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Abstract— Accurate models of transient voltage suppression
(TVS) devices are important for determining the suitability of
electrostatic discharge (ESD) protection strategies early in the
design process. An improved TVS model is used in the following
paper to represent a variety of TVS devices, including a snapback
device, non-snapback device, and a varistor. The models include
recent improvements to represent conductivity modulation and
the overall shape of the TVS device’s transient response. The
models are tuned based on characterizations of these protection
devices using a transmission line pulse (TLP), and are then used in
a system efficient ESD design (SEED) simulation to predict the
transient voltages and currents in a system consisting of an off-
chip TVS, an IC with on-chip ESD protection, and a PCB trace in
between. Simulated transient voltage and current waveforms
closely match measurements both when testing the TVS devices by
themselves and in SEED simulations. Peak and quasistatic
currents through the TVS and on-chip diode were typically
captured within about 10% or less across the devices tested while
varying both the rise time and level of the injected TLP.

Keywords—electrostatic discharge, simulation, system-level
modeling, transient voltage suppression

I. INTRODUCTION

Transient voltage suppression (TVS) devices are often
placed on board to protect Integrated Circuits (ICs) from
electrostatic discharge (ESD). The off-chip protection must be
designed to ensure the off-chip protection device turns on and
shunts the ESD current away from ESD protection on-chip, so
the on-chip protection does not take the full event and fail.
System-Efficient ESD Design (SEED) provides a methodology
to predict the interaction between the off-chip protection,
passive components, and the internal protection within the IC,
so that ESD issues can be identified early and protection
strategies can be optimized. SEED simulations require highly
accurate transient device models [1].

Several simulation models for TVS devices have previously
been proposed. The models in [2] and [3] are easy to implement,
but only account for the steady-state IV curve of the device, and
not its transient characteristics. The authors in [4] and [5]
proposed an improved model, but its ability to accurately
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determine voltage overshoot is limited. Conductivity
modulation of the protection was accounted for in [6]. A SPICE
behavioral model for TVS devices was developed in [7] and
later improved in [8]-[10] to fully describe the transient
characteristics of the device, like conductivity modulation.

The following paper demonstrates that the improved model
in [8]-[10] can be used to accurately represent a variety of
common ESD protection devices: a non-snapback TVS, a
snapback TVS, and a varistor. The model is validated in a SEED
simulation of a test board including an off-chip TVS and on-chip
protection to demonstrate the performance of the model in the
much more challenging simulation conditions seen in-system.

Section II describes the ESD protection device model.
Section III presents the experimental characterization and
modeling of the ESD protection devices. SEED simulations are
shown in Section IV. Section V discusses possible simulation
convergence problems and their solution. Conclusions are
presented in Section VI.

II. TVS DEVICE MODEL

Fig. 1 shows a block diagram of the SPICE behavioral TVS
model developed in [7]-[10]. D1 and D2 are ideal diodes which
determine if a positive or negative current path is activated. The
nonlinear large-signal model contains a pre-snapback model
(DS and D6), TVS turn-on behavioral model (including
snapback delay, and conductivity modulation), and a quasi-static
I-V model to represent the characteristics after snapback (D3
and D4). The pre-snapback diodes allow for current flow before
the voltage reaches Vi, the snapback trigger voltage.

I
! Snapback
delay model

Positive current path

'
Path sclection 1

Non-linear large signal model

Fig. 1. Block diagram of the SPICE behavioral TVS model.
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The conductivity modulation sub-model is used to describe
the change in conductivity during the first moments of the event.
Fig. 2 shows the original structure of the conductivity
modulation sub-model prior to modification. Roff is tuned to
mimic conductivity modulation after the snapback switch has
been thrown. The on resistance, Ron, is small to allow diodes
D3 and D4 (Fig. 1) to dominate device behavior. The current-
controlled current-source (CCCS - Fig. 2) charges the capacitor
C2. The voltage across C2 determines when the conductivity
modulation switch will switch from Roff to Ron. When the
switch is thrown is determined by the amount of charge passing
through the TVS device as set by the gain of the CCCS, the size
of the capacitor, and the switch trigger voltage Von [8].
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P3 R_cong resistors ensure that
Num=3 convergence errors don't occur
due to the ideal diodes turning on

Fig. 2. Sub-model for conductivity modulation.

