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of Smart Power ICs
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Abstract—Today circuit failures in Smart Power ICs due to sub-
strate couplings are partially addressed during the circuit design
phase. The state-of-the-art guidelines for the optimization of para-
sitic couplings provide mainly qualitative rules, which are difficult
to implement and to verify during the design of a complex Smart
Power circuit. These rules are often based on the physical device
simulations or on the empirical results extracted from predefined
benchmark structures. In this paper, a novel approach is proposed
for designing robust circuits integrating accurate and specific anal-
ysis of substrate couplings already into the design flow. First, sub-
strate currents injected by power transistors are discussed to show
the spatial distribution of voltage and currents into the substrate.
A set of guidelines to optimize substrate currents is presented as
a summary of the studied test cases. Then, an H-Bridge output
driver was implemented in a 0.35-μm HVCMOS technology to
investigate substrate currents by both measurements and simula-
tions. Reverse currents were deliberately injected into the chip to
activate substrate lateral and vertical parasitic bipolar junction
transistors and measured data closely match circuit simulation re-
sults in both cases.

Index Terms—Parasitic n-p-n, protections, smart power IC, sub-
strate parasitic coupling.

I. INTRODUCTION

S EVERAL design methodologies have been developed for
the reduction of substrate noise couplings in mixed-signal

integrated circuits. Guard rings and different substrate ground-
ing schemes are the most common solutions employed to reduce
substrate noise [1]. These solutions when implemented in a com-
plex mixed-signal IC design, can be evaluated through postlay-
out simulations of the extracted RC substrate parasitic model [2].
To reduce substrate electrical coupling issues in a Smart Power
chips, low-voltage digital and analog circuits are placed far away
from the power devices. Indeed, in Smart Power ICs a signif-
icant gap exists between power and digital voltage domains.
High-voltage power domains typically range between 12 and
120 V while the low-voltage circuitry are in 1 to 5 V range.
Moreover, high-voltage circuits are getting larger to deliver
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more power while low-voltage circuits are shrinking and be-
coming more sensitive to parasitic couplings.

Furthermore, Smart Power circuits suffer from minority and
majority carrier substrate currents [3], [4]. Specific rules exist
providing qualitative recommendations to circuit designers to
minimize substrate couplings due to both majority and minority
carrier injection. Moreover, the reduction of substrate parasitic
coupling effects rely on designers’ know-how and complex pas-
sive and active protecting structures [5]–[8], whose effectiveness
is difficult to evaluate during the circuit design phase. The lack of
a simulation tool makes substrate effects verifications excluded
from standard IC design flow. The success of a robust design is
still based on the qualitative considerations and decisions of ex-
perienced engineers. Technology solutions like SOI, deep trench
isolations [9], or even hybrid technology solutions with reverse
current free isolated DMOS [10]–[12], are the preferred choice
in most application where the reduction of substrate currents is
necessary. Nevertheless, these solutions are much more expen-
sive than standard high-voltage junction-isolated technologies.
Junction-isolated technologies remain the most cost-effective
and preferred solutions to design Smart Power ICs in most ap-
plications.

Effects related to the injection of minority carriers into the
substrate are not considered in RC substrate models, since mi-
nority carriers are diffusion driven. The RC substrate models are
valid when the circuit operates under proper bias conditions with
all substrate to device junctions reverse-biased. Thus, the exist-
ing solutions for substrate current simulations in Smart Power
IC are based on technology computer-aided design (TCAD)
methodologies [13]. Recently, a spice-based substrate model
including also minority carriers has been developed in [14].
This model enables the automatic extraction of parasitic bipolar
devices (BJTs) from the substrate. As has been shown in [15],
the model is able to predict substrate dc couplings in a H-bridge
circuit for low levels of injected currents. Moreover, the model
has been extended to take into account high-injection phenom-
ena which more accurately reflect high substrate currents in
Smart Power ICs [16], [17].

