the simulatedoresponding band splitting is more evident in the thinner
SiNWs. The shape of the cross section is rectangular, tranggire (D=1.36 nm than in the thicker wirgD=5.15 nm

port is along thg100] direction, and the faces of the rect- ;.41000us to the band splitting observed in Si quantum
angle are along the equivaleiiD0 axes. The Si body thick- wells_%

ness,Ts;, is assumed to be equal to the wire widdi; (i.e., Figure 2 shows the conduction and valence band edges
Tsi=Ws;=D). A unit cell of the SINW crystal consists of four 5q|iq with circles for the simulated wires with a wire width
atomic layers along thex (transport direction and has a (an4ing from 1.0 nm to 6.8 nm. It shows that the wire band
gap is enlarged by QC and the incremenbis(l;hlyinversely
¥Electronic mail: jingw@purdue.edu proportional to the square of the wire width™ The dashed
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FIG. 1. The energy dispersion rela-
tions for the simulated Si nanowire
D=5.15nm structures withi@) D=1.36 nm andb)
c - ’ ’ 100 D=5.15 nm. The inset shows a sche-
j o8l ® " 7 matic diagram of the nanowire cross
. Y section(Tg;=Wg;=D). For the thinner
T_’éwﬁ wire (D=1.36 nn), strong band split-
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line in the upper plot is for the conduction band edge calcu4(b)], effectively lowering the average hole velocity in
lated by a simple “particle in a box” model with the bulk p-type SNWTSs.
effective masses. The difference between the effective-mass Itis of great interest to compare SNWTSs vs planar MOS-
(EM) curve and the tight binding result becomes evidentFETs. Previous studié&& show that the SNWT obtains a bet-
whenD < 3 nm, which shows that the band structure effectster gate control as well as a larger threshold voltage variation
can be important in Si nanowires with small diamefefs.  than the planar MOSFET due to its stronger QC. In this
After obtaining the tight bindinge—k relations of the ~work, we compare the performance of SNWTs vs planar
simulated SiNWs, thé—V characteristics of the correspond- MOSFETSs in terms of carrier injection velocity.Figure 4
ing SNWTs can be explored by a seminumerical ballisticsShows the average carrier velocitigsder high drain bigs
model*® The model captures three-dimensional electrostatfor the simulated SNWTD=1.36 nm,5.15 nnand the
ics, quantum capacitanteand bias-charge self-consistency Planar MOSFETs with comparable cross sectiof¥;
in ballistic field-effect transistor§FETS. (Source-to-drain =1.36 nm,5.15 nm (The E-k relations for the planar
tunneling is not considered in this modeln the past, this MOSFETs are calculated with the same tight binding ap-
model was used to evaluate theV characteristics of Si Proach as used in the nanowire calculatidrhe normalized
MOSFETs(Ref. 13 and high electron mobility transistdfs ~ Fermi level, 7, is defined aspe=(Ef~Ec)/kgT for nFETs
with parabolic energy bands and Ge MOSFETs with numeriand 7-=(Ey—Eg)/kgT for pFETs, whereEg is the Fermi
cal E—k relations™ To be concise, we do not indicate the level andEc(E,) is the conductiorivalencg band edge. The
details of this model but refer the readers to publishedesults show that for the same normalized Fermi level the
reference$®*"!8 (The Matlab® scripts of this model are P-SNWT (dashed lingdisplays a~20% lower hole velocity
available!®) as compared to the-MOSFET (dashed line with open
To compare the device performancersfype vsp-type  Circles at both D(Ts)=1.36 nm andD(Ts)=5.15 nm. For
SNWTs, we adjust the gate work functions to achieve thdhe n-type FETs, however, the SNW(EBolid line) obtains a
same OFF-currents for the two structures at each wire widtRigher electron velocity than the planar MOSFESBlid line
[see Fig. &) for an example 0D=1.36 nni, then the ON- with closed circlesat D(Tg)=5.15 nm while a lower one at
currents for both theWeET andpFET are compared. The D(Ts)=1.36 nm. An explanation of this interesting observa-
inset of Fig. 3a) plots the ratio of thepFET ON-current to  tion requires an understanding of the role of QC onetfee-
that for thenFET at the same wire width. The result shows tron velocity in a Si nanowire/thin-film. o
that for a large wire width, a ballistipFET delivers about Generally speaking, QC affects electron velocity in two
one-half the ON-current of a ballistieFET. For a smaller OPPosite ways. First, QC lifts the sixfold degeneracy ofshe
wire width, however, the ON-current of the ballisgeeT ~ Valleys in bulk Si so that the unprimed valleise., [010],
approaches that of its-type counterpart. To explain this ob- [010], [001], and[001] for a [100] oriented nanowire, or
servation, we plot the average carrier velodiinder high  [001] and[001] for thin-films with a[001] confinement di-
drain bias vs gate bias for the-type/p-type SNWTs with
D=1.36 nm andD=5.15 nm[Fig. 3(b)]. Interestingly, the
carrier velocity fornFETs decreases while that fpFETSs
increases when the wire width is reduced. The origin of these
trends involves different physic§l) Due to the nonparabo-
licity of the four A valleys in the bulk Si conduction band,
the projected” valleys in the wires exhibit a larger transport
effective mass at a smaller wire widtkee the inset of Fig.
3(b)], where stronger QC occurs. Since the electron thermal
velocity is inversely proportional to the square root of the
transport effective-mass;*®the average electron velocity in
n-type SNWTs decreases as the wire width scales dé@n.
For the valence band of the wires, our simulations show that
the curvature of the valence band edpele effective-mags ) o
is insensitive to the wire width. However, with increasing Eilrilég aTthI? ggi?]?lflcst'g'_('“Tphpeezzgge‘&a'ﬁ]”ecﬂotwhgouzigf Sﬁ;%fglrdtmtzon-
wire width, more and more higher subbands with largergyction band edge calculated by the effective-m@d) approach with a

