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ABSTRACT

This paper presents an equivalent circuit approach to 2D numerical mixed-level device and circuit
simulation using HSPICE. In this paper, Poisson’s and continuity equations are formulated into a subcircuit
format suitable for general circuit simulators such as HSPICE. In other words, the device is converted
to an equivalent circuit model, which changes the device simulation problem into a circuit analysis problem
and allows simultaneous solution of an electrical network containing both nonlinear circuit elements and
numerical models of devices. Different from conventional approaches, our approach is conceptually simple,
and the extension of this model to three-dimensional device simulation is straightforward. The utility
of this approach in mixed-level simulation is demonstrated through transient analysis of diode switching
circuit, SOS (semiconductor-oxide-semiconductor) test circuit and submicron MOSFET simulation using

HSPICE.
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l. Introduction

Mixed-level device and circuit simulation is an
increasingly important issue for efficient design and
accurate simulation of integrated circuits. Because
such mixed-level simulation provides a direct link
between technology parameters and circuit performance,
it is useful in predicting the effects that variations in
technology and device designs have on circuit perfor-
mance. Conventional device-level simulation, like
PISCES, can typically model a single device in detail
with fixed or predetermined boundary conditions.
However, it cannot be used to evaluate the character-
istics of the device under realistic dynamic boundary
conditions imposed by a circuit.

In this paper, an equivalent circuit approach to
two-dimensional numerical device/circuit mixed-level
simulation using HSPICE is presented. Equivalent
circuit approaches for semiconductor device simula-
tion have been investigated by Chan and Sah (1979)
and Sah (1987). Sah linearized the Shockley equations
and synthesized the resulting difference equations into
equivalent distributed circuits. Recently, some re-
searchers have tried to develop new models and meth-
ods for mixed-level simulation (Leblebici ef al., 1992;

Unlu et al., 1995; Wong and Chan, 1994). Basically,
they also proposed ways to formulate the semiconduc-
tor equations into a format which fits existing simu-
lators. However, in these classical transmission-line
and node-by-node representations of the one-dimen-
sional semiconductor equations, the equivalent circuit
is usually characterized by a complicated structure and
tedious derivation. On the contrary, our model is
directly derived from the set of differential equations
without complicated network topology or tedious
derivation. The equivalent circuit model of the device
can be directly linked with external circuit elements,
which lends this approach to mixed-level simulation.
Hence, it is easy to implement in many existing circuit
simulation environments such as HSPICE. The algo-
rithm of this method is shown by the flow chart in Fig.
1. We use the ‘element-by-element’ approach rather
than ‘node-by-node’, and the new variables we use,
defined as y, ¢,, and ¢,, denote the electrostatic po-
tential, the electron and hole quasi-Fermi potentials,
respectively.

The rest of this paper is organized as follows.
Section II gives the theory and the development of our
new circuit model for 2D mixed-level simulation. In
Section III, a diode switching circuit, SOS (semicon-
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Fig. 1. The algorithm of the equivalent circuit approach to numerical
mixed-level simulation.

ductor-oxide-semiconductor) test circuit and submi-
cron MOSFET device are used as examples to dem-
onstrate implementation of this modeling technique in
HSPICE. Boundary conditions and current calculation
are discussed in Section IV. Finally, conclusions are
drawn in Section V.

Il. Model Development

In this section, the subcircuit model for two-di-
mensional mixed-level simulation will be developed.
Usually, semiconductor behavior is governed by
Poisson’s and continuity equations. Most of the ex-
isting device simulators are based on the drift-diffusion
(DD) description of carrier transport and employ
specialized techniques to obtain one-, two-, or three-
dimensional solutions in the time domain.