In this paper, the extraction and simulation of the substrate
model with bipolar junction transistors (BJTs) is used to come
up with a novel approach that is suited for the analysis of dc sub-
strate parasitic currents in Smart Power ICs. In this approach,
circuit performances under substrate currents conditions can
be quickly estimated in modern spice-based CAD design flow
to design appropriate substrate isolation structures and opti-
mize the layout floorplan accordingly. The paper is organized as
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Fig. 1. Substrate current analysis flow: 1) identification of injector sources; 2) Substrate model extraction and 3) model spice simulation. (a) The extracted
substrate model is a network of equivalent diodes, (b) resistors, and (c) homojunctions.

follows. Section II describes the substrate current analysis pro-
cess based on IC parasitic extraction. In Section III, the low-side
and high-side DMOS power devices under reverse currents are
simulated to identify critical parasitic current paths and to design
the suitable passive protection. Section IV discusses substrate
couplings measurement results on an industrial H-bridge circuit
and in Section V the conclusion is drawn.

II. SUBSTRATE CURRENTS ANALYSIS

In this section, the extraction of the substrate model with
BJTs is used to evaluate substrate currents. The substrate current
analysis flow is shown in Fig. 1 and consists of three steps as
follows:

1) Injector sources identification: determine in an IC which
devices, identified as “injector sources,” lead to the acti-
vating of parasitic n-p-n and/or p-n-p transistors.

2) Layout substrate extraction: substrate model extraction
for each injector device based on layout geometries.

3) Spice simulations: perform extracted model spice simula-
tions according to circuit voltage and current conditions
to quickly quantify substrate currents though spatial visu-
alization of simulated data.

A. Injector Sources Identification

In a Smart Power IC, the substrate current injection sources
are identified with on-chip power devices. For example, DMOS
transistors used in ICs for driving inductive loads are associated
with activation of parasitic BJTs. When an inductive load driver,
such as an half-bridge, is turned OFF, the inductor freewheeling
current causes reverse currents either through the low-side or
the high-side DMOS transistor. When a reverse current flows
through the low-side DMOS transistor, minority carriers are in-
jected into substrate leading to the activation of a lateral parasitic

BJT n-p-n, formed by the n-type drain, the p-type substrate, and
adjacent n-type regions.

Alternatively, when a reverse current flows through the high-
side DMOS transistor, the majority carriers are injected into
substrate leading to the activation of a vertical parasitic BJT
p-n-p, formed by the p-type drain, the n-type body region, and
the p-type substrate. This is the case regardless if an NDMOS
or a PDMOS is used as high-side driver. If sufficient current
is injected into the substrate, IC failures may occur due to ex-
cess of power consumption, substrate debiasing, malfunction of
sensible circuits [21], or latch-up.

B. Layout Substrate Extraction

Prior to the design of complex circuits such as half of full-
bridge drivers, the extraction of the substrate model applies first
to each injector source present in the IC. To take into account
also the injection and propagation of electrons and holes, the
substrate of Smart Power ICs cannot be modeled as a simple RC
network. Therefore, the substrate diode junction capacitance C
is replaced by an equivalent diode device to model the injection
and collection of minority carriers which takes place at parasitic
p-n junctions [16]. The substrate resistor R is instead replaced
by an equivalent resistor to model the propagation of charges
into the substrate [16]. Moreover, an additional device, the ho-
mojunction, is used to model the variation of minority carriers
concentration at p-p+ or n-n+ substrate contacts [18]. The de-
vices are shown in Fig. 1 and they have as feature four terminals:
top terminals carry substrate voltages and currents while bottom
terminals carry voltages and currents, which are proportional to
the excess of minority carriers concentration and their gradient.
Note that two back-to-back connected diodes perform as a n-p-
n bipolar transistor, while two front-to-front connected diodes
perform as a p-n-p bipolar transistor [14]. The three devices



6588 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 9, SEPTEMBER 2016

Fig. 2. Substrate model extraction flow based on Cadence EDA tools. By
spice simulation, the color plot of substrate voltage and current distribution is
quickly generated.

are implemented in Verilog-A to enable the simulation of dc
drift-diffusion currents in spice-like tools.

To build the substrate equivalent circuit model, the IC layout
is divided into mesh elements to extract the model geometrical
parameters, such as length and area, corresponding to each mesh
unit. The substrate model extraction procedure based on com-
mercial EDA tools is summarized in the flowchart of Fig. 2. The
IC layout is divided in a rectangular mesh [19], [20] to extract
the substrate model during the layout versus schematic (LVS)
verification. For this purpose, the technology extraction rule file
is modified in order to identify the substrate parasitic diodes,
homojunctions, and diffusion resistors with their geometrical
parameters and connectivity during the LVS. The connection
between meshing nodes of different doping material and level
is done by means of diodes and homojunctions. In addition, the
connection between node of same doping material is done with
diffusion resistors. The substrate model network as it is, auto-
matically backannotates substrate bipolar parasitic transistors to
the extracted circuits and devices.