Equation (1) shows the relationship dictating the turn on and
off behavior of the switch before improvement:

Von+Vors

Ron Veontrol—
Rswitcn = exp {ln(\/ RonRoff) +3in (?ff) - Z(I/T‘/Of;) B

Von+Vorpy 3
Vcantral_—
21n (Rﬂ) L ZeomtrolT 5 1
Rofr Von=Vorf @
This switch follows a numerical function which is not based on
physics, and thus may not fully represent device behavior. The

improved model for conductivity modulation directly changes
the conductivity according to the delivered charge as [6],[10]:

R
1+ charge(t)
0
where R is the resistance when current first starts to flow,
Qcharge(r) Tepresent the total injected charge, and Q, the
threshold charge needed to establish conduction.

Rmodulated(t) =

The modified model for conductivity modulation is shown
in Fig. 3. The time-dependent resistance Ry,oquiatea(t) 18
controlled by the voltage across capacitor C17. C17 is charged
by a current-controlled current-source so that the voltage is
directly proportional to the charge injected into the system.

cces
SRC45
G=1
c D
Lt
L, SDD2P
I SDD2P4
1[1,0]=(_v1)/(R_off/(1-+Qcharge* v2/Q0))
12,0]=0

V_control CM

I_F C
1_C_charge c17
C=C_charge nF

Fig. 3. Improved conductivity modulation model.

A single switch to represent snapback is only roughly able to
predict the transient behavior of the device as shown in Fig. 4.
A second switch was added in [9] to better capture this behavior
as illustrated in Fig. 5.

T T
= one switch, w/o RC
=—=two switch, w/o RC |
two switch, w/RC | |
----- measurement

Voltage [V]

Time [ns]

Fig. 4. Snap-back delay sub-model requires a second switch [9].

From first switch Added second switch

SDDZF
SPICE_SW1

1[1,01-0
1[2,0]=(_v2)/{Re11/(1+Rc22"_v1/Q00))

VAR
VAR2

cccs
Feedback3
G=1

R2=200 Ohm

Fig. 5. Improved sub-model for snapback.

ITII. DEVICE CHARACTERIZATION AND MODELING

The ability of the improved model to accurately represent a
variety of ESD protection devices is investigated in the
following sections by comparing measurement and simulation
of'a snapback TVS device, a non-snapback diode, and a varistor.
The turn-on behavior of the components was measured through
very fast transmission line pulse (VF-TLP) testing. An ESD-
EMC TLP-ES620-50 compact pulsed IV-curve system with a 2
GHz 10 GSa/s Rohde & Schwarz oscilloscope was used to
record 10 ns-long VF-TLP waveforms. The current risetime was
set to 200 ps. Both the quasi-static I-V curves and their transient
responses were captured. Transient models were developed
through tuning to match measurements. The small-signal model
on the front-end of each TVS device was found by measuring
S11 into the device when it was in an “off” state [9].

A. Snapback TVS Diode: PESD3V3Y1BSF

A bidirectional TVS with a low trigger-voltage and low
clamping voltage was investigated first. Fig. 6 shows the
measured and simulated I-V curves for this device.
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Simulation
Measured data

VDUT(V)
Fig. 6. 1-V curve of a snapback TVS device.

Fig. 7 shows the simulated transient response of the
snapback diode before and after modification of the device
model. The old model does a reasonable job of capturing the IV
curve of the device and the transient voltage waveform, but the
improved model captures both the shape of the waveform and
the magnitude of the peak better.

Transient Voltage 9v Transient Voltage 10v

Simulation

Measured data

New model

VDUT(V)

YouTey), | .

Time (ns) Time (ns)

Fig. 7. Measured and simulated transient response of the TVS snapback
device simulated with the old device model (left) and the new model (right).

