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Abstract—High voltage CMOS active devices inherently in-
clude a parasitic vertical PNP bipolar transistor. When activated
it injects holes into the substrate causing a dangerous potential
shift. In this work a spice-modeling approach based on transistor
layout is presented to simulate substrate de-biasing in Smart
Power ICs. The proposed model relies on a parasitic substrate
network without the need of a parasitic BJT in HVCMOS com-
pact models. The results are compared with TCAD simulations at
different temperatures showing good agreement. Potential shift of
the substrate is analysed for different geometrical configurations
to estimate the effect of P+ grounding schemes and backside
contact.

Index Terms—Smart Power ICs, HVCMOS modeling, vertical
bipolar transistor, substrate potential shift

I. INTRODUCTION

H IGH voltage (HV) integrated circuits for power applica-

tions require special technologies with lateral diffused

MOS devices (LDMOST) [1]. The cross section of typical

LDMOST is reported in Fig. 1 where a drift-region below the

gate is present with respect to standard MOSFETs. The effect

of this region can be added in compact modeling of standard

spice models with a JFET [2] or more accurate physics models

[3].

In the resulting HVCMOS technology, a deep n-doped

well isolates the transistors from the substrate. Inherently this

structure introduces a parasitic vertical PNP bipolar junction

transistor (BJT). If the P-MOS is considered, the emitter of

the vertical PNP corresponds to the drain of the transistor

usually connected through an output pad to the load. Since

in automotive and power applications the load of HVCMOS

circuits is usually inductive, during the switching of power

devices the output node voltage can go below the ground

voltage or above the supply voltage[4]. The latter configuration

activates the vertical BJT injecting hole current into the

substrate that can lead to dangerous potential shifts and failures

[5].

To simulate the parasitic current effects of the parasitic

vertical PNP, this device is usually added in the compact

model of the LDMOST. The parasitic BJT model must be

calibrated and must be scalable with transistor size (W and L)

[6]. However, the simulations of final model accurately predict

the injected substrate current but not the local potential shift

of the substrate beneath the HVMOS n-wells. For that purpose

the substrate resistance should be properly estimated [7].

A general modeling methodology of the substrate is there-

fore required. A parasitic substrate network composed of
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Fig. 1. Cross-section view of LDMOST devices in HVCMOS technology:
P-MOS (top) and isolated N-MOS (bottom)

diodes, resistors and homojunctions at P+, N+ contacts can

be derived from a HV circuit layout to simulate in spice

simulators substrate currents due to parasitic BJTs [8]. This

substrate model includes minority carriers propagation and

it has been demonstrated to be efficient for parasitic BJTs

couplings simulations [9]. In this case the deep p-type (DP)

well inside the deep n-well (DN) is usually neglected. The

vertical PNP is instead automatically taken into account if the

DP is included in the substrate network.

In this work the general substrate model and its lumped

components will be used to simulate the parasitic PNP BJT

in a p-channel LDMOST. The three-dimensional substrate

network extracted from the device layout allows to monitor

the substrate potential distribution in three dimensions with

spice-like simulators without the need of a parasitic BJT in

the compact model of the LDMOST.

This manuscript is structured as follows: in Section II

the proposed model for the vertical PNP is presented with

numerical simulations at different temperatures. In Section III

the substrate de-biasing due to the activation of the vertical

PNP BJT is analyzed comparing the model results with

device physics simulations. In Section IV different grounding

schemes are finally discussed. In particular the effects of

different P+ guard ring sizing around the parasitic device, the

effects of backside metallization and temperature are reported.

Conclusion is drawn in Section V.



II. VERTICAL PNP MODELING

The vertical PNP Gummel-Poon model is usually added

inside the compact model of HV transistors. A substrate

network with the EPFL substrate model [9] can be equivalently

used for this purpose. In this case there is no more need

to include the PNP BJT inside the compact model of the

LDMOST.

Following the model developed in [8], the parasitic substrate

network is built by instantiating parasitic diodes, resistors and

contacts between the various N and P wells of the layout

for the entire substrate volume. The back-to-back connection

of these diodes propagates minority carriers allowing NPN

transistor simulations. In the same way the front-to-front

connection of two diodes can simulate parasitic PNP transistor.

