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Ballistic MOSFET Reproduces Current—\oltage
Characteristics of an Experimental Device

Kenji Natori, Member, IEEE

Abstract—The ballistic MOSFET characteristics are compared where

in detail with those of the experimental 70-nm device at low tem- k Boltzmann constant;

peratures reported by Sai-Halaszet al. The saturated region char- T temperature;

acteristics for Ve < 0.8 V.show good agreementand aproper con- =, y electron effective mass along (across) the
sideration of higher subbands significantly improves agreement for y .

Ve > 1.0 V. The discrepancy is large in the linear region due to Chanr_lel,

carrier scattering. The carrier backscattering mechanism and the drs Fermi level of the source electrode;

bias effect are discussed. C MOS effective capacitance;

Index Terms—Cryogenic electronics, current density, Ve, Vp,andV; gate bia_s, drain bias, and threshold voltage,
MOSFETs, semiconductor device modeling, semiconductor respectively.
devices, silicon, transistor. The potential curve within the channel (actually the lowest sub-
band bottom curve) has a maximum pal)i,. adjacent to (or
at) the source edge [3F, is thenth subband energy at this
. INTRODUCTION maximum point. The Fermi-Dirac integréh /»(u) [7] is de-

ECENTLY, ultrasmall MOSFETSs of around 280 nm fined as

size are fabricated and their high performance is reported oo
[1], [2]. On the other hand, the ballistic MOSFET has been pro- Fija(u) = / VY dy. ©))
posed and is supposed to indicate the limiting high performance o l+exp(y—u)

of the_structure [3]. However, the comparison r_evealed that tPnean ultrasmall MOSFET on a high-concentration substrate, it
experimental performance does not show a high performance

like the limiting case, but is mostly less than 50% of the bals Shown that the lowest subband accommodates a majority of

o : o hannel electrons, and the drain current is conveniently approx-
“it'c value [4]_[6]'hT?]'S Iett?rﬁ o][npares the balll|st|c MOSFE mated by a closed analytical expression of terminal X/Oft)gges
characteristics with those of the famous 70-nm low-temperat . .
device reported by Sai-Halastal.[9]. The comparison showsltre%ecwe one-subband approximation) as [3], [4]
an excellent agreement between the two in a limited bias range. 3/2
V2my q(kT)3/2 M,
= 1 4(kT) [F1/2(u) — Fija(u — vq)] (4)

2%2
Il. CURRENT-VOLTAGE (/-V) CHARACTERISTICS wh
OF THE BALLISTIC MOSFET u = In [\/(1 +eve)2 4 4eva(er — 1) — (1 + e”d)] —In2
The drain currentlp per unit width and the inversion (5)
charge density) near the source edge of an n-channel ballistic 4V
MOSFET on (100) surface of Si has been derived as [3] Vd = S (6)
V2q(ET)3/? 2h?C (Vg — V)
A S A Sl?/ Voiom = 7
Ip 22 Z Z MMy p qgkTm: M, 0

valley n
brs — En brs — En — qVp wherem; = 0.19 my is the transverse electron mass of Si and
: {F1/2 (T) - Fip» ( T )} M, = 2.2 [88] is a parameter representing effective number of
the lowest equivalent vallgy.

1)
QI =C(Ve — V) I1l. COMPARISON OFBALLISTIC MOSFET WTH THE

_qkT drs — Ey EXPERIMENTAL DEVICE
Z Z \/mln{[l—l-exp <k—T

2mh? valley m In [9], Sai-Halaszt al. disclosed the current—voltagé~")
characteristics of a sub-100-nm MOSFET for the first time.
. {1 +exp <¢Fs -E,-qVp )} } (2) They fabricated a MOSFET with the 70-nm gate length as well
kT as the relaxed oxide thickness of 4.5 nm onQ 2m p-type Si
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Fig. 1. Ip-Vp characteristics of the ballistic MOSFET (solid lines) inFig. 2. I,-V5 characteristics of the ballistic MOSFET (solid lines) where
effective one-subband approximation [(4)—(7)] are compared with those of thigher subband effects are considered according to (1) and (2), are compared

experimental 70-nm device at 77K (dashed lines) reported by Sai-Hetiabz with those of the same experimental device (dashed lines). The parameter is the
[9]. The parameter is the gate bias from 0.2 Vto 1.4V at 0.2 Vintervals.  same as in Fig. 1.