C. Spice Simulation

Spice simulations of the extracted substrate model within cir-
cuit application voltage and current conditions enable a quick
analysis of substrate parasitic currents geometrical distribution.
The extracted substrate model is a 3-D schematic made of
diodes, resistors, and homojunctions, where each node repre-
sents the corresponding location on the 3-D layout. Thus, mon-
itoring the simulated node voltages and currents, the substrate
voltage and current distribution is rapidly generated. The 2-D
color plots shown in Fig. 1 are an example of the substrate cur-
rent and voltage distribution based on substrate model simulated
data. This electrical information is the input specifications for
designing the appropriate protection to reduce couplings to the
required levels. Guard rings and protections can be designed and

Fig. 3. (a) Low-side NDMOS simulation setup, (b) layout cross section with
substrate parasitic devices and currents. (c) NDMOS layout for substrate model
extraction, and (d) modified layout with 100-μm-wide protection n-ring.

placed into the layout to minimize the propagation of substrate
currents. Then, the substrate residual current can be taken into
account for pursuing the design of sensitive circuits by choos-
ing the appropriate architecture [21]. Moreover, the substrate
current geometrical distribution facilitates the IC floor plan en-
abling the layout placement of sensitive circuits at the optimal
distance from the injector.

III. NDMOS AND PDMOS REVERSE CURRENTS: SIMULATION

AND OPTIMIZATION

In this section, the extracted models of the low-side NDMOS
and high-side PDMOS transistors are simulated under reverse
bias condition to estimate the amount of current injected into
the substrate through the activation of parasitic n-p-n and p-
n-p transistors. Results from this process are used as a basis
for the design of a high-voltage H-bridge implemented in a
0.35 μm HVCMOS technology to drive 0.5 A and operating at
VDDH = 12V.

A. Low-Side NDMOS: Minority Carriers Injection

The NDMOS transistor schematic with substrate parasitic de-
vices and currents is shown in Fig. 3(a). The NDMOS parasitic
devices include the drain-body diode and the substrate n-p-n
transistor, formed by the n-well(drain)/p-substrate and substrate
to other n-wells junctions. When the MOSFET drain potential
goes below the substrate potential, the NDMOS channel and
the parasitic devices conduct a reverse dc current. The reverse
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current through the NDMOS and the body-diode flows from
drain to ground. On the other hand, the reverse current through
the substrate-diode flows laterally and vertically into the sub-
strate to other n-type regions in the chip. Today, the magnitude
of substrate currents is impossible to predict during the de-
sign phase and even the most accurate DMOS compact models
including parasitic devices exclude the effect of the parasitic
lateral n-p-n [22]. Thus, designers can only deal with general
layout guidelines to reduce the risks related to minority carriers.

Following the technology design rules, the NDMOS layout
was drawn as a multifinger structure of 108 unit transistors. For
the 0.5 A required current range, the NDMOS on resistance
is 1.2 Ω over an area of 530 μm × 1100 μm. The NDMOS
layout cross section is shown in Fig. 3(b). The NDMOS is first
enclosed with a p-type grounded ring, and then the resulting
structure is enclosed by an additional n-type ring. The n-type
ring acts as a protection against substrate currents generated
by minority carriers. Indeed, the n-well guard ring when placed
very close to the injector source, forms the preferred subcollector
to the substrate n-p-n with the highest gain [4]. It collects a
significantly higher percentage of substrate current than other
n-wells in the chip. Examples of n-well ring design rules are as
following [23]:

1) use wide n-rings, i.e., twice or triple minimum width;
2) use deep n-type wells to maximize the collecting junction

depth;
3) use high doped n-wells to reduce the vertical resistance

and prevent the collector saturation.
However, these design rules give only qualitative information

to designs such n-type rings, whose effectiveness is difficult to
estimate during the chip design where the amount of substrate
currents is usually unknown. In order to characterize the amount
of reverse current flowing through each of the NDMOS para-
sitic paths, the additional n-type ring surrounding the NDMOS
is extended over the remaining chip area as shown in Fig. 3(c).
The n-well is fully contacted and connected to the ground with
an overall area of 7.1 mm2 . Such a huge n-well represents the
distributed collector of the substrate n-p-n transistor. With this
layout configuration, the total injected current and its distribu-
tion in the chip substrate are quickly estimated.

