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1. Introduction
In the development of VLSI technologies, in

addition to high performance, low power, and low

cost, reliability is also an important issue.  Dam-

age caused by ESD (ElectroStatic Discharge) is a

serious threat to VLSI reliability, so it is impor-

tant to provide ESD protection in these devices.1), 2)

If an ESD stress current flows into internal

circuits, it can cause internal damage.  Therefore,

it is necessary to predict ESD immunity, which

depends on the circuit design and layout.  At

present, ESD stress tests are carried out during

trial manufacturing.  If the circuit does not pass

the tests, we must investigate the cause of the

ESD damage and reexamine the design rule and

process conditions.  However, it takes a lot of time

and expense to repeat trial manufacturing.  ESD

simulations for the protection circuits are effec-

tive for solving this problem.3)-8)  Our purpose is to

construct an ESD circuit simulation system based

on the SPICE circuit simulator.

Because ESD immunity can be predicted by

simulating the protection devices, we examined

an equivalent circuit model9)-12) that describes the

snapback characteristics of MOS protection de-

vices.  In this paper, we explain our equivalent

circuit model, which includes a parasitic bipolar

transistor with a generated-hole-dependent base

resistance.  The models for the parasitic elements

are combined with the SPICE MOS transistor

model, and therefore our model represents the

gate bias dependence of snapback characteristics.

Equivalent circuit parameters are extracted from

device simulations and then modified to reproduce

the measured snapback characteristics of a MOS

transistor.  Therefore, our equivalent circuit model

for MOS protection devices can be used for ESD

circuit simulations.

In Section 2, we explain the snapback

characteristic.  In Section 3, we explain our equiv-

alent circuit model of ESD protection devices.  In

Section 4, we describe the model parameter ex-
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traction procedure and present the calculation

results.  In Section 5, we modify the equivalent

circuit parameters to reproduce actual snapback

characteristics.  Section 6 describes an ESD cir-

cuit simulation example, and Section 7 is our

conclusion.

2. Snapback
Snapback is a phenomenon that occurs in

ESD protection devices that has an important ef-

fect on ESD immunity.  Figure 1 shows this

phenomenon in the drain current ID versus drain

voltage VD curve of an nMOS protection device.

Region (1) is the linear region governed by stan-

dard MOS equations and modeled in SPICE.13)

Region (2) is the saturation region, which is also

governed by the standard MOS equations and

modeled in SPICE.  Region (3) is the avalanche

breakdown region, where the standard MOS equa-

tions are no longer valid.  Region (4) is the bipolar

or snapback region.  Our task was to extend the

SPICE model into the high-current regions (i.e.,

Region (3) and Region (4)).  Figure 2 shows the

snapback mechanism.1)-3)  If the drain voltage VD

increases beyond the saturation region, many

electron-hole pairs are generated by impact ion-

izations and the current reaches the avalanche

region.  Electrons that occur due to impact ion-

izations flow to the drain (the collector of the

parasitic transistor), and holes flow to the sub-

strate (base).  We denote this hole current as IDSUB.

When a sufficiently large number of holes have

collected in the substrate, the parasitic bipolar

transistor switches on and the drain current

reaches the snapback region.  Furthermore, elec-

trons injected from the source are accelerated by

the electric field in the drain depletion layer and

consequently cause impact ionizations.  This in-

creases the hole current IDSUB, which increases the

number holes in the substrate.  If the drain cur-

rent increases, a failure occurs in the protection

device, for example, the gate oxide breaks down

or a wire melts.

3. Equivalent circuit model
We propose an equivalent circuit model for the

MOS protection device shown in Figure 3.10),11) We

assumed a MOS structure with no gate so we could

focus on the parasitic bipolar transistor model.  The

drain, source, and substrate are equivalent to the

collector, emitter, and base of a bipolar transistor.