B. Non-Snapback TVS Diode

Simulated and measured IV curves for the non-snapback
TVS diode were captured well by both models, so are not shown
here. An example of the simulated and measured transient
response of using the models are shown in Fig. 8. The improved
model better captures the transient voltage overshoot.

ZSTLP Injection@ 500V 25TLP Injection@ 500V
. 20% del 20. New model
210 i
S T
o 5 5
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simulation """
m I

measurement
5§ 10 15 20
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oo
5 0 5 10 15 20 5 0
Time [ns]

Fig. 8. Measured and simulated transient response of the non-snapback TVS
device using the old TVS model (left) and using the improved model (right).

C. Varistor

The “quasi-static” [-V curve of a metal-oxide varistor is
similar to a non-snapback TVS diode, but the current rises more
slowly with voltage due to its slow response time. Both the old
and improved device models predict the IV curve well, so it is
not shown here.
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40 j @

25— faomee Old model 25 New model
= 20 220
515 515
£ 10- = 10-
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Fig. 9. Transient response of the varistor as predicted with the original TVS
model (left) and using the improved model (right).

Fig. 9 shows the simulated and measured transient response
of the varistor. During conduction, the varistor voltage remains
relatively constant even when the current changes by several
orders of magnitude. The impact of conductivity modulation is
significant. The improved model was able to better capture the
transient voltage response as demonstrated in Fig. 9. Setting the
parameters for the conductivity modulation sub-model was
particularly important for this device.

IV. SEED MODELING

The ability to predict the interaction between two ESD
protection devices was tested for each modeled TVS in a SEED
simulation where an off-chip ESD protection device protected
an IC with an on-chip diode (Fig. 10). Measurements were
performed on a custom PCB test board [9]. The IC ESD
protection was represented with a simple diode, which was also
modeled using the improved modeling approach. Between the
TVS device and the IC there was a 50-ohm PCB trace. An
ESDEMC Inc. TLP was connected via an SMA connector to the
input of the board. The voltages and currents on the board were
captured using a 12 GHz Agilent DSO81204B oscilloscope with
40 GSa/s and a 2 GHz 10 GSa/s Rohde & Schwarz oscilloscope.

ér I pond I'port 2 lpon;{ 109kQ 0V :

|||—l‘

E562 g 2 2 (€ 2 |pon3

TLP length: 2m i
20ns TLP F Vivs

length: 65 cm

la ode Rv Vdiode
Fig. 10. SEED test configuration.

Measurements were performed using 20 ns wide TLP pulses
with levels varied according to the characteristics of each device
and with rise times varying from 0.65 ns to 2 ns. Information
regarding the quasi-static and peak current through each device
was extracted to demonstrate the performance of the device
models. The TLP voltage was also measured when injecting into
a 50-ohm load and was used in the SEED simulations.

A. Snapback TVS Diode with On-Chip Diode

Fig. 11 shows the measured and simulated results when the
snapback TVS was used to protect the on-chip diode. In most
cases, the quasi-static and peak currents were predicted within a
few percent. The peak TVS and diode current was more
challenging to capture for a slow rise time, but overall was
acceptable (generally within 5%).
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Fig. 11. Simulated and measured voltages and currents when the snapback TVS
diode was used with the on-chip diode.
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B. Non-Snapback TVS Diode with On-Chip Diode

The non-snapback TVS device and on-chip diode were
tested with levels ranging from 120 V to 400 V. An example
transient response is given in Fig. 12. The ability to predict the
peak and quasistatic currents are shown in Fig. 13. Quasi-static
and peak current were captured within about 2%.

C. Varistor with On-Chip Diode

Fig. 14 shows the results when a varistor was protecting an
on-chip diode. While results are acceptable, the model
performance with the varistor was modestly worse than with the
other devices, in particular when predicting the peak current
through the varistor itself. This error results when the rise time
of the current associated with the varistor turn-on varies between
the measurement and the simulation, since the current often does
not reach its peak level over the duration of the 20 ns TLP event.