For two-dimensional device simulation, the
simulation region can be partitioned into many meshes
and nodes. One of the meshes is shown in Fig. 2.
Carrier transport in semiconductors is described
by three coupled partial differential equations,

namely, the Poisson equation, the electron-current con-
tinuity equation and the hole-current continuity equa-
tion:

V= -dp-n+Np-Ny) (1)
—q%+v-7n=q1e )
q% +VeJ =—gR. (3)

The auxiliary equations are:

J, == qinVy+qD,Vn @)

J,=—qt,pV¥—-qD,Vp, (5)

where J, and J, include the drift and diffusion com-
ponents and are functions of (y, n, p). Furthermore,
we neglect the effects of bandgap narrowing, that is,

En =Ep =E =-V v (electric field) and assume
Boltzmann carrier statistics. For the range of operation
of most semiconductor devices, the carrier concentra-
tions can be simplified as

n=Ncexp(n,)=n,exp[(y—¢,)/¢T] 6)
p=Nyexp(n,)=n;.expl(@,— )/ ¢T], @)

where v, ¢,, and ¢, are the electrostatic potential, the
electron quasi-Fermi potential, and the hole quasi-Fermi
potential, respectively. (N, —N}) is the ionized impu-
rity concentration. Each notation in the above equa-
tions has its usual meaning. For subcircuit modeling,
the unknown variables should be compatible with node
voltage in circuit simulation. Hence, we choose v, ¢,,
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Fig. 2. A rectangular mesh in two-dimensional simulation.

-291 -



Y.T. Tsai and C.L. Teng

and ¢, instead of the usual variables, y, n, and p.
However, the two sets of variables can be calculated
from each other.

The Green theorem can be used to discretize the
Poisson equation. In an element as shown in Fig. 2,
Eq. (1) can be rewritten as follows.

At node (ij):

lzl//i,j_l//i+1,j .ﬁ+lzl//i,j_l//i,j+l .ﬁ
h. 2 k. 2

! J

&~

/-9, (8)

h.
+(n—p—C)iJ°7’-?

where A’=€/q and C=N5,-N,. Equation (8) can be
further simplified as

IRWI+IRVZ+IW3=O’ (9)
where

Vij—Visry ki _ Vij—Vieyy
Sy FALY ivly (N Yig P+l 10
Ry h; 2 RV,1 (10)

Vii—Vij+1 h, Wii—V¥iin
I R YALY) Jrl Ry Vi J (11)
vy kj 2 sz

h; kj

lyy=Gi-p=C)yeiie) (12)

Note that R, and Ry, describe the equivalent resistors
in the circuit model, and that 1y, describes a non-
linear voltage-dependent current source. The above
equivalent currents are supposed to be based on
unit width ,and the equivalent circuit is shown in
Fig. 3. Likewise, IWZ, I%, IW RW and Ry, can be
obtained in the same way. The subcircuit in this element
can be implemented into a circuit simulator by means
of the eight model components, one element at a
time.

Next, the equivalent circuit for the electron con-
tinuity equation can be written as follows.

At node i:
LI+ L3 +1,4=0, 13)
where

1n1=_an,i+1/2,j

. B(xb,i+1/2,/‘).ni,j_B(_xb,i+1/2,j)'ni+1,j .ﬁ

h; 2
(14)

Vi Ry: Wivrj
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Fig. 3. An equivalent circuit corresponding to the Poisson’s equa-
tion.

Lo==qD, ;112

. B(xb,i,,'+1/2)'”i,j—B(_xb,i,j+1/2)'”i,j+1 Jh

i

k; 2
(15)

h.
Ly==qR;*+5t+ (16)
iy by ks K~ Vi)
l4=-q atd'j.gj=c(vlij_¢n,ij)'$—-
7

Note that x .12 in I,; is given as follows:

Xp,ie1/2, =~ (W= Wi j) 0T (18)

B(x;) is the Bernoulli function, which is defined as

=%
B(xb)_ m . (19)
The recombination rate R is described by the well-
known Shockley-Read-Hall model as

2
pn—ng

- T, +n,)+ T, +n,) (20)

In Eq. (20), we assume that the trap center is located
at the center of the forbidden gap. 1,3 is a recombination
current while 7,4 is a nonlinear voltage-dependent current
which can be implemented as a nonlinear capacitor. R;;
and n;; are the recombination rate and the electron
concentration at node (7,j), respectively; they may in-
clude the three variables y, ¢,, and ¢,. The equivalent
circuit for the electron continuity equation is shown in
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Fig. 4. An equivalent circuit corresponding to the electron continu-
ity equation.

