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Abstract—In this paper we study the performance of bulk successful in reproducing one-dimensional quantum confine
and DGSOI nMOSFETSs with 25 nm gate length in the quantum- ment, but fail e.g. in the prediction of source-drain tummg!
coherent limit. The self-consistent wave functions are coputed and in any situation far from equilibrium. The second method

using a multi—sub-band scattering matrix formalism which dlows look the devi lect id d vield
to retain their full dimensionality and therefore eliminates the '0OKS UPON the device as an electron waveguide and yields,

need for the adiabatic decomposition of the Sctisdinger equation.  therefore, an accurate description of all tunneling prsess
We find that source-drain tunneling is negligibly small in bah but needs to be complemented by de-phasing and inelastic
devices. Since the current is almost exclusively thermionj scattering. The pure QB case based on the Landauer-Biittike
the observed increase of the off-current with increasing dain  omgalism [4] might offer a kind of “best case” evaluation
bias can be attributed to drain-induced barrier lowering. The . . .
guantum-ballistic currents are by a factor of 2-3 larger than of device behawor. In this paper we use the latter approach
the quantum-drift-diffusion currents. The quantum-balli stic sub- t0 draw a comparison between the performance of bulk and
threshold slope is almost the same for bulk and DGSOI MOSFET. DGSOI nMOSFETs with 25 nm gate length in the QB limit.
This comparison is inspired by the two current trends in
industry - bulk versus SOI.
. INTRODUCTION

The progress in silicon technology continues at a breath-
taking pace even beating Moore’s law, but the end of MOSFET
scaling can be anticipated for the year 2015 or so, since fun-
damental physical limits pose virtually impenetrable leas
to tera-scale integration [1]. The 2003 edition of the ITRE [ The device structures and doping profiles were defined for
forecasts a minimum feature size of 25nm, a physical gaitenchmark purposes during the EU project SINANEDi¢on-
length of 10nm, and a transistor density on chip of 2185dased Nanodevick$5] and can be considered to be repre-
million for the year 2015. The switching charges will thersentative for the high-performance MOSFET of the current
contain only a few hundreds of electrons. This size is at tl&& nm technology node. The selected doping profiles and oxide
physical limit (quantum effects, non-deterministic bebawf thickness try to comply with the available specifications of
small currents), at the technological limits (power digsiipn, the ITRS 2003 and have been tuned in order to meet the
design complexity, tunneling leakage currents), and at tbpecification for the maximum allowable leakage drain autrre
economical limit (estimated cost of a silicon fab in 204800 in off-state. Both devices have an equivalent oxide thiskne
billion $). (EOT) of 0.9nm, a physical oxide thicknegs, =1.6nm, a

In the tunneling regime (gate length shorter than 15 nnpermittivity ¢,, = 7, and a supply voltagépp=1.1V. The
the off-state current will be determined by the transmissidGSOI MOSFET has a silicon body thicknesstgf =12 nm
probability of the source-drain barrier and thus will beénd and a gate electrode work function of 4.60eV (metal gate).
pendent on inelastic scattering events up to a possiblegrhionThe body is lowly p-doped (210'5cm™3). The Gaussian n-
assistance of the source-drain tunnel current. Howevemtih type source/drain extension profiles have a standard daviat
current will be influenced both by the contact resistances aof o, = 5.64 x 1072 um and the Gaussian n-type source/drain
the few scattering events inside the channel. In the changehtact profiles have a peak concentration of1@*°cm=—3
region the on-state current will be a mixture of quantumand a standard deviation of, = 1.12 x 1072 um. The bulk
coherence and inelastic scattering. The development of pfOSFET has a gate electrode work function of 4.05eV (n-
dictive TCAD tools for ultimately scaled CMOS devices ipoly), a p-type substrate with constant doping conceatnadf
taking two directions: the inclusion of quantum effectsoint3x10®cm~2 and p-type source/drain halos of Gaussian shape
PDE-based device simulators (quantum-drift-diffusiod{@ with a peak concentration of >80*cm~3 and a standard
model), or the inclusion of dissipation in the quantum-stif ~deviation of, = 1.77 x 102 um. The n-type profiles are
(QB) transport model [3]. State-of-the-art QDD simulatare the same as for the DGSOI MOSFET.