IIz)lsds Current, 120V; RT = 0.65ns

2T(}/S Current, 120V; RT = 0.65ns

time [ns] time [ns]

Fig. 12. Transient response for the off-chip non-snapback TVS and IC
protection diode.

TVS Quasi-Static TVS Peak Diode Quasi- Diode Peak
Current Current Static Current Current
Rise-time = 0.65 ns
% TVS quasi-static Current 3 TVS Peak Current Diode quasi-static Current o Diode Peak Current
= 3\ Measured Ly el
u ¥ | |%s #32
ﬂ‘ zl Simulated ‘ 8|4_ q)g
§‘ ; | [8a S —_— ng WMeasired |
il | (22 Simulated 200 | || Simutted (232 Simulated|
4 P | o O o i e AT Ty e
R RN 1§§§§§§§ R sz EEsg s
VILP (V] VILP [V
VTLP [V] VILP [V]
Rise-time =2 ns
TVS guasi-static Current TVS Peak Current iode quasi-static Current Diode Peak Current
T T T T LA |29 Eg.:— T 2 el
T 3 Simulated 7 £ T34 . <34
8 2--Measured zn'sirr:ul‘::rred B3 l‘;:
2 i S 28 Y
3 = 1 EE 29 St
=i 0: 2] 024 E.;‘i Simulated
A [Tl | B 0 i~
s 888883 szEB8EE8 EEER SR ER R
VTLP [V] VILP [v] VILP V] VILP V]

Fig. 13. Simulated and measured voltages and currents when the non-snapback
TVS diode was used with the on-chip diode.

TVS Quasi-Static
Current

TVS Peak Diode Quasi-
Current Static Current
Rise-time = 0.65 ns

TVS Peak Current

Diode Peak
Current

TVS quasi-static Current

Biode Peak Current

. Diode quasi-static Current

2 12] Moasured

z’ -
8 197 Simulated i b 23
0 Simmutate .
HH L ‘" s
2 0.4 = é 4 aasured g ! Measured
-10.2 e 2 3
i |

Simulated = Simulated

=§E§§§5§E§§§E§§§ " %00 150 200 260 300 380 400
VLA VILP V]

0g B} .
100 150 200 250 300 350 400

100 150 200 250 300 350 400
VILP V] VILP (V]

Rise-time = 2 ns
TVS Peak Current Diode quasi-static Current
7 —I?

TVS quasi static Cumrent —I Diode Peak Current

z 13| z e ]
£ |2{simulated E;: Measured Zg| Measured Lo o Mossured
& -} B 25| Smulated 8| Simulated . ‘ §‘s e P
L i T e
- 001 10 T3 LS

3 200 250 0 e 2o e Sl T -3

s Lol l:]m T bl oo Badbad 100 150 200 250 300 350 400 100 150 200 250 300 350 400
VILP V) plie s et

Fig. 14. Simulated and measured voltages and currents when the varistor was
used with the on-chip diode protection.
V. CONVERGENCE PROBLEMS

The fast non-linear responses of the ESD protection device
and the diode working in parallel can cause SPICE convergence

issues. Ensuring the value of V,¢¢ is at a reasonable value is
important. Tuning the RC low pass filter (Fig. 15) can slow
down the snapback and improve convergence. If this does not
improve convergence, one may also try to vary the SPICE
integration coefficient, mu, increase the time-point iteration
limit, or adjust the current and voltage tolerances.

Switch

Snapback_Switchl

Von=Snapback_trigger
Voff=Snapback_trigger-0.01
( e p R_turnon=le-2
l4 a‘ e frs ¢ R _tumoff=le6
LAt L R=10 Ohm

Fig. 15. First snapback switch in sub-model structure.

VI. CONCLUSIONS

The improved TVS behavioral model can closely predict
measured results for different protection devices. The model
performs well even in the challenging case. Performance was
worst for slow rise times, but still within 10% of measurements
for nearly all of the cases studied. Convergence can be an issue,
but can be addressed by either slowing down the switching of
parts or by modifying SPICE simulation parameters.
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