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Energy transport gate current model
accounting for non-Maxwellian
energy distribution

A. Gehring, T. Grasser, H. Kosina and S. Selberherr

A new formulation to describe hot-eicctron tunnelling through dielec-
trics is presented. [t is based on an expression for the electron energy
distribution function which is characterised by its first three even
moments. The model is simplificd to make it applicable for cnergy-
transport simulations, yielding a modified supply function in Tsu-
Esaki's equation. Simulations show cxcelient agreement with Monte
Carlo results.

The accurate prediction of gate oxide tunnelling currents is of increas-
ing importance for today’s miniaturised semiconductor devices. The
high electric field in the channel of contemporary sub-100nm
MOSFETs however, forbids the use of models which are based on
the local clectric field alone: the shape of the electron energy distribu-
tion function (EED) has to be taken into account explicitly. This is
problematic as the EED in the channel of a MOSFET significantly
deviates from the Maxwellian shape. Transport models which are based
on six moments of Beltzmann’s equation have been successfully used to
get information about the distribution of electrons in the channel [1, 2];
however, they are computationally demanding [3]. We therefore suggest
a new model which is suitable for energy-transport simulations.

According to [4] the tunnelling current density through a dielectric
layer can be written as

4nm, q
Sy = ham

Jm TCEINE,) dE, (1))
0

where TC(&,} is the tunnelling probability and Md&,) the supply
function which is defined as

NE) = j:[f] €+ E) 6, 1 £+ AEJAE, Q)

Here, the total energy & is the sum of a longitudinal component £ and
a transversal component &, which is perpendicular to the substrate-
oxide interface. The electron energy distribution functions in the gate
and substrate are denoted by f; and f, and the difference in the
conduction band edges is Afe=E¢, — Ec. For the case of a Fermi-
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Dirac distribution the gate current density evaluates as

Anm, qk, T r“ 1+ expl&, — £,/k,T)
J=——20 TC e
£ h3 o (gr)l“ 1 +€xp(5} — 5,/k5T) d‘c".r (3)

where & rand &rdenote the Fermi energics at the semiconductor-oxide
interfaces. This cxpression is frequently used in the literature and
implemented in all common device simulators.

However, in the channel of a tumed-on sub-quartermicron MOSFET,
the assumption of a Fermi-Dirac distribution is not valid. Even for
moderate drain bias, the EED shows a pronounced high energy tail as
shown in Fig. 1 for a 500nm MOSFET device biased at
Vps=Vgs=1V., Assuming a heated Maxwellian EED which only
depends on the electron temperature leads to a completely wrong
distribution of electrons.

| p ]

SOUI’CB|

energy, ev

Monie Carlo
—— heated Maxwellian

T T T T T T

T T T T
0.2 -01 0 0.1 0.2 0.3 24 05 06 07
X, g

Fig. 1 Contour lines of heated Maxwellian EED at semiconductor-oxide
interfuce compavred to results of Monte Carlo simulations

Neighbouring lines differ by a factor of 10

We therefore propose to use a recently developed [2] expression for
the EED. That allows us to rigorously account for the shape of the EED
in the channel and in the poly gate. We follow the approach presented
by Cassi and Riced [5] who suggested using

FE)= Qexp[— (éﬂ @

to describe the EED in the channel. With this expression and the
assumption of a Fermi-Dirac EED in the poly gate, the supply function
(2) becomes

b
N(s,)zA.gr{é, (%) ]

AE
— Ayky T, ln[l +exp(f ‘S‘%T—“)] (5)
B

where I"(«, B} denotes the incomplete gamma function. The valies of
Ay and 45 can be determined from the local carrier congentration, while
the values of @ and b can be found from the electron temperature T, and
the electron kurtosis 8, using a six moments transpert model [2]. This
method, however, is computationally expensive and may not be feasible
for everyday TCAD applications. We therefore approximate the kurtosis
B, by an expression obtained from bulk silicon where a fixed relation-
ship between $,, T, and the lattice temperature 7; exists:

Vi TRl T,
Pl =P 2285 (1 - L) ©

n

In this expression 1, 1., jts and p, are the kurtosis relaxation time, the
energy relaxation time, the energy flux mobility, and the electron
mobility, respectively. We used a fit to Monte Carlo data for homo-
geneously doped bulk silicon for t4/7, [2]. Thus, the self-consistent
approach can be used within the energy-transport model. As the
influence of the band structure was found to be negligible we restrict
ourselves to the parabolic case where we find [6]

No. 8 691



is thus well suited for the implementation in device simulators solving

2T(5/26) «
L= 2O L ) .
IT3/2b) kg the energy-transport model.
IT(3/26)(7/26)
B=r— () 108 =T
5 I(5/2b) R
\
Expression (7) can be easily inverted to find a{T,,) whereas the inversion 10710 Vos = QV\\
of (8) to find &(7,) at f,(5) = Bruu{T,) cannot be given in a closed form. A '/'
We therefore used the fit expression M(T,) =1+ bpz" + b,z" with 102 \\\ ”-"
z=1~T1,/T, and the parameters by=138.82, b, =101.11, b; =3.40, b Vs ®
and b3 =12.93. Using a(T,) and &(7,) the Monte Carlo EED can be « A
reproduced without knowledge of 5, as shown in Fig. 2. o o ‘\\ \\\ rat
2 S \
2. Y Vos = 1V b
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Fig. 2 Conmtour lines of non-Maxwellian EED ar semiconductor-oxide
interfuce using local parameters afT, } and W(T, ) compared to results of
Monte Carla simulations

Neighbouring lines differ by a factor of 10
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Fig. 3 Gate current density along channel of MOSFET with 90 nm gate
length and 2nm oxide thickness. Comparison of heared and cold
Maxwellian approximation with new model and Monte Carlo results
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HfO,/HfSi, 0, high-K gate stack with very

low leakage current for low-power poly-Si
gated CMOS application

Fig. 3 shows the resulting gate current density applying the WKB
approximation to evaluate the tunnelling coefficient for a 90 nm
MOSFET device with 2 nm oxide thickness and Monte Carlo results
for comparison. Qur model yields excellent agreement, while the heated
Maxwellian approximation substantially overestimates the gate current
density especially near the drain region. Instead of the heated
Maxwellian EED it may even be better to use a cold Maxwellian
EED in that regime. The resulting gate current is shown in Fig. 4 for a
500 nm EEPROM device with an oxide thickness of 4 nm. For low gate
voltages the electron temperature is high and the heated Maxwellian
approximation massively overestimates the total gate current, As the
gate voltage increases, the peak electric field in the channel is reduced.
Hence, the high energy tail is suppressed and the models deliver similar
results. The new model correctly reproduces the Monte Carlo results. It
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C.W. Yang, YK. Fang, S.F. Chen, M.E. Wang, T.H. Hou,
Y.M. Lin, L.G. Yao, S.C. Chen and M.S. Liang

Poly-Si gated NMOSFETs, with HfO,/Hf$i,0, gate stacks for CMOS
low-power application are reported for the first time. Compared 1o an
Si0; control sample, the HfO,/HfSi, 0, stack with equivalent oxide
thickness of about 18 A exhibits four-orders of magnitude reduction in
gate leakage at V,=1 V. Additionaily, negligible hysteresis and
comparable subthreshold swing are observed, indicating good inter~
face quality and bulk film properties. Furthermore, the stack-caused
inherent transconductance degradation is small; almost 66% of the
normalised peak transconductance with respect to SiO; can be
reached.
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