In this model, there are two current sources,

Figure฀1
Snapback฀characteristic.
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ILeakC and ξIC (ξ is the impact ionization rate), and

a capacitance CD.  We must also include ILeakC,

ξIE, and CE in the source side when we consider

the symmetry of the device; however, they are

omitted for simplicity.  ILeakC is the leakage cur-

rent due to electron-hole pairs that are thermally

generated in the junction depletion layer between

the drain and substrate.  The hole current ξIC is

due to the impact ionization.  When electrons from

the source are accelerated by the electric field,

electron-hole pairs are generated and hole current

ξIC flows to the substrate.  As shown in Figure 3,

there is a bipolar transistor in the middle of the

equivalent circuit.  In addition, the base resistance

is expressed as RBS and RB, which are connected

in parallel.  This base resistance model adequate-

ly expresses the generated-hole-dependent effect

of the base resistance.  When the hole current

flows dominantly from the drain, the base resis-

tance is constant and is equal to RB.  On the other

hand, when the hole current flows dominantly

from the substrate, the base resistance varies and

is equal to RBS.

In this work, we use HSPICE13) for circuit

simulations, Medici14) for device simulations, and

TSUPREM415) for process simulations.  We extract

ILeakC and CD from the Medici data and model them

by setting up a table.  The parameters of the bipo-

lar transistor, coefficient ξ, parallel base

resistances RBS and RB, and source and drain re-

sistances RS and RD are also extracted from the

Medici data.

Next, we combine the parasitic elements in

Figure 3 with the MOS transistor model shown

in Figure 4.  We use BSIM316) for the MOS

transistor model.  The final equivalent circuit

model for the MOS protection device is shown in

Figure 5.  Our model represents the gate bias

dependence of snapback in the MOS transistor.

4. Comparisons with device
simulations
We will now explain the parameter extrac-

tion procedure for the nMOS transistor shown in

Figure 6.

Figure฀3
Equivalent฀ circuit฀model฀ for฀parasitic฀elements฀ in฀MOS
protection฀device.
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First, we perform process simulations to ob-

tain the transistor structure data and then

perform device simulations.  Figure 7 shows the

snapback characteristics of the nMOS transistor

for gate voltages of 0, 0.5, 1.0, 1.5, and 2.0 V as

simulated using Medici.

Next, we produce the structure without the

gate (Figure 3) by etching the gate electrode of

the nMOS transistor in Figure 6 using

TSUPREM4.  We then use Medici to perform the

necessary simulations, for example, the snapback

characteristics and the bipolar characteristics, in

order to extract the circuit parameters in the

equivalent circuit model.  Figure 8 shows the

snapback characteristics obtained using Medici

and HSPICE for the structure without the gate.

Although the Medici and HSPICE results are

slightly different where the drain voltage increas-

es again after snapback, the overall agreement

between the two is very good.

Next, the parasitic elements and extracted

parameters are combined with the BSIM3 model

and we perform HSPICE simulations using our

equivalent circuit model (Figure 5).  Figure 9

shows the snapback characteristics simulated

with HSPICE for gate voltages of 0, 0.5, 1.0, 1.5,

and 2.0 V.  There is a strong similarity between

these characteristics and the Medici-simulated

characteristics shown in Figure 7.

Figure 10 compares the gate voltage depen-

dences of the snapback characteristics of the

nMOS transistor as simulated using HSPICE and

Medici.  The HSPICE results are almost the same

as the Medici results.  The slight differences when

the gate voltage is low may be due to the extrac-

tion method of current source ILeakC, because theFigure฀6
nMOS฀transistor฀structure.
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gate was not considered when the leakage cur-

rent was extracted.

Figures 11 and 12 show the results for a

pMOS transistor with our equivalent circuit mod-

el.  The results for the pMOS transistor are similar

to those for the nMOS transistor shown in

Figures 8 and 10.