1) NDMOS Substrate Model DC Simulation: The substrate
model was extracted from the NDMOS layout and simulated
with Spice. The simulation was carried out by sinking a reverse
dc current from the NDMOS drain to forward-bias the parasitic
junctions as shown in Fig. 3(a). Note that the gate is connected
to the source during the simulation. The curves in Fig. 4(a) show
the simulated percent ratios between the reverse current flowing
into the NDMOS parasitic devices and the total injected current
ID. For the low levels of reverse current (ID < 100 mA), the
NDMOS and the substrate diode current dominate the injected
reverse current. When the NDMOS drain voltage VD becomes
more negative, the parasitic body-diode turns ON and the current
flows predominantly through the body-diode and the substrate
diode. The substrate diode current is split between substrate
contacts and the collector according to the current gain of the
distributed n-p-n transistor. The simulated emitter efficiency
of the parasitic n-p-n (αeff = IC /IE ) is shown in Fig. 4(b). It

Fig. 4. Extracted NDMOS substrate simulation with contribution of each
current path with varying the injected current at NDMOS drain node.

TABLE I
SUBSTRATE CURRENT DISTRIBUTION FOR A REVERSE CURRENT ID OF 0.5A

αmax Current

Total substrate IE
ID =0.4 0.2 A

injected current IE
Total collected IC

IE =0.85 0.17 A
current IC

ranges between 0.5 (for low and high injected currents) and 0.85
under the simulated conditions, so more than half of the substrate
current flows toward other n-wells. Note that today, exact values
for αF are available only with measurements on dedicated test
structures. To design for the worst case, the maximum value of
α is considered. For a NDMOS reverse current of 0.5 A, the
maximum substrate injected and collected currents are reported
in the Table I.

2) Substrate Current Optimization: The lateral n-p-n collec-
tor current is distributed over the n-well large area, and expected
to be higher around injection areas and decrease toward the edge
of the chip. This is confirmed by the color plot shown in Fig. 5,
which reflects simulated currents from substrate model network
when the total injected current is 0.5 A (H-bridge typical driv-
ing current). The substrate currents plot is evaluated on a grid
of 50 μm × 50 μm and it enables a fast analysis for the identifi-
cation of: 1) major substrate coupling current paths, 2) affected
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Fig. 5. Spatial distribution of simulated substrate currents for a 0.5-A ND-
MOS reverse current. The dependence of parasitic currents on the distance from
the injector in the x-direction is also shown. Matched devices sensible to sub-
strate currents can be placed in a way to receive the same amount of parasitic
tolerated current.

layout areas, 3) exact areas for placing protections. The current
density near the injector reaches several μA/μm2 . For a total
injected current of 0.5 A, a n-well of 50 × 50 μm2 area close to
the injector is exposed to 1.5 mA. The magnitude of collected
current decreases with increased distance from the DMOS. At
a distance of 475 μm from the DMOS, the same 50 × 50 μm2

area is exposed to only 4 μA. Based on simulated data, the cou-
pled current as function of the distance x from the NDMOS (see
Fig. 5) is fitted by

Ix = 1.07x−1.95 , x[μm] > 50μm. (1)

This simulation enables the derivation of quantitative informa-
tion to design unambiguously n-type rings and estimate the level
of risk during the design phase. Instead of applying the approx-
imate rule of placing a two-fold or three-fold minimum width
n-type ring (i.e., WM = 20 μm), the precise n-well ring width
most suitable for the application can be easily calculated. For
example, if a 100-μm-wide protection n-ring is considered [see
Fig. 3(d)], simulation results shows that 26% of the injected cur-
rent is collected by the protection ring (130 mA), while 4% is
spread in the remaining substrate (20 mA). Moreover, the color
plot of Fig. 5 enables the optimization of IC floorplanning and
placement of sensitive IC blocks. If two matched devices (i.e.,
current mirrors, differential pairs, etc.,) are sensible to substrate
currents, they can be placed in a way to receive the same amount
of parasitic current in the tolerated range (see Fig. 5). In the same
way, the architecture of a sensitive circuit such as a band-gap
voltage reference can be optimized based on functionality risks
related to substrate currents [21].

