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MOS storage array has been described. This approach
appears to be at an early stage in its development and,
with appropriate work in this area, the future for this
type of memory is bright.
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Modeling and Simulation of Insulated-Gate Field-Effect

Transistor Switching Circuits
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Abstract—A new equivalent circuit for the insulated-gate field-
effect transistor (IGFET) is described. This device model is par-
ticularly useful for computer-aided analysis of monolithic inte~
grated IGFET switching circuits. The results of computer simu-
lations using the new equivalent circuit are in close agreement
with experimental observations. As an example of a practical ap-
plication, simulation results are shown for an integrated circuit
IGFET memory cell.

I. INTRODUCTION

( ‘/\OMPUTER circuit analysis programs are signifi-
cant aids to integrated circuit design because
they can reduce or eliminate the expense and

delay of cut-and-try design approaches [1].

Mathematical approximations, or models, for the elec-
trical characteristics of electronic devices are essential
in any eircuit analysis procedure. A mathematical model
represented by a combination of circuit elements (re-
sistances, capacitances, dependent sources, ete.) is called
an equivalent circuit. These representations of mathe-
matical models are not necessary for computer-aided
circuit analysis. However, they aid understanding, par-
ticularly in the evolution of new circuit and device
concepts.

This paper describes a new equivalent circuit for the
insulated-gate field-effect transistor (IGFET'). The equiv-
alent circuit has been used with good results for com-
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puter analysis of the de and transient characteristics of
IGFET switching circuits. Computer-aided analysis
techniques have proven particularly useful for IGFET
integrated ecircuits because the behavior of these circuits
is often dominated by the nonlinear characteristics of
IGFETSs and by multiple intradevice capacitances. Man-
ual analysis of IGFET switching circuits usually re-
quires gross approximations that can lead to invalid
results. ’

The new IGFET model is used with a general-purpose
circuit analysis program that employs state-variable
techniques. The program derives first order differential
equations from input data defining ecircuit topology
and device parameters. The de solution is obtained by
setting the derivatives in the differential equations equal
to zero, and solving for the steady-state voltages using
an iterative function [2]. The transient solution is
obtained by numerically integrating the complete set of
differential equations. A new technique for numerical
integration has been developed to reduce computer run-
ning time for circuit analysis [3].

II. FEATURES OF THE MODEL

The new IGFET model has several key features that
enhance its usefulness in computer-aided analysis of
integrated circuits. Separate drain, gate, source, and
substrate terminals are available. Full representation of
the effect of substrate bias on gate threshold voltage is
ineluded. The model is equally applicable to both en-
hancement-mode and depletion-mode devices, whether
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p-channel or n-channel. Simulation results are valid for
any combination of terminal voltages that do not cause
electrical breakdown in the actual device.

The number of state variables generated in computer
analysis is minimized by making no distinction between
“intrinsic” and “parasitic” elements in the equivalent
circuit. A minimum number of state variables is de-
sirable to limit the computation time in circuit analysis.
This approach has the further advantage of simplying
the evaluation of the elements in the equivalent circuit.

Equivalent eircuit parameters may be evaluated either
with measurements, employing a curve tracer and ca-
pacitance bridge, or with direct caleulations from device
geometry and material parameters. The above combina-
tion of features is not available with previously reported
IGFET equivalent circuits [4], [5].

III. DEvicE ANALYSIS

The present approach to the modeling problem is in-
fluenced by the nature of results desired in simulation
and by the typical IGFET geometry in integrated cireuit
realization. Because large-signal switching and recovery
times are the transient characteristics of greatest in-
terest, average values of device capacitances (rather
than voltage-dependent representations) can be often
used without undue sacrifice of accuracy. However, if
necessary, voltage-dependent capacitances may directly
replace fixed capacitances in the equivalent circuit and
in the computer program.

