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Some types of semiconductor devices handle high current (I)
and high voltage (V) simultaneously. The product of V and I
is equivalent to electrical power (P), hence the name “power”
device. These devices can be singular (discrete) or multiple in
form. They can also be integrated into a conventional inte-
grated circuit (IC) process to create a power IC (PIC) technol-
ogy. Power device reliability and robustness during normal
and transient operating modes are extremely important con-
siderations, to avoid unwanted failure resulting from the high
power levels.

There are many power device types. We here concentrate
on those most frequently encountered. Power devices can be
either n type (electron carrier), p type (hole carrier), or a com-
bination of both. They can also conduct current in the vertical
and/or lateral dimension of the semiconductor. This generally
leads to the prefix of “V” for vertical or “L” for lateral. One of
the most common power devices is the insulated gate field-
effect transistors (IGFETs). IGFET was originally termed
MOSFET for metal oxide semiconductor, a terminology still
commonly used despite most gates being constructed of poly-
silicon, not metal. While being displaced by MOS devices in
some applications, bipolar junction transistors (BJTs) are still
widely used in power applications. Some devices, such as the
insulated gate bipolar transistor (IGBT), are a combination of
MOSFET and BJT. Some devices combine both n- and p-type
carriers, such as thyristors, which are a combination of n- and
p-type BJTs. A very important type of power device used in
PICs is the double diffused MOS or DMOS, which when fabri-
cated for lateral current flow is called an LDMOS. A new vari-
ant of this type of device combines lateral channel current
flow and vertical body current flow with a reduced surface
field (RESURF). The RESURF device is becoming very popu-
lar for radio frequency (RF) applications (1). As a result, RF
reliability issues are beginning to be investigated. It is known
that the mechanisms which create device damage are mis-
matched antenna load conditions, which generate the same
combinations of high I and V transients that affect other
power device types.

Typical power devices have current handling capability
maximums from 1 to greater than 1000 A and are able to
withstand voltages in some cases of higher than 1500 V.
When an application requires device operation at high power
for a period of time (¢), energy (E) is created as heat. Too
much energy will destroy the power device. The energy the
device can handle during normal modes of operation is mea-
sured to determine the current and voltage limits. The re-
sulting graph of the current versus voltage limits defines the
shape of a box. The area inside the box is termed the safe
operating area (SOA). It is safe to operate the device within
the limits defining the SOA.

SAFE OPERATING AREAS

The SOA is the acceptable region of operation of a bipolar or
metal oxide semiconductor (MOS) transistor. SOA is defined
in terms of voltage, current, and time. The most common
forms of SOA are forward bias SOA (FBSOA), reverse bias
SOA (RBSOA), and commutating SOA (CSOA) (2-4). Re-

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright © 1999 John Wiley & Sons, Inc.



~ [ °
P+9 N+.J\/\/\’/] %/ \—e N+
L
P-well
P{—. HV-N-well
l p-epi/p-substrate

Figure 1. Cross section of lateral DMOS with schematic representa-
tion of intrinsic parasitic components, including source-drain npn,
which can be turned on in the SOA limits.

cently a new form of SOA has been discovered that affects
only MOS devices. Hot electron or HESOA is a result of pro-
longed high drain voltage at high gate voltage (5). The pre-
dominant power device used in modern integrated circuit (IC)
processes is the lateral D-well metal oxide semiconductor field
effect transistor (LDMOS). Figure 1 shows an LDMOS includ-
ing its intrinsic parasitics. The components that have SOA
dependency are the on-state metal oxide semiconductor field
effect transistor (MOSFET), parasitic npn transistor, and
body diode. The parasitics do not normally conduct current,
but may in the SOA limits.

Forward-Biased Safe Operating Area

The FBSOA is restricted by the maximum voltage and cur-
rent for which the part has been designed. Additional opera-
tional restrictions limit the voltage/current curve, including
thermal considerations and, for bipolar devices, second break-
down. FBSOA defines the maximum useful on-state operating
range. If the limits are exceeded, damage or device destruc-
tion can occur. Device design, package characteristics, and
thermal capacity all affect the FBSOA. A typical curve is
shown in Fig. 2. Limit BC represents the maximum current
rating as stated in the device specification. Sometimes maxi-
mum current is increased under transient conditions, ex-
tending line BC to B'C’ for pulsed operation. The region de-
fining the direct current (dc) constant power limit is marked
by line CD. Typically, maximum transient power is increased,
leading to line C'D’. Maximum dc power capability is defined
by the heat-sinking capability of the packaged device. DE is
the second breakdown region, which is typically only signifi-
cant in bipolar devices. The conditions for second breakdown
are defined by the internal temperature of the device at which
the voltage begins to collapse (6) where hot spots on the active
silicon area are more prone to occur. Region EF is the maxi-
mum operating voltage as defined by the manufacturer’s
data sheet.

