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Abstract—The Scharfetter-Gummel scheme is a widely used
stabilization method for solving the drift-diffusion model. How-
ever, it is only applicable when using Maxwell-Boltzmann carrier
statistics and does not yield thermodynamically consistent results
in other cases, such as Fermi-Dirac statistics. Several modifi-
cations to the scheme have been proposed as improvements in
this case such as Diffusion enhanced schemes. These are usually
based on approximations which are not always accurate. Using
similar assumptions as Scharfetter and Gummel, we develop a
new scheme where the boundary value problem for each edge
is solved with the shooting method and a high-order solver for
ordinary differential equations. Even though the computational
cost is much larger than for the original scheme, it can be
effectively parallelized and a significantly negative impact on the
total runtime is avoided. The scheme is applied to an NMOSFET
device and stationary, transient and small-signal solutions at
cryogenic temperatures are presented.

Index Terms—drift-diffusion model, numerical stability, cryo-
genics

I. INTRODUCTION

The drift-diffusion model (DDM) is the basis of technology
computer aided design (TCAD) and thus of today’s industrial
device design process despite its shortcomings[1]. This is due
to the unrivaled numerical robustness of the DDM, when the
Scharfetter-Gummel stabilization scheme is used in conjunc-
tion with a finite volume discretization in the non-degenerate
case [2]. For a certain class of mobility and generation-
recombination models it can be shown that the discrete DDM
has a unique positive solution (e.g. [3], [4]). Furthermore,
these properties improve the convergence when solving the
nonlinear equation system.

Unfortunately, the Scharfetter-Gummel stabilization does
not work in the case of a degenerate particle gas, and a
similar simple stabilization scheme does not exist. While
in many applications degeneracy can be ignored, this is no
longer the case, if, for example, the temperature is reduced
(e.g. control logic for quantum computing), and Fermi-Dirac
statistics have to be used. This modifies the diffusion term
in the DDM, it is no longer possible to separate the impact
of the electrostatic potential from the quasi-Fermi-level in the
Fermi-Dirac integral for the particle density, and Slotboom
variables can not be derived. Various modifications of the
Scharfetter-Gummel stabilization for the degenerate case have
been developed, which are based on certain approximations
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introducing their own problems [5]. Kopruki and Girtner
developed a new approach, where they use similar approxi-
mations as Scharfetter and Gummel for the current along an
edge of the Delaunay grid and solve the resultant nonlinear
integral equation by numerical means [6].

Instead, here we solve the corresponding boundary value
problem numerically under the same assumptions as Scharfet-
ter and Gummel, which ensures consistency with the original
stabilization in the case of low (non-degenerate) particle den-
sities. We use the shooting method together with the adaptive
RADAUS ODE solver, where the accuracy of the solution can
be controlled [7].

II. METHOD

The electron and hole current densities are assumed to be
constant along an edge and are given by
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where e is the elementary charge, y,,/, the electron/hole mo-
bility, n/p the electron/hole density and ®,, /, the electron/hole
quasi-fermi potential. Az is the edge length and = € [0, 1]
the normalized edge coordinate. The relationship between the
density and the corresponding quasi-fermi potential is
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where N¢ v is the effective density of states for the conduc-
tion and valence band, T is the temperature, kg the Boltzmann
constant and Vp = % the thermal voltage. Fi/,(n) is
the Fermi-Dirac integral where 7,/, are the dimensionless
chemical potentials. Assuming that the electrostatic potential
varies linearly along the edge, the ODE in equation eq. (1)
can be reformulated as

> = NcFys(mp),  (3)
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with the normalized potential difference Ap = —q&5-25,
where ¢ = —1 for electrons and ¢ = 41 for holes and

©r/Rr is the potential at the left and right end of the edge.
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The normalized current density is 7 = EaTNo i s In/p-

For the sake of brevitiy, in the following only electrons are
considered.

The goal is to calculate j for a given Ay under the
assumption that
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To that end we take an initial guess for the value of j and
solve eq. (4) numerically, e.g. starting from 7y, at + = 0 going
to = 1. The difference between the resulting 7jg = n(z =
1) and nR is then brought to zero by changing j until the
correct value is found. This is achieved by means of a Newton
iteration, where the update for the n-th step is calculated by
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We use a custom implementation of the RADAUS solver that
will not only give us the value 7 but also its derivative. The
stepsize is adaptively changed to ensure that the accuracy of
the solution is close to machine precision, which is necessary
for the Newton iteration to converge. The RADAUS solver
is based on a fully implicit Runge-Kutta scheme of type
Radau ITA. It has fifth-order accuracy and is L-stable, which is
advantageous as depending on the parameters the ODE might
be quite stiff.

At first glance eq. (4) looks fairly simple, however, under
certain conditions the ODE solver might not be able to achieve
a solution due to numerical reasons. This is especially the case
for small values of 7, resulting in huge values for m On
the other hand, in that case the Fermi-Dirac integral can be
approximated very accurately. We use

Fij(n) = exp(n) for 1< —36 (7)
and
1
F; ~N———— for —36<np<-16 (8
1/2(77) Nt eXp(—n) <n< (8)
with v = \/g ~ 0.35. Note that the approximation in eq. (8)

is similar to the one by Blakemore [8] who used v = 0.27,
however within that interval our value is more accurate. In fact,
both eqgs. (7) and (8) are exact when using double precision
arithmetic. If n is not small we use the implementation by
Fukushima [9].