In Fig. 2 only the relevant details of the P-MOS device of

Fig. 1 are retained for the modeling of the parasitic vertical

PNP BJT. The instantiated diodes are of two type: the DP/DN

and the DN/P-substrate. All the geometrical effects are in-

cluded in the substrate network construction since each lumped

device has a different area and length. To obtain the equivalent

netlist a general algorithm has been implemented to process

the layout by meshing the substrate in orthogonal cuboids and

by defining electrical nodes along the three cartesian directions

in an automatic way [10]. This distributed approach allows to

separate the lateral and vertical contribution of the parasitic

PNP BJT and to be highly scalable with respect the original

transistor geometry. The resulting three dimensional network

is equivalent to the Gummel-Poon PNP model and can be

attached to the compact model of the intrinsic LDMOST

without parasitics (see Fig. 2).

There are two main advantages of this modeling approach.

The first one is that the spatial substrate potential distribution

can be monitored due to the three dimensional nature of the

parasitic network. Secondly, if the lateral NPN transistors
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Fig. 2. Modeling approach to separate the parasitic components from the MOS
compact model (top). Parasitic vertical PNP with corresponding equivalent
circuit (bottom).

result from the layout, they can be properly connected to the

vertical bipolar transistor taking into account all the parasitic

series resistances. Notice that, due to the injection of minority

carriers the series resistances can be substantially differ from

the standard RC substrate network [11].

To show the equivalence between the spice model network

and the vertical PNP BJT, technology computer aided design

(TCAD) simulations of the structure in Fig. 2 were run

using Synopsys Sentaurus software [12]. All the geometrical

parameters and the average doping concentrations of the wells

are reported in the figure. These parameters are used in the

spice model implemented in VerilogA and fit properly the

more accurate TCAD device where gaussian doping profiles

with surface peak concentrations are used. Doping and temper-

ature dependent mobilities (Arora’s model [13]) and lifetimes

(Sharfetter’s relation as in [14]) are also included. A low-

doped P-type substrate typical for HVCMOS technologies is

considered and a box of 700x700x700 µm3 is simulated. The

width of the structure is around 50µm emulating a LDMOST

with two fingers and total width of 100µm.

TCAD simulations and Spectre circuit simulator [15] results

are compared in Fig. 3. For these simulations the collector
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Fig. 3. Gummel plot at different temperatures for the vertical BJT of Fig. 2.
Points corresponds to TCAD simulations and continuous lines to spice model.



(p-substrate) is kept at 0 V, the base (DN) at 12 V and the

emitter (DP) is swept between 12 V and 12.8 V emulating an

above supply bias condition of the drain of a P-MOSFET. A

Gummel plot of the vertical PNP BJT with the corresponding

current gain is reported for two different temperatures (300K

and 400K) showing how thermal effects are properly tracked

by the substrate circuit. No temperature fitting coefficients are

present in the model and the intrinsic silicon parameters as a

bandgap or an intrinsic carriers concentration follow correctly

the temperature variation. Notice that for the simulations of

the Gummel plot for the 3D device, TCAD requires more that

10 hours for the whole structure while spice 3D netlist only

one minute.

III. SUBSTRATE DE-BIASING SIMULATIONS

The activation of a vertical PNP BJT and the consequent

injection of holes into the substrate leads to a potential shift

or de-biasing. In Fig. 4 the substrate potential distribution

simulated in TCAD when VBE = 800mV and IE = 1.4mA

is reported. It is possible to notice that for the substrate

volume considered without backside contact, the P collector

ring around the vertical PNP is keeping only locally the 0

V grounding voltage. When the transistor is highly forward

biased the whole substrate will shift up to almost 1V . This

configuration could be detrimental if additional sensitive cir-

cuitry is placed around this device.

The potential distribution is even worst beneath the n-well

which is the base of the vertical BJT. The cross section of

the device along the XZ plane is presented in Fig. 5. In the

point P at 18µm depth in the substrate, the potential rises to

almost 2V . The potential distribution is then spatial dependent.

In the same figure also the cross section of the proposed
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Fig. 4. Potential distribution (TCAD) for an injected current of IE = 1.4mA.
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Fig. 5. Comparison between the potential shift simulated with TCAD (color
plot) and the circuit results (numbers correspond to simulated node voltages).
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Fig. 6. Currents in diode-connected vertical PNP BJT. Spice simulation (left)
and TCAD color plot of total current density (right).

three dimensional circuit network is showed. Monitoring the

simulated node voltages there is the possibility to investigate

in spice simulators the 3D de-biasing of the substrate which

has a point-to-point match with TCAD simulation.

The simulated potential shift is due to the injection of the

hole current into the substrate as a consequence of the high

value for the beta of the vertical bipolar transistor (β ≃ 55,

see Fig. 3). This is a well known situation for vertical PNP

transistors, e.g. when they are used as reverse current blocking

diodes in power stages. If a vertical PNP like the one in Fig.