II. DEVICE DESCRIPTION
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Il. QUANTUM-BALLISTIC TRANSPORT MODEL with W being the width in the third dimension. The integratio
3D simulator for semiconductor devices developed at ET‘Hates in quantlzat|on direction. Neglecting sub-bandimgix
Zurich [6]. For QB transport simulations through quanturgXPression (1) for a single state in quantization direction

reduces to
VemiksT
® = WW i 2

p= e;f'“)
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It differs from its 1D equivalent by replacing Fermi funat®
with Fermi-Dirac integrals, and by an additional factor of

\/_WV 2mLkB

W
=Vr N
with the (transverse) thermal wavelength = h/v2m?* kgT.
This factor may be interpreted as the effective numbet of
modes that contribute to the curred¥(Ar > 1 must hold).
For the simulation of thermionic currents the transmission
probability is replaced by a step function:

T(e) = O(€ — €max) - )

Here emax IS the maximum of the sub-band energy of the
transverse mode in which the particle is injected, betwbeen t
injecting and the extracting terminal. df> V,.x the particle
) ) o is transmitted, otherwise it is always reflected.
Z:?d é{nk SAgaQ;“E”}'ET;‘jQ?)’_"°a' charge density in the 25nm DGRpper) The SMA may be used in a post-processing step for the
computation of the current, in which case the charge density
wires/wells, the electron-electron interaction is trdabe the for the non-linear Poisson equation is constructed by simpl
level of a mean field approach and the Schrodinger equatipopulating the transverse wave functions on each slice with
with scattering boundary conditions for injection of etects Fermi-Dirac statistics. This so called non-self-consis{asc)
from the source (or drain) contact are solved by means ofvariant largely facilitates the evaluation of the transits
scattering matrix approach (SMA) including sub-band mixin and reflection probabilitie® and7'. As an alternative, the full
This formalism allows to retain the full dimensionality ¢fe¢  SMA may be used for the computation of the electron density
wave functions and eliminates the need for the often appligtside the solution process for the non-linear Poisson tamua
adiabatic decomposition of the Schrodinger equationnglo This self-consistent (sc) variant gains importance atstinoéd,
the transport direction, piecewise analytical wave fuori where the strong injection from the source leads to notieeab
are used. This has the advantage that the discretizatidn gruantum-mechanical effects on the electrostatics alomg th
can have much fewer grid planes than are needed withtransport direction of the transistor, but it is computasitly
finite differences scheme such as is commonly used by tbastly and vulnerable to convergence problems.
NEGF community. The QB currents in the 2D MOSFETSs are The quantum-mechanical charge density of both devices

computed by a 2D Landauer-Blttiker-type formula [7] is shown in Fig. 1. Source/drain contacts had to be placed
Yoy at the front faces because of the boundary conditions of
= 2\/_ MTLICBT (1) the SMA. Several extensions of the bulk FET in y-direction
(src) (perpendicular to the channel) were tried out without any
> (/ de (1 _ ZRerHj(e)) 3 . (Q) _  significant effect on the IV-curves. This can be explained by
i N\ 7 : ksT the decaying doping concentration in y-direction whichrier
¢ a confining potential well. Both devices were meshed with
e%d”‘) —¢ a tensor-product grid of about 30’000 vertices resultingin
- /de ZTdmeSfQHj(e) S*% (W))’ CPU time for a complete nsc transfer characteristics of 87
(rmax) 7 hours on a SunBlade 2000 with 1.015 GHz.

i
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IV. RESULTS 0.30

Fig. 2 shows the eigenenergies of the 4 lowest sub-bands in
the 25 nm DGSOI MOSFET at a sheet density afl)!3cm—2
together with the band edge profile. The first number in (a,b)
labels the sub-band, the second number indicates the vallels f . N 1
pair. Here, “0” is the pair with the large effective mass in — 0.10 Nt J N
guantization direction, “1” and “2” label the degeneratéeya
pairs with the small effective mass in quantization dir@cti
The splitting of the two lowest sub-bands is oBly 10~5 eV,
whereas the splitting between the third and the fourth sub-
band is8.3 x 10~3 eV. Since the Fermi level corresponds to
the energy zero, one can infer that 4 sub-bands are already —-0.10
sufficient for the computation of the density at 300K. In Rg.