If both /g < —36, the regular Scharfetter-Gummel result
is obtained, while for nr, /g < —16 a similar iteration scheme
as in [5] can be used. If only one of the two boundary values
for n is small, the edge can be split at the point where n =
—16, and the region where 7 < —16 is analytically integrated.

In the following we assume w.l.0.g. that Ay < 0, which can
always be achieved by reversing the edge direction if neces-
sary. We can identify two cases where the solution to the ODE
results in a linear 7(x), first if An = nr —nr, = 0 and second
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Fig. 1: n(x) for Ap < 0 starting from 7y, and going from left
to right for different values of j.

if Anp =~ Aw. In the first case, we write (z) = nr, +dn(z) and
J = A@Fy,(nL) + 65 with 0n(x) and §j small, and linearize
the ODE:
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The solution can then be carried out analytically resulting
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where B(z) = ﬁ is the Bernoulli function. In the

second case the current density is small, and a similar strategy
yields

J = Fy(n)(Ap — An)

7= wmwm)

is the harmonic mean of the normalized density over the edge.
It is calculated by gaussian quadrature.

For the remaining cases the ODE solver is used. Depending
on the direction and on the values of 7, /g and A, the solu-
tion might exponentially increase with x. To avoid numerical
over- and underflows, we therefore always choose the direction
along which the exponential term decreases. In Fig. 1 the
solution of eq. (4) is shown for a fixed value of 7y, and different
values of j. There are three different cases that can be iden-
tified: The first case (red) is that ng > 7, which corresponds
to j < ApFi,(nL). The second case (blue) is obtained for
nL < nr < 1L+ Ay and corresponds to ApFi/,(nL) < j < 0.
In these two cases the ODE is solved from the left to the right,
as 7)(x) does not increase exponentially. Only in the third case
(green) with ng < 11, + Ay and j > 0 we solve the ODE
from the right to the left.

To stabilize the Newton iteration, we always maintain a

(1)

where

Fuol (12)
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Fig. 2: Bernoulli coefficients and corresponding normalized
derivatives of the current w.r.t. the density for the degenerate
case at the left and right grid nodes. The particle density at
the right-hand side of the edge is fixed to ng = 10'8 cm™3.

lower and upper limit for j with jnin < J < Jmax. These
are updated during the iteration based on the sign of the
residual. If the Newton update violates this condition, a simple
bisection step is used instead, which guarantees convergence.
The previously given initial bounds for j depending on the
case can be improved if we require that at some point along
the edge the slope of n(x) must be exactly equal to A7. This
leads to

13)
(14)
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Once the Newton iteration is converged, the derivatives of
the solution j with respect to 7y, and Ay are obtained by
implicit differentiation.

III. RESULTS

The obtained edge current density together with its deriva-
tives with respect to the particle densities and electrostatic
potentials at both ends of the edge are sufficient to solve the
continuity equation discretized by the finite volume method
with an outer Newton iteration. At this level no differences
compared to the standard DDM occur. Since the currents on
the grid edges depend only on local variables, they can be
evaluated in parallel. Furthermore, the number of edges is
linear in the number of grid nodes and in the 2D or 3D cases
the additional workload compared to the standard DDM is
quite manageable (about 1.5 to 2.0 times slower in the case
of our 2D example).

The Bernoulli coefficients of the non-degenerate case cor-
respond to the normalized derivatives of the current w.r.t. the
densities (Fig. 2). In the case of low densities or large potential
drops the Bernoulli coefficients are reproduced. Furthermore,
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Fig. 3: Double-gate NMOSFET device with relevant parame-
ters.

the coefficients have the same sign as the Bernoulli coef-
ficients, which is a prerequisite for numerical stability. For
zero bias (equilibrium) the current vanishes and the DDM
particle density equals the one calculated directly by Fermi-
Dirac statistics.

The stabilization scheme is tested for a double gate NMOS-
FET which is shown in Fig. 3, where we assume a constant
mobility of z = 100cm?/(V's). Note that the specific value
is rather unimportant, since our goal is only to demonstrate
the numerical stability of our scheme, and not to produce
physically meaningful results. We use partial ionization in con-
junction with a simple generation/recombination model [10].

In Fig. 4 the output characteristics at 4 K are shown, and
no numerical problems are encountered. The self-consistent
Newton-Raphson method converges quadratically and the final
change in the potential is less than 10712 V, demonstrating that
the global solution accuracy is not negatively affected by the
ODE solver.

The approach also works in the transient case, and in Fig. 5
the terminal currents are shown when the device is turned on
at Ops. The transient simulation is numerically very robust,
although the drain/source bias is almost 3000 times the thermal
voltage at this low temperature. The simulation is perfomed
using the TR-BDF2 method [11] with adaptive time stepping.

Admittance parameters are shown in Fig. 6, so all usual
simulation modes (stationary, small-signal and large-signal)
are possible.

In conclusion, we have demonstrated that the DDM based
on Fermi-Dirac statistics can be solved in a numerically robust
way at low temperatures without a significant CPU time
penalty. Furthermore, this approach should also work in the
case of a hydrodynamic model.
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Fig. 4: Output characteristics of the double gate NMOSFET  Fig. 6: Admittance parameters of the NMOSFET at 4K,

at 4 K.
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Fig. 5: Transient results for an abrupt turn-on of the NMOS-

FET at4K, Vgs =02V — 0.75V,and Vpg =0V — 1.0V.
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