Fig. 1 shows a typical short-channel IGFET such as
is used for switching and gating functions. Half or more
of the total gate area overlaps the heavily doped source
and drain regions. When the capacitances of metallized
wiring and other parasitic elements are included, the
distributed gate-channel capacitance of the short-chan-
nel device typically comprises less than one third of the
total gate node capacitance. In this case, the gate-
channel capacitance may be divided equally between
the lumped gate-source and gate-drain capacitances.
Results shown elsewhere may be used if a more precise
treatment is necessary [6].

At first glance, the above approach appears invalid
for the long-channel devices sometimes used as high-
impedance load elements. The distributed gate-channel
capacitance of such devices comprises a large fraction
of the total gate node capacitance. However, because
the gate of an IGFET used as a load element is tied
to a fixed potential, the exact way in which the gate-
channel capacitance is modeled has little influence on
simulation results. For simplicity, the gate capacitance
may be divided as for the short-channel devices.

The foregoing simplifications are further justified
when one considers that waveforms at internal nodes
of an IGFET integrated circuit are not readily observ-
able because node capacitances are typically of the
order of 0.1 pF. At external nodes, packaging and ex-
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Fig. 1. Cross-sectional view of a typical integrated-circuit IGFET.
ternal circuitry largely determine total capacitance load-
ing and hence transient performance. It appears that
little additional insight into circuit performance can be
obtained by a more detailed representation of gate-
channel capacitance in practical IGFET integrated cir-
cuit. Moreover, it would be particularly difficult to con-
firm experimentally the validity of a more elaborate
representation. :

Practical IGFETSs are observed to have a significant
output conductance as a result of channel-length modu-
lation and electrostatic drain-source coupling. An ap-
proximate representation of these effects is included in
the model.

IV. IGFET EquwvarLent CIRCUIT

Complete IGFET circuit models are shown in Figs. 2
and 3 for n-channel and p-channel devices, respectively.
Resistors &y and Ry represent the series resistance be-
tween the ohmic contacts and the active region. Rs and
R, are the spreading resistances from source and drain
junctions into the substrate region. In many cases, the
lumped resistances shown here are only a crude approxi-
mation of reality. However, in typical operation, the
voltage drops across these elements are so small (in the
millivolt range) that they have little effect on cireuit
performance. Cgs and Cgp are the two lumped compo-
nents of gate capacitance, as previously discussed. The
value chosen for Cgs and Cgp is one half of the gate-
channel capacitance.

The two diodes represent the junctions between the
drain and substrate and between the source and sub-
strate, respectively. The capacitances Cgp and Cyg, which
are drawn in dotted lines, are the depletion capacitances
of these junctions. They are shown separately in Figs.
2 and 3 to define the capacitances Csp and Css, which
will be used later. The charge-control diode model
shown in Fig. 4 is used to characterize the source-to-
substrate and drain-to-substrate junctions [7]. Note that
the junction depletion capacitance is a part of the
model. The application of the charge-control model
permits consideration of minority carrier charge storage,
which is present if these junctions become forward
biased.

The dependent drain current source I represents the
current flowing between the drain and source via the
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Fig. 4. Charge-control diode model used to yepresént source-
substrate and drain-substrate junctions.
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Fig. 5. 'The de equations for p-channel and n-channel devices.
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Fig. 6. IGFET drain voltage-current characteristics, showing
the effect of channel-length modulation.

channel. The equations relating I; to the various volt-
ages and material parameters are shown in Fig. 5. The
equations were developed from results given elsewhere [8]
through a change of variables and through the addi-
tion of the term (141|Vgs—Vap|) to represent channel-
length modulation and electrostatic drain-source cou-
pling. Fig. 6 illustrates that these effects result in a finite
slope of the characteristic curves, beyond pinchoff,
which is proportional to the current at the pinchoff
point. A more detailed representation of the drain cur-
rent source may be used [9]. However, our experience
indicates that the equations shown here are adequate
for simulation of large signal switching circuits.