that the surface boron concentration be as low as possible figyed in recent sub-100-nm MOSFETS, a low-concentration
a given thermal budget. It was evaluated at 77 K, and the dshe is used here, which tends to reduce the subband-energy
vice characteristics with minimized carrier scattering were expacing and enhances the higher subband effect. We compare
plored. The experimentd-V curves of the device are repro-the ballistic MOSFET current with the experimental data con-
duced from their publication. The source and the drain parasigiglering the higher subband effects. A2em p-type substrate
resistance and the drain-induced barrier lowering (DIBL) effef used in the experiment, but the exact impurity concentration is
need be considered so as to analyze the corresponding balligeknown due to the B ion implantation. As for the subband-en-
MOSFET characteristics. They report the combined source a#ady spacing, a self-consistent Schrodinger—Poisson simulation
drain resistance to be 25@70Q per unit width [10], and we for the ballistic MOSFET in saturation yields valug$— Eo =
use an equal value 13dfor both electrodes. The potential drop57.3 meV, E; — E}, = 1.4 meV, andE, — E; = 38.3 meV (the
within the source and the drain is predicted from experimenigbtation is after Stern [11]) at 77 K for low impurity concentra-
Ip and the net voltage applied to the channel is extracted. As t@gn of 107 cm™2. Equations (1) and (2), as well as a choice
the DIBL effect, the saturation current of a ballistic MOSFET isf fixed valuesE)y — Ey = 59.0 meV, E; — E} = 1.5 meV,
afunction oflQ| [4], and hence of(; —V;(Vp)). The derivative and E, — E; = 40.1 meV (which gives slight increase of
of Ip is derived asdip/0Vp) = —(9Ip/0Vs)(9V:/OVD), doping, still higher subbands being neglected), significantly im-
and the value ofdV;/0Vp) for large Vp and smallV; is ex- prove agreement for; > 1.0 V in the saturated region, as is
tracted from the experimentdl-V’ curves. The extrapolation shown in Fig. 2. The agreement indicates the higher subband
of the Ip—V curve also yields thé&; for a fixed Vp, and the effect is essential for prediction of saturation current with large
Vi(Vp) is extracted ad; = (0.2-0.18Vp[V]) V. We used gate biases.
C' = cox/tox With tox = 4.5 nm, since the experimentalx Fig. 2 suggests the carrier scattering significantly reduces cur-
is estimated from the capacitance. rent in the linear and the low-drain-bias saturated region. The
Fig. 1 compares thé-V characteristics of the experimentafollowing mechanism qualitatively explains the bias effect there.
device with those of the ballistic MOSFET in the effective oné/e refer to the channel region of the lendtg s which extends
subband approximation [(4)—(7)]. The ballistic MOSFET curvfrom the E,,,.«-point to a point where the potential drops down
shows a slight hump between the linear and the saturated regtona value ... + E« — E,;,) as the “backscattering region.”
The bias indicated in the figure is applied to terminals of the edere E,, (=63 meV) is the optical phonon energy, afid the
perimental device, and the net bias applied to channel is smallerall mean kinetic energy &,,..-point. The optical phonon
by the potential drop due to the source and drain parasitic resigission is suppressed in this region because the carrier energy
tance. The “experimental” current increases in this region, th&mot large enough. The absorption is rare at low temperatures,
the potential drop increases, the it decreases although theand the elastic or quasi-elastic scattering like the impurity (the
V¢ at the terminal is constant, and so the “ballistic” current isurface-roughness) and the acoustic phonon scattering is dom-
saturation seemingly decreases, forming a hump. The ballistiant, occasionally carrying electrons back to the source. Once
curve well agrees with the experimental curve in restricted partcarrier survives out of this region, it is exposed to the frequent
of saturated region wheli; < 0.8 V. Itis amazing that the bal- optical phonon emission and immediately loses its energy. The
listic MOSFET formula including only elementary parametersnervated carrier has little chance to return to the source ever
like ¢, h, andm,, well reproduces the absolute value of an exafter and eventually exits from the drain. The reduction of cur-
perimental device. rent from the ballistic value is due to the backscattering of car-
The discrepancy is large fdr; > 1.0 V and also for the riers in this “backscattering region.” ks < [y, the carrier
linear region. In contrast to the high-concentration substrate emean free path in the region, the MOSFET behaves like a bal-
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listic device, andif. s > Iy onthe contrary, then the backscat-
tering dominates and the current is reduced. The backscattering

region extends to the whole channel whén < (E,, — Ee1)/q.

The increase o/ reducesLgs, because it steepens the po- [
tential slope in the channel, and the ballisticity is improved.
The point that the increaseldp reducesLgs and improves
ballisticity is analogous to thekI" layer” theory discussed by
Lundstrom (see [12]) except that the lendths is controlled by
inelastic scattering. Both mechanisms have the same origin 0[3
losing the longitudinal kinetic energy. Generally, nondegenerate
thermal carriers escape backscattering when they have traveldd!
across théT layer thickness. However, if degenerate carriers in
low temperatures have a mean enefgy larger than the small
kT at E,.«-point, they can be back-scattered beyond th& “
layer,” and may need to exceed the previduss to escape
backscattering. The increaselgf at a fixedVp increases inter-
face normal field and intensifies scattering [12], which reduces

lo and enhances deviation from ballistic current.

IV. CONCLUSION

TheT' = 77 K characteristics of the 70-nm MOSFET re-
ported by Sai-Halaset al. [9] were compared with a ballistic
model. The results show that under low drain bias, the device
operated well under the ballistic limit, but for high drain bias,
the device operates essentially at the ballistic limit. These re-
sults can be qualitatively understood in terms of a simple modgl g

for scattering.
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