2 is diode-connected to simulate its use as blocking diode

the current will always pass through the substrate leading

to potential shifts. As shown in Fig. 6 the BJT with the

base connected to the collector is electrically equivalent to

a diode (the base-emitter junction is indeed forward biased).

Nevertheless, in a diode the current is flowing from the DP

well (anode) to the DN well (cathode), while in the diode-

connected BJT the current is almost flowing inside the P-

substrate collector due to the high β. In the simulated example,

the substrate de-biasing is only 1mV but when the current is

further increased it can reach dangerous levels because it can

unintentionally forward bias other N-wells with the risk of a

latch-up.



IV. SUBSTRATE CONTACTS

The potential of the substrate can be kept under control with

additional P contacts and a proper grounding scheme [16].

The simulations reported in Section III clearly show that the

4.5µm wide P guard ring around the device is not sufficient

to maintain at 0V the substrate when the parasitic PNP

is activated. Once the substrate potential shift is simulated,

the willingness of designer is to modify the layout adding

additional substrate contacts to reduce the substrate de-biasing.

A. Effect of Guard Rings

For the substrate biasing P+ contacts are used and they

naturally collect holes protecting surrounding circuits from

majority carriers injection. If the P contact ring of Fig. 4 is

extended from 4.5µm to 14.5µm the substrate potential is

expected to be lower and better controlled. TCAD simulations

(see Fig. 7) showed that the layout modification reduced the

substrate de-biasing at VE = 12.8V from almost 1V down

to 0.3V (700mV of voltage difference) at expense of the

cell area. It should be noticed that the modification does not

affect at all the currents of the vertical PNP, thus the injected

substrate current remains the same and equal to 1.4mA.

The improvement of the second layout configuration is

however spatial dependent and it can be confirmed in spice

simulators with the three dimensional substrate parasitic net-

work. In Fig. 8 the results of the VerilogA model are reported

monitoring the substrate potential beneath the well which is

the region with the highest de-biasing. The difference of the

two configurations leads to about 600mV improvement to

reduce the substrate de-biasing. In conclusion the proposed

substrate model can be used to investigate proper grounding

scheme around critical parasitic PNP as an advantage with

respect to classical BJT compact models and it allows to

define the optimal guard ring width depending on the required

specifications.

0.97V 0.24V

Fig. 7. TCAD surface potential distribution and substrate de-biasing with
different guard ring geometries (left 4.5µm wide, right 14.5µm wide) for
IE = 1.4mA.

B. Effect of Backside Metallization

Another option for designers would be to add a backside

contact to the chip. The model can be easily adapted to

this technology option [17] if the parasitic Schottky diode

present at the backside interface is neglected in first analysis
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Fig. 8. Substrate potential shift beneath the DN well (point P of Fig. 5)
predicted by the model as a function of biasing and guard ring.
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predicted by the model as a function of biasing and backside contact.

[18]. Fig. 9 reports the model simulation of the potential de-

biasing for the original structure in Fig. 4 with and without

backside contact. Compared to Fig. 8, it can be noticed

almost the same improvement of about 700 mV for the high

current regime when backside metallization is present. For the

selected example with low-doped substrate, this solution is

then equivalent to the increment of 10 µm for the contact

ring width.

This result can be easily explained because we are mon-

itoring the potential shift under the N-well and the backside

contact is 700 µm deep. Comparing the cross-section result of

Fig. 10 (both TCAD and spice model) with Fig. 5, it is evident
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Fig. 10. Comparison between the potential shift simulated with TCAD (color
plot) and the circuit results (numbers correspond to simulated node voltages)
when the backside contact is present.

that the backside contact maintains the substrate potential to

lower values in the bulk of the silicon wafer reaching 0V at

700 µm depth (only the top 65 µm are shown). The top P+

contact rings keep instead the 0V only at the surface and the

silicon bulk can reach higher de-biasing in the deeper regions.

C. Effect of Temperature

Also temperature must be investigated for power devices

because it can have detrimental effects. As already shown in

Fig. 3, the main result of temperature rising is the increase of

injected substrate current. As a consequence also the potential

shift is expected to increase. Moreover the substrate resistance

exhibits a positive temperature coefficient (PTC) leading to

even worst results. To validate the effects of temperature,

TCAD and VerilogA simulations are compared in Fig. 11 for

the potential beneath the N-well when a fixed current of 2 mA

is injected into the substrate without backside contact. From

about 2V potential shift at room temperature, the substrate

de-biasing can double reaching 4V at 120C. It is therefore

compulsory to check dangerous potential configurations at

high temperatures by estimating the PTC of the substrate

resistance. The proposed model is a valid solution for this

objective.