transport hole effective-masses become populfded Fig.  simple “particle in a box” model.
Downloaded 26 Apr 2005 to 128.211.171.180. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 3. (a) The |-V curves for then
-type/p-type SNWT withD=1.36 nm
and the ratio of thegFET ON-current
to thenFET’s vsD (inse). The oxide
thickness is assumed to be 1 nm and

the temperature is 300 Kb) The av-
erage carrier velocitiegunder high

Decreasing D (nFET). | drain biag vs gate bias for then-

type/p-type SNWTs withD=1.36 nm

Carrier Velocity [m/s]
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and D=5.15 nm. The inset shows the
dependence of the transport effective
mass(in the conduction bandat thel’

Decreasiqg D (pFET_)‘

B | B i ¢

— nFET D=1.36nm
nFET D=5.15nm
-| —e— pFET D=1.36nm
-@-- pFET D=5.15nm

point on D. The carrier velocities for
thenFET and theFET show different
trends with decreasinD due to differ-

10°
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rection with a relatively small transport effective-mags,
=0.19m, in bulk Si) display a smaller conduction band mini-
mum and acquire a higher electron occupancy. As a resul
the averageelectron velocity is increased by this valley-

02 03 ent physics.
Vgs VI
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to the effects of quantum confinement, the SNWT displays a
higher electron velocity than the planar MOSFET when the
tvire width (or film thicknes$ is relatively large[e.g.,
D(Tg)=5.15 nnj while a lower one wherD(Tg) is small

splitting effect caused by QC. Second, when the wire widthe.g., 1.36 nm In short, the band structure effects play an
or the film thickness is small, strong QC increases the trangmportant role in nanowires with small diameters and should

port effective masgsee the inset of Fig.(B)] and conse-

be seriously considered when evaluating the performance

quently decreases the average electron velocity. From thémits of SNWTSs.

results shown in Fig. 4, we conclude that whB(iTg) is
relatively large (e.g., 5.15 nmy the valley-splitting effect
dominates, and the wire obtains a larger electron velocity du
to the additional QC in the width direction. Wh&h(Tg) is

This work is supported by the Semiconductor Research
gorporation(SRO, the Microelectronics Advanced Research
Corporation (MARCO) focus center on Materials, Struc-

small(e.g., 1.36 niy however, the unprimed valleys are well {Ures, and DevicegvISD) and the National Science Founda-
separated from the primed valleys in both the wire and thdion (NSP Network for Computational Nanotechnology
thin-film, and the effective-mass-raising effect dominates(NCN)- The authors would like to thank Professor Supriyo
Thus, the wire displays a smaller electron velocity than theP2{ta at Purdue University for the useful discussions.

thin-film due to stronger QC.