Fig. 4. Similarly, the equivalent circuit for the hole
continuity equation can be written in the same way.

Semiconductor equations fy, can be solved by
applying the Newton-Raphson iteration technique to
the circuit model as

Iy,

v Vi=-p, 1)
or

A 8V=b, (22)

where V; represents v, ¢,, or ¢,.

lll. Boundary Condition and Current
Calculation

In the following simulation examples, the bound-
ary conditions are established based on only ohmic
contact at the device terminals; i.e., the surface poten-
tial and electron and hole concentrations (v, ny, p;)
are fixed (Shur, 1990):

¢n ¢p applied (23)

R RV B ER B )
n?

P =5 (25)
=, + L1n (S) 8 —*L1n ”S) (26)

The electrostatic potential at the boundary is deter-

mined by the externally applied bias voltage, which,
in turn, depends on the external load circuit. The
modeling of the electrostatic potential boundary
conditions is achieved by using a voltage-control
vol-tage source. On the other hand, it is assumed that
the equilibrium conditions are satisfied at the bound-
ary.

The current density flow through the device
consists of the displacement current density and the
conduction current density. The total conduction current
density across the device is found as the sum of the
electron and hole current density, J, and J,. That
is,

Jo =J,)+J k). (27)
The displacement current density for a given grid node
can be computed directly by taking the time derivative
of the local electric field:

dE

d _dy
& 2 )

T, =4k ¢ (28)

where € is the dielectric permittivity, and the electrical
field, E, is obtained by means of the difference
between the electrostatic potentials in the neighboring
nodes. In our circuit model, the current flow through
the element i already includes the displacement
current and the conduction current. This is because
if we combine Eqs. (2) and (3) (which is the total
current density), the result is the following relation-
ship:

qg(p —n)+Ve(J, +7,)=0, (29)
where

90 _m=P

qat(p n)_at

Substituting the above expression for @(p—n) into Eq.
(29) and using Poisson’s equation, we can obtain

gtv E+Ve(J,+J,)=0. (30)

Integration of Eq. (30) over the space coordinates leads
to

— - - JE
J(t)=‘]n+‘]p+67’

where 7(t) is the total current densiiy, including the

(31

JE
displacement current component 67, and
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Fig. 5. A diode switching circuit for 2D mixed-level simulation.

(32)

where 7 is the current in the circuit, and S is the
sample cross section (Shur, 1990).

IV. Examples and Discussion

This section is devoted to discussing implemen-
tation and simulation in HSPICE using the model
proposed in Section II. In order to verify the proposed
model, a simple diode switching circuit shown in
Fig. 5 is first used as an example of mixed-level simu-
lation, including the charge storage effect. Another
example is an SOS (Semiconductor-oxide-Semicon-
ductor) structure simulation which will be helpful in
modeling the semiconductor and insulator combin-
ation.

In the first example, the dopant impurity profile
of the PN diode is N4=1x10"® cm™ in the p region and
Np=1x10'" ¢cm™ in the n region. Other parameters
used in the program are as follows: n,=1.5x10"
cm™, electron mobility ,=1350 cm?/Ves, hole mobility
U,=480 cm*/Ves, 7,=3x107° s, and 7,=1x107°s. The
diode length is 4 um, and the cross area is 1x10™ cm®.
The source and drain contacts are both assumed to
be ohmic. Grid modulation is used in the space-
charge region, where a major change in electrostatic
potential is expected. The simulation results are
shown in Figs. 6 and 7. Figure 6 shows the input
voltage function and the diode voltage waveform. It
can be seen that the delay time caused by the minority-
carrier storage-effect is about 9 ns. Figure 7 is the
diode’s current waveform during transient simulation
of the diode switching circuit. It illustrates the
diode recovery phenomenon due to the charge storage
effect.

