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ABSTRACT

The goal of this work was to develop a robust
and efficient numerical solution of the hydrodynamic
model, which solves the energy balance equation, and
to compare predictions of this model, using one set of
arameters, with experimental nMOSFET character-
istics for a range of channel lengths down to ultra short
channels. The substrate current was calculated by di-
rect integration of the energy distribution function to

obtain the number of high energy electrons.

INTRODUCTION

In this paper we use ihe basic formulation of [1] and
keep the full energy balance equation but neglect the
nonlinear convective term in the momentum conser-
vation equation. We then modify the discretization of
the encrey balance equation to take into account ex-
plicitly the variation of the thermal conductivity with
carrier concentration. This scheme is shown to be
numerically more stable than the schemes propased
in [2) and [3], which produce instabilities when used
with coarse meshes. We have implemented the hy-
. drodynamic mogel for one carrier in steady state in a

w— Wy

Jn
V- [—-RVT — —q-(kBT + w)] =EJ,-n ( )-WU.
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In the above equations, n is the electron concentration,
3, is the electron current and w is the electron energy
which is given by

Tw

1 ., 3
w = -2-an“ -+ EkBT (3)

These along with current continuily and Poisson’s
equation form the hydrodynamic model. Our sirmu-
lations were performed with the mobility and thermal
conductivity model in [4].

DISCRETIZATION SCHEME

In the discretization scheme used in [3], which is
an extension of the work in [2], the problem is cast in
terins of an energy flow density, S, defined by

two-dimensional device simulator, and the simulated 5 3
device characteristics match well with the experimen- § = —kVT - (—k BT) =, )
tal data for MOSFET’s with channel lengths from 2 q

0.16 pm to 0.90 ym. This was achieved by using one
set of model parameters for all channel lengths and
with the simulator calibrated at 0.90 pm.

Thus the energy equation can be written as

We also present the results of a simple method to me 3.7\ 3 w —
calculate the substrate current based on computed 5=V —qrp+-“T"i—~ P (qp—w)U-n Ly
electron temperatures. The method predicts quite 2¢°n q Tw

well the experimentally observed substrate current for
MOSFET’s ovet a range of channel lengths and tran-
sistor biases. As the substrate current is a sensitive
measure of the hot carrier population, accurate pre-
diction of the substrate current provides an indepen-
dent check on the validity of the computed solution to
the energy equation.

THE HYDRODYNAMIC MODEL

The momentum and energy conservation laws for
electron transport can be written in the form {1}:

J..—& (Jn-V) (J~—") = ¢, Vn—gpanV (:;'; - Eﬁ)
q n g
(1)

5
One advaniage of this formulation is that( 3
Scharfetter-Gummel or exponentially-fit discretization
scheme can be applied. This can be seen by projecting
S onto an edge between nodes § and j,

i = o Jij. (6)

Treating S;;, Jij and « as constant along the edge, (6)
can be integrated analytically to obtain:

5y = —:r" (B(wi;)Tj — B(—wis)T), (D
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Figure 1: Simulated electron temperature for a MOS-
FET along the device at two different depths from the
oxide interface with unstable discretization.
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Figure 2: Simulated electron temperature for a MOS-
FET along the device at two different depths from Lhe
oxide interface with stable discretization.

where b Jid
pi= —m kgt T
iy 9 B 7 K"jl (8)
and B(z) = =7 is the Bernoulli function, «;; is an

average thermal conductivity between the two nodes,
and d;; is the distance between nodes { and j.

Temperature Instabilities

The above discretization technique was imple-
mented in a two-dimensicnal finite-box based device
simulator and used to simulate a short channel MOS-
FET. To solve the nonlinear algebraic problem gen-
erated by the discretization, a Newton’s method was
used, combined with a sparse Gaussian elimination
used to solve for the Newton updates. We observed
that the temperatures computed using a coarse rectan-
gular mesh with the discretization method described
above exhibited numerical instabilities in certain re-
gions of the device. In particular the computed tcm-
peratures ascillated in space, occasionally dipping be-
low the lattice temperature. An example of this
anomalous behavior is shown in Fig. !.

The source of this numerical instability is that the
discretization of the energy equation in 57) and (8) in-
appropriately assumes that the thermal conductivity
is a constant. To see why such an approximation leads
to coarse-grid instability, consider computing the di-
vergence of (4) assuming J,,, but not x, is constant.
The result is ’

V.8S=—xkVT— (Vx + (-z-kg) -{2) vT. (9)
q

5.1.2
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To be stable for coarse grids, a method for discretizing
(9) must upwind the VI term, that is discretize VT
in the upwind direction given by the sign of

(Vrc + (gkg) %) i {10)

Equation (8) does not include the YV« term, and there-
fore the resulting Scharfetter-Gummel scheme will not
upwind correctly unless the V& term can be ignored,
This is not the case, if we write the thermal conduc-
tivity as

K= (g + c) kBDnon (11)

and substitute this relation in (10) to yield

(gk;,-) ((l + gc) DpnoVin + J?,,) vI.  (12)

Clearly, {1+ Zc) DaoVn and Ia will be compara-

ble when diffusion contributes significantly to current
flow. In particular, this implies that the VT term
in (9} may not be discretized in the upwind direction
when ¥n is large. Our numetical experiments verify
this, as the temperatures computed with the above
approach oscillate in device regions where the electron
concentration gradients are large.