0.20

energy (e

0.00 -

1 { 1 L 1 L 1

we plotted the corresponding wave functions at a sheettyensi 0O 2 4 6 8 10 12 14
of 1x10'3cm~2. States with (a,2) are identical to states with
(a,1) — only the latter are labeled in the figure. Figs. 4 and 5
present the QB transfer characteristics. The currents ef th
DGSOI MOSFET were divided by a factor of 2 in order Fig. 3.  Wave functions corresponding to the energy levelBiin 2.

normal distance (nm)

to allow for a fair comparison with the bulk FET. Curves

labeled “low Vbs” were obtained from thasclinear-response 10°
conductance assuming that: (ipY ~ kgT (injection from »
drain is then negligible), (ii) s small enough in order not to 10
change the transmission of the source-drain potentialdrarr g 5 f
These assumptions make a translation from conductance g 10 3
current straightforward. In fact, the expression for thmeér- = 10° L
response conductance equivalent to Eq. (3) reads s
2 S 5107 L — QB@lowV
G — iﬁwM x (4) 3 : o QB @ VDS=0'.)'TV ]
hkgT h .% 107 = QB @ Vpe=1.1V
7 (o) 5 -- QDD @ V,,=0.1V ]
X / deT(e)F 1 (Fi) : 10~° --- QDD @ Vp=1.1V |
2 kBT E ]
€sub 10_10 ,“‘
Comparing (5) with (3) immediately leads t6G:°° = 0 0.2 0.4 0.6
eI?P/kgT under the above assumptions. gate voltage (V)
Fig. 4. Quantum-ballistic transfer characteristics of 2&nm DGSOI
02 —4H—+—+—+—+—+—F—F—————1— MOSFET. Explanations are given in the text.
020 | ;
0.1 | | Curves with indicated ¥s labeled “QB” are thesc QB
. 015 1) 2.2) ] currents including the non-equilibrium charge injectisonh
E 0.10 | i the contacts. A finite forward bias requires to use this mode.
> I (3,0 Although only small fractions could be obtained due to conve
S 005 ¢ S— 1 gence problems, one observes an increasing off-curreht wit
2 L (1,1) (12) 0.1 (02) @p increasing \bs. This is merely due to a DIBL effect, since the
® 0.00 | 0.0) (1,0) 1 current is almost exclusively thermionic (otherwise thiath
r ning of the source-to-drain barrier would lead to an inceeas
-0.05 1 tunnel current). For comparison we plotted in the same figure
I the quantum-drift-diffusion (QDD) currents, where traogps
-0.10 ¢ : o ] assumed to be dissipative and all ballistic effects areauted.
0 2 4 6 8 10 12 14

normal distance (nm)

Fig. 2. Band edge profile and eigenenergies of the 4 lowestbanbs in
the 25nm DGSOI MOSFET at a sheet density of1D'3cm—2.
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Note that QDD exactly reproduces the quantum VT shift.
Below threshold the ratio between QB and QDD currents of
the DGSOI MOSFET is about 3 atpd = 1.1V and about

2 at Vps = 0.1V. The effect of source-to-drain tunneling
is shown in Fig. 6. It is more pronounced for the DGSOI
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Fig. 5. Quantum-ballistic transfer characteristics of2Bam bulk MOSFET. Fig. 7. Comparison of the quantum-drift-diffusion curemf DGSOI and
Explanations are given in the text. bulk FET at \bs = 0.1V and Vpg = 1.1V.
10° g
o] of the off-current with increasing drain bias was attrilalite
10 L drain-induced barrier lowering. QB currents are by a factor
€ . of 2-3 larger than the QDD currents of the same device.
3 10 ¢ The QB sub-threshold slope is almost the same for bulk
< 6 and DGSOI MOSFET, whereas the QDD sub-threshold slope
‘q:'; 10 - is significantly steeper for the DGSOlI MOSFET. At low
= 107 drain bias, the current of the bulk FET exceeds that of the
3 DGSOI MOSFET by a factor of about 1.5 over the whole
= -8 . ate voltage range. This is in contrast to the QDD on-
=< 10 - g g g
g - Eﬁigg‘erm'omc ] current which is larger for the DGSOI MOSFET. A possible
10° L. ---- bulk FET thermionic 1 explanation for the former observation is that the stronger
v, qguantization in the DGSOI MOSFET results in a smaller
107 density of the 2DEG. The latter finding can be attributed to
0 0.2 0.4 0.6 stronger surface-roughness scattering in the bulk FET. One
gate voltage (V) may conclude that QB simulations can lead to qualitatively

erroneous results when applied to the comparison of diftere

Fig. 6. Comparison of the nsc quantum-ballistic current®GSOI and bulk MOSFET architectures.
FET at low Vpg (see text for the meaning of “low ys”). The thermionic
currents (transmission replaced by a step function) a® stiswn. VI. ACKNOWLEDGMENT
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