3) NDMOS Substrate Model Transient Simulation: To in-
vestigate the substrate currents in the time domain, a negative
voltage pulse was applied to the NDMOS drain. The substrate
model was extracted from the layout shown in Fig. 3(d), which
includes a 100-μm-wide protection n-ring. Two reverse pulse
amplitudes were set to sink a reverse current of ID = 1 mA and
ID = 0.5 A, respectively. Time-domain simulation results are

Fig. 6. NDMOS time-domain simulations under a reverse current of (a) 1 mA
and (b) 0.5 A.

shown in Fig. 6. In the first situation, the reverse current of
1 mA flows mainly in the NDMOS channel [see Fig. 6(a)].
The remaining current is first collected by substrate contacts
during the transient rise time, but after tens of microseconds it
splits starting with the n-ring, the substrate contacts, the huge
n-well and then the NDMOS body diode. In the second case
[see Fig. 6(b)], the reverse current of 0.5 A flows from the
beginning of the pulse transition through the NDMOS body-
diode, the NDMOS channel, the n-ring, the substrate contacts,
and then it is spread in the huge n-well. In particular, after
steady state is reached, 38% of the current flows in the NDMOS
body diode, 26% of the reverse current flows through the ND-
MOS, 26% through the n-ring, 6% through the substrate contacts
while the remaining 4% flows in the huge n-well, as shown in
Section III-A1.

As already discussed in [17], the substrate current distribution
depends on the level of the reverse current also in the time
domain. However, substrate currents are strongly affected by
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Fig. 7. High-side PDMOS simulation set-up (a) and layout cross section
(b) with substrate parasitic devices and currents.

devices electrical and technological parameters. Especially dur-
ing transitions, the substrate current distribution depends on the
variety of parameters such as device layout and substrate resis-
tivity and its associated capacitances. For example, the substrate
doping concentration plays a significant role in the dynamic be-
havior of an NDMOS under reverse currents through the lifetime
of minority carriers. In this example, the n-well ring is used as
passive protection. Unlike more complex active protections [5],
[24], the n-ring current turn ON and turn OFF timings are
directly related to minority carrier lifetime, which is of the order
of tens of microseconds in the considered low-doped substrate.
However, for substrate current analysis, dc simulations provide
sufficient information to identify critical substrate current paths
and take the appropriate countermeasures to guarantee safe
designs.

B. High-Side PDMOS: Majority Carriers Injection

Similarly to the low-side NDMOS, when the high-side
PDMOS drain is driven above the supply voltage level,
the parasitic devices become forward-biased conducting a re-
verse current. Fig. 7(a) shows the PDMOS transistor schematic
with parasitic devices. The reverse current is split between the
PDMOS channel and the substrate p-n-p transistor. The current
through the PDMOS flows from drain to power supply, while the
p-n-p current flows into the substrate generating local substrate
debiasing. Excessive substrate potential shifts can forward-bias
adjacent n-wells to substrate junctions and hence lateral n-p-n
substrate BJTs causing in worst cases latchup problems. The
reduction of the p-n-p gain is the most obvious and effective
way to reduce substrate debiasing. Nevertheless, the vertical
p-n-p gain is technology dependent and not in control of the
designer. The cross section of the PDMOS layout is shown in
Fig. 7(b). For easy layout floorplanning, the PDMOS layout size
is the same as that of the NDMOS (530 μm × 1100 μm) with a
switch on-resistance of 2.5 Ω. General rules provide three ways

Fig. 8. Extracted PDMOS substrate simulation with contribution of each cur-
rent path with varying the injected current at PDMOS drain node (top). Simu-
lated p-n-p current gain β (bottom).