Modified Energy Discretization
In this section, we develop a better stabilized dis-

cretization scheme for the energy equation. The con-
vective term in (1)

-qu (Jn-9) (‘%") (13)

is explicitly neglected, which makes it possible to sub-
stitute the expressions for the thermal conductivity,
x, and electron current density, J,, into the energy
equation as suggested by [5]. The justification for
neglecting the convective term is that in MOSFETs
where current flow is by majority carriers, this term is
generally small compared to J,, in regions where the
eleciron concentration is large.
Neglecting the convective term, (1) becomes

k
T, e~q 874

Ho[r¥n + VY (r — u)] (14)

where r = 1:‘; is the electron temperature normalized

by the lattice temperature and u is the normalized
electostatic potential given by v = ¢ J-4. Note (14)
is identical to {6.4) in [2}, once the convective term is
neglected. The termperature dependence of the mo-
bility model can be included explicitly into the current
equation, as in

I, =qD"0 [r¥n+nV (r—u)]. {15)
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Substituting both the expression for the current &115)
and the thermal conductivity (11) into the energy flux
equation yields

8= "'ngTDDnD [rVn+ n ((2 + %C)Vl"— Vu)]
(16)

‘The above expression for S has the same form as that
for 3, (15) but with a different coefficient in front of
the Vr term. Hence, the Scharfetter—-Gummel method
can be just as easily applied to this equation as to the
current equation, with presumably equal success. Just
as in the equation for J,, we have assumed that the
electron temperature and electrostatic potential vary
linearly between the two nodes. This assumption more
naturally captures the physical variation of these vari-
ables, as it is the electron concentration which needs
to be “exponentially fitted” rather than the electron
temperature. Il should be pointed out though this
approach leads to inconsistent forms for the electron
concentration obtained from (15) and (17) but this
inconsistency disappears as the grid size shrinks.

The discretization of the right hand side of (5) poses
no special difficulties, and is handled in a conventional
manner.

Using the above discretization scheme with the
same mesh spacing and biases as used in Fig. 1, the
solution shown in Fig. 2 does not display instability.

SIMULATION RESULTS

In this section we compare the results obtained from
our two-dimensional simulator for devices with effec-
tive channel lengths from 0.16 im to 0.90 um with ex-
perimental data from [8]. Gate oxide thickness for
these devices was 52 A, the junction depth is about
0.09 g and the device width is 10 um for all the stm-

~ ulated MOSFET’s. One set of parameters was used

for all devices and no fine tuning of the parameters in
the device models was performed with the exception
of adding a series resistance to the source and drain of
the simulator. Note that a constant series resistance
was used for all devices.

Substrate Current Calculation

As the substrate current in MQS transistors at high
drain biases is primarily due to impact ionization, a
standard model for substrate current is to assume that
it is proportional to the number of electrons above a
threshold energy. That is,

. Ly Ly &
Luy = Csubwf dz dy n(x,y)
o Jo ETArask

(17)
where €, EThresh are the electron and threshold ener-
gies respectively; F(e, T) is the product of the electron
energy distribution and the density of states as a [unc-
tion of temperature; Lz, Ly, W are the device length,
height, and width respectively; and Club is a propor-
tionality constant. Note that w which is the average
electron energy is distinct from £ which is a dummy
variable.

de Fe, T(z, v)).
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Figure 3: Electron temperature normalized to the
lattice temperature in the 0.16 prm MOSFET. (2) at
the silicon-oxide interface and (b) contour plot in the
channel region.
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Figure 4: Experimental (solid} and simulated (o) drain
current for three MOSFET’s with channel lengths of
(a) 0.90 pm {b) 0.40 pm (c) 0.16 pm.
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For the two-dimensional simulations discussed in
this paper, uniformity along the width is implicitly
assumed, and therefore integration with respect to the
width is replaced by multiplication.

Under high field conditions, it is well known that
the actual electron ¢nergy distribution is substantially
different from Maxweilian. Recent Monte-Carlo stud-
ies [6], ['g suggest that the tail of the distribution
function decays much faster than an cxponential de-
. pendence. In [6], it is proposed that a more accurate
model would be o use a cubic energy dependence in
the exponent. This result was derived analytically us-
ing non-parabolic bands which, of course, also changes
the density of states. Thus, in our notation, this leads
to

3
Fle,TY = Cg,',t(T).‘:l‘zs exp (-—-xj%) (18)

where
1
fn‘” £1-25 exp (_thTfa)

The constant x is chosen during calibration, and is
selected so that the same threshold energy can be used
for comparisons between the Maxwellian distribution
and (18).

The above substrate current madel has ouly two
free parameters, the threshold energy and C,qs. Cali-
bration was performed by insuring a good fit to mea-
sured substrate current data for a 0.4 pm channel-
length device over a range of biases. For our data,
the resulting calibration threshold energy was 2.1 eV.
These same threshold energy and proportionality con-
stants were used for all the computed results presented
below.

Fig. 5 shows the simulated and measured substrate
currents at different gate biases for both devices
using the cubic distribution function. Generation-
recombination is ignored in our simulator so only a
comparison with the hot carrier part of the substrate
entrent is appropriate.

The above approach is similar to that presented in

3}.

Claint(T) = (19)

CONCLUSION

The results in this paper demonstrate that the hy-
drodynarnic model can be used successfully to simu-
late silicon MOSFET’s with channel lengths as short
as 0.16 um. Equally impertant is the fact that one
set of parameters was used to simulate devices with
channet lengths varying from 0.90 gm down to 0.16 pm
and all the parameter values used were physically jus-
tifiable. We have also shown the importance of us-
ing a stable discretization method in the energy bal-
ance equation to avoid spurtous numerical results. Fi-
nally, an approach to computing the substrate cur-
rents by the direct integration of the energy distribu-
tion function yielded a simple, but reasonably accu-
rate, method.
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Figure 5: Simulated (o? and measured substrate cur-
rent for the 0.16 pm (solid) and 0.40 pm (dash) devices
using the cubic distribution function. (a) Vgs = 0.9V;
(b) Vgs = 1.2V; (c) Ves = 1.5V.
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