V. CONCLUSION

This work shows how the EPFL substrate model based only

on junctions and resistors with minority carriers is able to

correctly take into account the vertical PNP BJT in HVCMOS

devices. This allows to simulate substrate de-biasing with spice

simulators during the design process. TCAD simulations are in

good agreement with VerilogA model from low to high current

injection levels at ambient and high temperature. The potential

shift of the substrate can be in this way properly investigated

by inspecting voltages output in the substrate network along

the three dimensions. Despite the compact model, the results

are layout dependent and allow to exploit also the best guard
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Fig. 11. Substrate potential shift beneath the DN well (point P of Fig. 5)
predicted by the model as a function of temperature for IE = 2mA.

ring configuration to reduce substrate de-biasing when high-

current is injected into the substrate. Finally, also the option of

a backside metallization which helps to reduce the de-biasing

can be quantified in spice environment and critical temperature

variations can be predicted.

ACKNOWLEDGMENT

This work has been sponsored by the European commission

under European FP7 AUTOMICS project.

REFERENCES

[1] M. Schrems, M. Knaipp, H. Enichlmair, V. Vescoli, R. Minixhofer, E.
Seebacher, F. Leisenberger, E. Wachmann, G. Schatzberger, H. Gensin,
“Scalable High Voltage CMOS technology for Smart Power and sensor
applications”, Elektrotechnik and Informationstechnik, 125, 4, 2008.

[2] S. F. Frere, P. Moens, B. Desoete, D. Wojciechowski, A. J. Walton, “An
improved LDMOS transistor model that accurately predicts capacitance
for all bias conditions”, Proc. ICMTS, pp. 75–79, 2005.

[3] A. Bazigos, F. Krummenacher, J.M. Sallese, M. Bucher, E. Seebacher,
W. Posch, K. Molnar, T. Mingchun, “A Physics-Based Analytical
Compact Model for the Drift Region of the HV-MOSFET”, IEEE Trans.
Electron Devices, vol.58, no.6, pp.1710–1721, 2011.

[4] M. Schenkel, P. Pfaeffli, W. Wilkening, D. Aemmer, and W. Fichtner,
“TCAD Based Design Methodology for Substrate Current Control in
Smart Power ICs”, Proc. European Solid-State Device Research Conf.
(ESSDERC), 2002.

[5] K. Fischer, K. Shenai, “The effect of parasitic bipolar transistor on the
performance and reliability of scaled vertical power DMOSFETs”, Proc.
of Power Electronics and Drive Systems, vol.1, pp.251, 1995.

[6] E. Seebacher, W. Posch, K. Molnar, A. Steinmair, W. Pflanzl, B. Senapati
and Z. Huszka, “Analog Compact Modeling for a 20-120V HV CMOS
Technology”, Proc. NSTI Nanotechology Conf. Trade Show, vol.3, 2006.

[7] V. Binet, Y. Savaria, M. Meunier, and Y. Gagnon, “Modeling the
Substrate Noise Injected by a DC-DC Converter”, IEEE International
Symposium on Circuits and Systems (ISCAS), 2007, pp.309–312.

[8] C. Stefanucci, P. Buccella, M. Kayal, J.M. Sallese, ”Spice-compatible
modeling of high injection and propagation of minority carriers in the
substrate of Smart Power ICs”, Solid-State Electronics, 2014.

[9] F. Lo Conte, J. M. Sallese, M. Pastre, F. Krummenacher, M. Kayal,
“Global Modeling Strategy of Parasitic Coupled Currents Induced
by Minority-Carrier Propagation in Semiconductor Substrates”, IEEE
Transactions on Electron Devices, vol.57, no.1, pp. 263-272, January,
2010.

[10] H. Zou, Y.Moursy, R. Iskander, M.M. Louerat, and J.P. Chaput, “A novel
CAD framework for substrate modeling”, in 10th Conference on Ph.D.
Research in Microelectronics and Electronics (PRIME), pp. 1–4, June
2014.



[11] F. Clement, E. Zysman, M. Kayal, andM. Declercq, “LAYIN: toward
a global solution for parasitic couplingmodeling and visualization”, in
Proc. of the IEEE Custom Integrated Circuits Conference (CICC), pp.
537–540,May 1994.