Fig. 9. High-side PDMOS 2-D distribution of substrate voltage for a total
injected current of 0.5 A at depth of 10 μm in the substrate.

to limit substrate debiasing and avoid forward biasing the lateral
NPNs BJT [23]:

1) increase substrate contact area;
2) increase spacing between n-wells and injecting PDMOS;
3) bias the n-well to a positive voltage.
To determine the exact spacing between n-wells and injecting

PDMOS, the PDMOS layout was enclosed by substrate contacts
covering the entire chip remaining area. This layout configura-
tion provides the best case for a fast estimation of the total
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TABLE II
DESIGN RULES

injected current and substrate debiasing distribution in the chip.
As a result, the resulting substrate voltage distribution provides
the right bias voltage level and position of other n-wells to avoid
the activation of lateral n-p-n.

1) PDMOS Substrate Model DC Simulation: The substrate
model was extracted from the PDMOS layout and simulated
with Spice. The simulation was carried out by applying a re-
verse current to PDMOS drain as shown in Fig. 7(a), with the
gate connected to the source biased at VDDH = 12V. The per-
cent ratios between the total reverse currents flowing into the
PDMOS drain and the total injected current are shown in Fig. 8
(top). Unlike the NDMOS case, no reverse current flows in the
PDMOS channel. This is because of PDMOS higher threshold
voltage Vt = 1 V. The current flows predominantly through the
emitter of the parasitic vertical p-n-p and consequently into the
substrate. Instead, for higher levels of reverse currents, part of
the current flows through the vertical p-n-p base to VDDH.

2) Substrate Voltage Shift Optimization: The substrate volt-
age distribution is shown in Fig. 9 for an injected current of
0.5 A and at a substrate depth of 10 μm. The relatively high
substrate potential shift is related to the high gain of the ver-
tical parasitic p-n-p (βmax ∼ 15) as shown in Fig. 8 (bottom).
The substrate voltage distribution as shown in Fig. 9 represents
the best-case scenario, with the substrate contacts covering the
remaining chip area. The substrate potential beneath the n-well
rises to almost 12 V because of the low-doped P-substrate with a
concentration of Na � 1014 cm−3 and the absence of a backside
contact. The substrate voltage reaches 8 V close to the PDMOS
and then decreases to 2 V at a distance of 500 μm. The substrate
voltage distribution overview clearly shows the minimum volt-
age level which should be applied to isolation n-wells located
near the PDMOS to avoid the triggering of the lateral n-p-n.
Finally, Table II shows a summary of the main effects related
substrate currents with the quantitative rules which have been
derived from previous simulations.

IV. H-BRIDGE CIRCUIT IMPLEMENTATION

AND MEASUREMENT RESULTS

To evaluate substrate parasitic couplings and effects in an
IC, four power DMOS transistors were connected in an H-
Bridge configuration. The H-bridge was implemented in a
0.35 μm HVCMOS process to drive 0.5 A at VDDH=12 V. The
chip photography is shown in Fig. 10, with the die measuring

Fig. 10. Chip photograph of the H-bridge realized in 0.35 μm HVCMOS, the
die measures 3.7 mm × 2.1 mm.

3.7 mm × 2.1 mm. The H-bridge consists of two N-type low-
side NDMOSs (N1 and N2) and two lateral high-side PDMOSs
(P1 and P2). The four transistors are placed in the chip layout
in the order P1, N1, N2, and P2 (see Fig. 10).

During the freewheeling phase, the H-bridge output voltages
(OUTA or OUTB pins in Fig. 10) go below ground or above
supply voltage levels generating reverse currents in the circuit.
Therefore, the H-bridge circuit layout is investigated for be-
low ground and above supply operating modes to evaluate the
activation of substrate parasitic bipolar transistors with Spice
simulations. Note that substrate currents in a real H-bridge IC
have been investigated only in [13] through extensive TCAD
simulations.

A. H-bridge: OUTA Below Ground

According to the H-bridge operating modes, OUTA is driven
below ground either during forward-freewheeling or forward-
reverse operating modes [3]. During OUTA below ground con-
dition, minority carriers are injected into the substrate at N1
drain. Minority carriers which propagate leftward with respect
to N1 are collected by P1 n-well that is 530μm wide, while
minority carriers which propagate rightward are collected first
by N2 n-well (530μm wide) and then by P2 n-well (530μm
wide), which is biased at VDDH = 12 V. Therefore, P1, N2,
and P2 n-wells act as protections for N1 rendering an additional
lateral n-type guard ring superfluous. This is confirmed by mea-
surements shown in Fig. 11. Since substrate couplings effects
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Fig. 11. Measurement results of lateral n-p-n at T = 80 ◦C. Dots are mea-
surement and lines are simulations. The partition of I(VDDH) current through
P1 and P2 n-wells is also reported.