The equations in Fig. 5, despite the complexity aris-
ing from the conditional equalities, are easily pro-
grammed on a digital computer.

V. EXPERIMENTATION VERIFICATION

For confirmation of the validity of the model, the
cascaded inverter circuit of Fig. 7 was simulated and
the results compared with experimental measurements.
The devices used were discrete p-channel enhancement-
mode IGFETSs having a geometry similar to integrated
devices and with a separate substrate contact available
at a fourth lead. This permitted a common substrate
connection for all devices, as would be found in an in-
tegrated eircuit. All capacitances, as well as the con-
stants Ki, Ks, Vg, and | were measured. Other device
parameters were calculated from device geometry, diffu-
sion specifications, and appropriate physical constants.

The results of the measurements and the predicted
response for the output voltage of the cascaded inverter
circuit are shown in Fig. 8. The dotted line was obtained
experimentally. The solid line was computed using the
IGFET model and the circuit analysis program. A sin-
gle curve shows the input for both the analytical and
experimental input signal. It should be noted that no
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Fig. 7. Cascade of two IGFET inverter stages.
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Tig. 8. Measured (dotted trace) and computed (solid trace)
switching response of two-stage cascade.

shift of either vertical or horizontal axis was required
to obtain the agreement between experimental and
analytic curves shown in Fig. 8 The computed output
is within 5 percent of the experimental result, which
was taken with a chart recorder driven from a sampling
oscillogcope. The computer time for this problem was
less than one minute using a GE 645,

VI. PracticAlL AppPLICATION oF IGFET MoDEL

Fig. 9 is a photomicrograph of an integrated ecircuit
IGFET memory cell. Fig. 10 is a schematic of the mem-
ory cell that shows the IGFET model substituted for
three of the devices on the right half of the cell. The
20-pF capacitors and the 6.8-kQ resistors simulate the
loading effect of other components that would be present
in a memory system. The predicted performance of the
memory cell during the entire read—write cycle is shown
in Fig. 11. .

The initial conditions are chosen such that the left side
of the flip—flop is conducting. The cycle begins when the
word line W is brought down to zero volts. Current
flows out through the left-hand gating IGFET and
begins to charge the 20-pF digit line capacitance. The
waveform is shown in the lower left corner of Fig 11.
This signal 1s the input to a detector that generates a
logic-level data output pulse.

Following the read operation, a signal is_applied to
point D to write new information into the cell. The
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Fig. 9. Photomicrograph of an integrated-circuit IGFET mem-
ory cell. Devices are lettered to correspond to letters shown
in Fig. 10.
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Fig. 10. IGFET memory cell circuit.
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Fig. 11. Results of two computer simulation runs. Solid traces
show  cell switching; dotted traces show cell returning to
original state.



SHICHMAN AND HODGES: INSULATED-GATE FIELD-EFFECT SWITCHING 289

solid traces show the drive signal and response when
the desired change of state takes place. The dotted traces
show the results of a second simulation in which the
drive signal was not adequate to cause the desired change
of state.

The cell readout behavior and switching sensitivity,
as shown in Fig. 11, have been confirmed by experi-
mental measurements. It should be noted that a direct
comparison of experimental and analytical data at in-
ternal nodes of this circuit is not practical. The capaci-
tance of a probe would alter significantly the actual
circuit response.

Less than three minutes of GE 645 computer time
was required to compute each set of curves shown in
Fig, 11.

LisT oF SyMBOLS

Ve,V ro = threshold voltage with and without source-
substrate bias;
¥ = channel surface potential = (2k7/q) In(N /n,);
u = carrier mobility in channel,;
C = capacitance per unit area of gate;
W, L = channel width and length;
€., € = dielectric constants of silicon and of gate
insulator;
N = carrier concentration in substrate;
d = gate insulator thickness;
g = electronic charge;

[ = channel-length modulation constant;
n, intrinsic concentration in substrate.
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