[12] Synopsys Sentaurus Device, http://www.synopsys.com/Tools/TCAD/
DeviceSimulation

[13] N. D. Arora, J. R. Hauser, and D. J. Roulston, “Electron and hole
mobilities in silicon as a function of concentration and temperature”,
IEEE Trans. Electron Devices, vol. 29, pp. 292–295, February 1982.

[14] M. E. Law, E. Solley, M. Liang, D. E. Burk, “Self-consistent model of
minority-carrier lifetime, diffusion length, and mobility”, IEEE Electron
Device Letters, vol. 12, pp. 401–403, August 1991.

[15] Cadence Spectre Circuit Simulator, http://www.cadence.com/products/
cic/spectre circuit

[16] A. Hastings,“The Art of Analog Layout”, Prentice Hall, 2005.
[17] C. Stefanucci, P. Buccella, Y. Moursy, H. Zou, R. Iskander, M. Kayal

and J.M. Sallese, “Substrate Modeling to Improve Reliability of High
Voltage Technologies”, IMSTW, Paris, France, 2015

[18] M. Schenkel, “Substrate current effects in smart power ICs”, PhD thesis,
Technische Wissenschaften ETH Zurich, 2003. Nr. 14925.

Camillo Stefanucci received the joined M.Sc. de-
gree in Micro & Nano-technologies for integrated
systems in 2011 from Polytechnic University of
Turin (Italy), Grenoble Institute of Technology
(INPG, France) and Swiss Federal Institute of Tech-
nology (EPFL, Switzerland), and the M.Sc. degree
in Electronics Engineering in 2012 from Polytechnic
University of Milan. He is currently working towards
the Ph.D. degree in microsystems and microelectron-
ics at the Electronics Laboratory (ELab) of EPFL.

His current research interests include substrate
noise modeling in Smart Power ICs and on-chip ESD phenomena analysis.

Pietro Buccella received his M.Sc. degree from
Polytechnic University of Turin in 2005. Since 2012
he is with the Electronics Laboratory (ELAB) where
he is pursuing a PhD degree.

His main research interests are parasitic substrate
currents modeling in Smart Power ICs and on-chip
active and passive protection design for optimization
of parasitic coupling.

Maher Kayal received M.S. and Ph.D degrees
in electrical engineering from the Ecole Polytech-
nique Fédérale de Lausanne (EPFL, Switzerland) in
1983 and 1989 respectively. He has been with the
Electronics laboratories of the Ecole Polytechnique
Fédérale de Lausanne (EPFL, Switzerland) since
1990, where he is currently a professor and direc-
tor of the “Energy Management and Sustainability”
section of the EPFL. He has published many scien-
tific papers, coauthor of three text books dedicated
to mixed-mode CMOS design and he holds nine

patents. His technical contributions have been in the area of analog and
Mixed-signal circuits design including highly linear and tunable sensors
microsystems, signal processing and green energy management. M. Kayal
is a recipient of the Swiss Ascom award in 1990 for the best work in
telecommunication fields; He is Author and co-author of the following
paper award in: ED&TC conference in 1997, IEEE-AQTR in 2006, Mixdes
conference in 2009, Power tech conference in 2009 and Poland Section IEEE
ED Chapter special award in 2011. M. Kayal received in 2009 the Swiss
credit award for best teaching, the Electronics Letters journal Premium Award
in 2013 and the Outstanding Paper Award-IEEE Mixdes 2013.

Jean-Michel Sallese received the Ph.D in physics
from the University/CNRS of Nice-Sophia Antipolis
where he worked on deep levels characterization
in semiconductors, in particular the so-called DX
center in III-V alloys. Later he joined the Swiss
Federal Institute of Technology in Lausanne (EPFL)
as a Post Doc researcher in physics department,
orienting his research activity on characterization of
quantum well laser diodes as well as modelling inter-
diffusion in low dimensional III-V semiconductor
heterostructures.

In 1996, he moved to the Electrical department of EPFL where he has been
appointed as Maı̂tre d’Enseignement et de Recherche. Since then, his research
has been more focused on compact modelling of advanced semiconductor
devices, in particular regarding new concepts of field effect transistors. These
research activities have been carried out in the framework of European projects
(NESTOR, COMON and AUTOMICS) as well as through local funds from
the Swiss National Science Foundation organization. He has authored and
co-authored more than 100 journal papers and conferences, and supervised
various PhD thesis. From 2008 to 2012, he has been lecturer on MOSFET
Modelling in the framework of IDESA courses. He currently gives lectures at
the master level both in compact modelling of multigate MOSFET’s as well
as in semiconductor technology for IC’s.