Fig. 12. Measurement results of lateral n-p-n couplings at T = 80 ◦C. Dots
are measurement and lines are simulations.

Fig. 13. H-bridge circuit configuration for simulation and measurement of
OUTA above supply condition.

are more pronounced at higher temperature, the chip was kept
at T = 80 ◦C during measurements.

A reverse-current up to 1 A was injected at OUTA pin of
the H-bridge. Thereby, N1 drain was reverse biased and cur-
rents coupled through the substrate n-p-n were measured at
OUTB pin, biased at 0 V and VDDH pin biased at 12 V to

Fig. 14. OUTA current–voltage characteristics during above supply condition
as a function of the injected current. Dots are measurements and lines are spice
simulations.

reproduce the forward-freewheeling operating mode. The sub-
strate current is coupled with VDDH through P1 and P2 n-wells
[I(VDDH) = I(P1 : VDDH) + I(P2 : VDDH)]. Although, it
was not possible to measure the individual P1 and P2 contribu-
tions, simulations show that most of the currents through VDDH
is collected by P1 n-well as it is adjacent to the injector N1. The
current collected by P2 is much lower as it is mostly collected
by N2 [I(OUTB) current], which is placed between the injec-
tor N1 and P2. In practice, for a reverse current at OUTA of
0.5 A, 35 mA (αOUTB = 0.07) are coupled with OUTB and
65 mA with VDDH (αVDD = 0.13). The maximum value for
αeff is in the range of 0.2–0.3 (see Fig. 12) as expected from
previous simulations shown in Fig. 4. This substrate current,
which generates an undesirable excess of current consumption
at VDDH, can be taken into account for the design and opti-
mization of an on-chip or off-chip voltage regulator.

B. H-bridge: OUTA Above Supply

The H-bridge circuit configuration for simulation and mea-
surements of OUTA above supply condition is shown in Fig. 13.
For the measurement the chip was mounted in a ceramic pack-
age without backside contact at room temperature. A current up
to 700 mA was injected at OUTA pin to drive the drain of P1
above the supply voltage VDDH. In this configuration, majority
carriers are injected into the substrate through the activation of
the parasitic vertical p-n-p. Measurements and simulations of
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OUTA voltage and VDDH current as a function of the injected
current at OUTA pin are shown in Fig. 14(a) and (b). Since
substrate debiasing cannot be measured directly on chip, it was
measured indirectly through the voltage at OUTB pin. During
the measurement, OUTB was pulled-down to ground with a
R = 1 MΩ resistor. This avoids the possibility of triggering a
latchup caused by the parasitic p-n-p-n structure as shown in
Fig. 13. When the substrate voltage level crosses the threshold
of N2 substrate diode (the base–emitter voltage of the lateral
n-p-n), the dc current flowing into the pull-down resistor in-
creases and hence the OUTB voltage. Therefore, the voltage at
OUTB is an estimate of the substrate voltage shifting beneath
N2 isolation n-well. The pull-down resistor current is plotted in
Fig. 14(c). Supposing that the N2 substrate diode has a thresh-
old of Vt � 0.7, an injected current of 300 mA generates an
averaged substrate voltage shift below N2 of about 1.7 V. As
expected, the relatively high substrate potential shift is related
to the gain of the vertical parasitic p-n-p (βmax ∼ 15) as shown
in Fig. 14(d).

V. CONCLUSION

In this paper, a versatile approach for monitoring substrate
currents and couplings in Smart Power ICs with circuit-level
simulators is presented. Substrate currents injected in the sub-
strate by power devices are monitored through spice simulations
of the extracted substrate model. The proposed method being
fully integrated in existing spice design environment, enables
the analysis and optimization of substrate currents accessible to
every designer. Results are presented on a realistic circuit appli-
cation such as an high-voltage H-bridge driver. The agreement
between simulations and measurements shows that substrate
currents and their effect can be investigated with fast Spice sim-
ulations, which take a few minutes on standard computers. As a
result, designs with higher degree of immunity to substrate cur-
rents can be achieved in a much shorter time avoiding expensive
redesigns.
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