5. Comparison with
measurements
We extracted equivalent circuit parameters

from device simulation results.  However, to per-

Figure฀11
Snapback฀characteristic฀of฀pMOS฀transistor฀with฀no฀gate.
HSPICE฀results฀are฀compared฀with฀Medici฀results.
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Snapback฀characteristics฀simulated฀with฀HSPICE.
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Figure฀14
Snapback฀characteristic฀of฀pMOS฀transistor.฀฀Parameters
in฀HSPICE฀simulations฀are฀modified฀to฀reproduce฀results
of฀TLP฀measurements.
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form accurate ESD circuit simulations using our

equivalent circuit model, the model has to repro-

duce the snapback characteristics of actual

devices.  Hence, we tried to modify the equivalent

circuit parameters to reproduce the actual snap-

back characteristics of the protection device using

measured data.

Figures 13 and 14 show measured snapback

characteristics of, respectively, the nMOS and

pMOS transistors at a 0 V gate bias.  These re-

sults were obtained from TLP (Transmission Line

Pulsing) measurements1) of nMOS and pMOS test

structures that were fabricated for investigations

of ESD characteristics.  We modified some of the

equivalent circuit parameters, which were previ-

ously extracted from device simulations, to

reproduce the measured results.

Figure 13 shows the simulated snapback

characteristic of the nMOS transistor with the

modified parameters and the TLP measurements.

Although the characteristics are slightly differ-

ent around a drain voltage of 4.5 V, the HSPICE

results are well-matched to the TLP measure-

ments.  The parameters that were modified for

the HSPICE simulation were the source resistance

(RS), drain resistance (RD), well resistance (RWell),

and impact ionization rate (ξ = f1 × ξ0 ).  The val-

ues of these parameters in the simulation were

as follows:

RS = RD = 110 Ω.

RWell = 4000 Ω.

f1 = 0.14.

The original values of impact ionization rate ξ0

were 7.03 × 105 cm-1 for the nMOS and

1.528 × 106 cm-1 for the pMOS.  A correction factor

f1 was introduced to reproduce the measured

snapback characteristic.

The snapback characteristic of the pMOS

transistor as simulated with the modified param-

eters is shown in Figure 14.  The HSPICE results

almost match the measurement results.  The val-

ues of the modified parameters in the HSPICE

simulation were as follows:

RS = RD = 77 Ω.

RWell = 3600 Ω.

f1 = 0.17.

Figure฀13
Snapback฀characteristic฀of฀nMOS฀transistor.฀฀Parameters
in฀HSPICE฀simulations฀are฀modified฀to฀reproduce฀results
of฀TLP฀measurements.
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These resistance values do not always agree with

the values for actual devices, and this may be be-

cause our simulations do not include the effects

of heat.

Figures 13 and 14 show that we can extract

equivalent circuit parameters that reproduce the

measured snapback characteristics of MOS pro-

tection devices.  Therefore, our equivalent circuit

model for MOS protection devices can be used in

ESD circuit simulations.

6. Circuit simulation example
Our model and the extracted parameters can

be used in ESD circuit simulations.  Figure 15 (a)

shows a typical I/O circuit that we simulated.  We

applied our model to the ESD protection and driv-

er transistors of this circuit and performed an

HSPICE simulation under the HBM1) (Human

Body Model) condition.  The simulation results

are shown in Figure 15 (b).

Our circuit simulation methodologies can be

used to analyze snapback characteristics and ESD

immunity in arbitrary I/O circuits that include

MOS protection devices.

7. Conclusion
In this paper, we proposed an equivalent cir-

cuit model for MOS protection devices that

includes a parasitic bipolar transistor with a gen-

erated-hole-dependent base resistance.  The

models for parasitic elements were combined with

a BSIM3 transistor model.  Our model accurately

represents the gate bias dependence of snapback

characteristics.  Equivalent circuit parameters

were extracted from device simulations and then

modified to reproduce the snapback characteris-

tic of a MOS transistor as measured by TLP.  We

also described an ESD circuit simulation exam-

ple.  Our results suggest that our model is effective

for ESD circuit simulations.

The simulation technology described in this

paper is suitable for various kinds of ESD protec-

tion circuits, and it will be used in various

applications in future work.  Future tasks will

include the improvement of our model, for exam-

ple, by including the effects of heat.
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