In summary, by using asp’d®s” tight binding model, we
explored the energy dispersion relations [@D0] oriented
rectangular Si nanowires with a wire width up to 6.8 nm.
Based on these—k relations, we calculated the ballistic cur-
rents for bothn-type andp-type SNWTs with the use of a
seminumerical ballistic FET model. We found that for very
small diametergD <1.5 nm, ballistic p-SNWTs approach
the performance of-SNWTs. The carrier injection velocity
for SNWTs was compared with those for planar MOSFETS,
and we observed thgtSNWT displays a~20% lower hole
velocity than thep-type planar MOSFETat both D(Tg)
=1.36 nm andD(Tg)=5.15 nni. For nFETSs, however, due
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FIG. 4. Average carrier injection velocitynder high drain bigs/s normal-
ized Fermi level,7g, for the simulated SNWTs and planar MOSFETs.
(Tg) is equal to 1.36 nntleft) and 5.15 nm(right) for the SNWTs(planar
MOSFETS.

%Y. Cui, Z. Zhong, D. Wang, W. U. Wang, and C. M. Lieber, Nano L&t.
149 (2003.

’D.D.D. Ma, C. S. Lee, F. C. K. Au, S. Y. Tong, and S. T. Lee, Science
299 1874(2003.

3Y. Wu, Y. Cui, L. Huynh, C. J. Barrelet, D. C. Bell, and C. M. Lieber,
Nano Lett. 4, 433 (2004).

4L. Samuelson, M. T. Bjork, K. Deppert, M. Larssonb, B. J. Ohlssonc, N.
Paneveet al, Physica E(Amsterdam 21, 560 (2004).

°H. Majima, Y. Saito, and T. Hiramoto, Tech. Dig. - Int. Electron Devices
Meet. 733(2002.

6. Wang, E. Polizzi, and M. Lundstrom, J. Appl. Phys§, 2192(2004).

. Wang, E. Polizzi, and M. Lundstrom, Tech. Dig. - Int. Electron Devices
Meet. 695(2003.

8. Wang, P. Solomon, and M. Lundstrom, IEEE Trans. Electron Devices
51, 1366(2004).

°X. Zhao, C. Wei, L. Yang, and M. Y. Chou, Phys. Rev. Le®2, 236805
(2004).

%y, J. Ko, M. Shin, S. Lee, and K. W. Park, J. Appl. Phya9, 374(2001).

1y, Zheng, C. Rivas, R. Lake, K. Alam, T. B. Boykin, and G. Klimeck,
IEEE Trans. Electron Devicegsubmitted.

12T, B. Boykin, G. Klimeck, and F. Oyafuso, Phys. Rev.@®, 115201/1-10
(2004.

13A. Rahman, J. Guo, S. Datta, and M. Lundstrom, IEEE Trans. Electron
Devices 50, 1853(2003.

13, Lee, F. Oyafuso, P. von Allmen, and G. Klimeck, Phys. Rev6®
045316(2004).

15T B. Boykin, G. Klimeck, M. A. Eriksson, M. Friesen, S. N. Coppersmith,
P. Von Allmenet al, Appl. Phys. Lett.84, 115 (2004; A. Rahman, G.
Klimeck, M. Lundstrom, N. Vagidov, and T. B. Boykin, Jpn. J. Appl.
Phys., Part {submitted.

83, Luryi, Appl. Phys. Lett.52, 501 (1988.

173, Wang and M. Lundstrom, IEEE Trans. Electron Devicsg 1604
(2003.

8. Rahman, G. Klimeck, and M. Lundstrom, Tech. Dig. - Int. Electron
Devices Meet. 1392004).

http://nanohub.org

Downloaded 26 Apr 2005 to 128.211.171.180. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



	Purdue University
	Purdue e-Pubs
	2-25-2005

	Performance evaluation of ballistic silicon nanowire transistors with atomic-basis dispersion relations
	Jing Wang
	Anisur Rahman
	Avik Ghosh
	Gerhard Klimeck
	Mark Lundstrom