The next example investigates the mixed-level
simulation of SOS structure (Fig. 8), which is essential
for simulation of MOSFET, especially modeling of the
gate-oxide region. The SOS sample has a length of 6
pm, and the doping concentrations of the right side and

T pni3.ero
vin
a2

vol
=2,

L - b L
20.0n 25.0n

.t S IR |
5 On 10.0n 15 On
0. time (1lin) 30.0n

Fig. 6. The drniving voltage waveform Vin and the voltage waveform
across the diode Vol. The vertical axis is for Vin and Vol
in mV. The horizontal axis 1s for time in ns.
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Fig. 7. The waveform of the diode current I;. The vertical axis is

for I; in mA. The horizontal axis is for time in ns.
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Fig. 8. The circuit diagram of R-C(SOS) transient mixed-level simu-
lation.

left side semiconductors are all Np=1x10" cm™.
Likewise, fine grids are used near the oxide-semicon-
ductor interface to handle charge accumulation or

depletion. The cross section area of the structure is
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1x10™ cm?, and the thickness of the oxide is 6000 A.
The permittivity of the oxide is 3.9x8.85x107** F/cm,
so the equivalent capacitor can be calculated by

The value of the load resistor is 1.5 kQ, hence result-
ing in an RC time constant of nano-second scale.
The displacement current component can be calculated
as
oF
J;=€6=,

or

-0
where F is the electric field (a—XW), and y is the elec-

trostatic potential. Figure 9 shows the input vol-
tage function and voltage waveform of the SOS
device, which includes the RC time delay character-

0 TP S h i
N 5.0n 10.0n 15.0n 20.0n 25.0n
0. time (1in) 30.0n

Fig. 9. The driving voltage waveform Vin and the voltage waveform
across the SOS capacitor Vout. The vertical axis is for Vin
and Vout in mV. The horizontal axis is for time in ns.
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Fig. 10. The threshold voltage of MOSFET measured in the linear

region using HSPICE. The vertical axis is for I; in uA.
The horizontal axis is for Vgs in V.
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. The i-v characteristic of MOSFET with 0.8 ym channel
length using HSPICE simulation. The vertical axis is for
I;in mA. The horizontal axis is for V4 in V. The value

of V,, is shown at the right end of each i-v curve.
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istics.

The SOS modeling techniques can be applied to
the MOS device. Consider an MOS structure with a
p-type substrate doped to Ny=1x10'¢ cm™, a gate doped
to Np=2x10'¢ cm™, and a silicon-dioxide with a thick-
ness of 7,,=500 A. The drain and source doping are
both Np=1x10"® cm™, and the channel length is 0.8 um.
Figure 10 illustrates the threshold voltage (V7o) char-
acteristic in the linear region with V=0 V and very
small Vy, in which V5o approximates 0.7 V. Figure
11 shows the i-v characteristics, where V,, increases
from 1 Vto 5 V and V, sweeps from 0 V to 5 V. The
short-channel effect is obvious when the drain voltage
has a large bias. These examples prove that the meth-
odology we have proposed is feasible for 2D mixed-
level simulation.

V. Conclusion

In this paper, an equivalent circuit approach to
two-dimensional mixed-level device and circuit simu-
lation using HSPICE has been presented. A PN diode

“switching circuit and SOS test circuit have been used

as examples to verify this algorithm. The modeling
technique has also been successfully applied to sub-
micron MOSFET device simulation. Thus, this ap-
proach has been proved to be useful for mixed-level
circuit/device simulation and applicable to any device
if the user can properly model the device physics in
the equivalent circuit. It is helpful for detailed simu-
lation of some small electronic circuits, critical de-
vices, or portions of larger circuits.
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