Line AB of Fig. 2 shows the on-resistance limit for the
maximum gate drive, V,,. This approximates to drain-source
voltage (Vy)/drain current (Iy). This is not part of the intrinsic
SOA curve, as it does not indicate a device destruction limit
but shows the minimum on-resistance operating limit.
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Reverse-Bias Safe Operating Area

RBSOA is the range of allowed operation when the device is
off but forced to conduct current. This is a function of voltage,
current, and time. It is typically defined for a particular cir-
cuit and specific operating conditions. RBSOA is important
during inductive turn-off, where current initially remains
constant, increasing voltage across the switching transistor.

RBSOA is the term typically reserved for bipolar devices.
The MOSFET equivalent of RBSOA is unclamped inductive
switching (UIS) since a reverse-biased gate is unnecessary for
rapid FET turn-off. The UIS breakdown condition for a FET
occurs through its parasitic npn (Fig. 1). The RBSOA and
UIS failure mechanism occurs following avalanche break-
down. This breakdown mechanism is prone to instability,
which can cause current to focus to a spot on the transistor.
This is followed by rapid collector-emitter or drain-source
voltage reduction. Transistor current increases, limited only
by external circuit impedances. Without circuit current lim-
iting the device overheats and ultimately degrades.

A typical RBSOA test circuit and waveforms are shown in
Fig. 3. When the device under test (DUT) turns off, Vg in-
creases until the body diode is forced into avalanche multipli-
cation, to maintain the inductor current. Other major MOS-
FET failure mechanisms that are grouped together under UIS
failures include the following, which cause excessive power
dissipation:

1. Parasitic npn turn-on due to high dVg/d,
2. npn debiasing in the MOS device (turning the npn on)

3. dV4/d, sensitive transient lateral voltage debiasing
allowing partial re-turn-on

A typical method to improve FET UIS is to include a snub-
stack clamp (Fig. 4), which is designed to turn on the FET
before device breakdown. Once the device is turned on, it op-
erates in the FBSOA mode, where energy capability is consid-
erably higher.

Vds(Vce)

Figure 2. Forward bias safe operating area: AB—On-resistance lim-
ited operation. BC—Current-limited operation. B'C’'—Transient cur-
rent-limited operation. CD—Thermal-limited operation. C'D'—
Transient thermal-limited operation. DE—Second breakdown limited
operation (chiefly bipolar). EF—Voltage-limited operation.



604 POWER DEVICE RELIABILITY
L
[ L
MWA—H[E H
supply
\ Device 4_—
under
Switched test
input .I'D (buT)
(a)
15V —
oV Vs
Vds
Vsupply
ov Iy

> Time

(b)

Figure 3. (a) Unclamped inductive switching test circuit showing
pulsed switched input and inductive load. (b) Unclamped inductive
switching waveforms for a DMOS-type MOSFET. The input and sup-
ply voltages can be adjusted to determine maximum SOA limits.

Commutating Safe Operating Area

The CSOA mechanism is similar to RBSOA. The CSOA
boundaries are defined by the safe operation conditions for a
diode. This is applicable in situations where MOS devices
switch inductive loads, causing current flow through the body

S

Figure 4. Snub-stack clamp used to improve UIS performance of a
FET. The snub-stack consists of one or more zener diodes and forward
biased diodes to determine the turn-on as drain voltage increases.
The diodes which are in forward bias during snub-stack clamping
block current flow when the gate is higher than the drain voltage
(normal on-condition).

diode. This can occur in commutating conditions, such as
when a bridge is used to drive a motor. Here a diode is typi-
cally forced to recover rapidly by instantaneous application of
a large reverse voltage while it is conducting in forward mode.
This reverse recovery phenomenon is well understood in dis-
crete diodes and has recently become of interest in integrated
diodes and especially FET body diodes.

Diode recovery is not instantaneous, and conduction occurs
for a short time. The result is a “shoot-through” current. If
recovery time is too long, or if repetition frequency is too high,
power losses can cause operational inefficiencies or device de-
struction. The circuit in Fig. 5(a) shows a CSOA test configu-
ration, and Fig. 5(b) its typical current and voltage recovery
characteristics. Reverse recovery current can be many times
higher than the forward current at turn-off. The higher the
d,/d; turn-off rate, the larger the peak reverse current.

POWER MOSFET ELECTROSTATIC DISCHARGE RELIABILITY

Smart power chips built with low/high-voltage CMOS are a
significant part of the semiconductor technology for automo-
tive applications, where the harsh environment demands ro-
bust protection against the threat of electrostatic discharge
(ESD) or other transient pulses, such as load dump (7). For
the standard low-voltage CMOS logic chips, ESD protection
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Figure 5. (a) Commutating SOA test circuit. (b) Vi and I; recovery
characteristics for a MOSFET body-drain diode.
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Figure 6. Cross section of drain extended NMOS (DENMOS)

against the human body model (HBM) stress levels of =2 kV
is commonly required. An immunity to the machine model
(MM) stress model for =200 V is also required from most cus-
tomers of the power devices. In addition, the automotive ap-
plications in some cases require a higher HBM level of protec-
tion at least +4 kV. However, achieving even a minimum 2
kV HBM protection level is a challenge for the power MOS-
FET structures. Usually achieving 3 kV of HBM protection
ensures that 200 V for the MM can be met.

The high-voltage-power MOSFETSs, somewhat contrary to
their name, are relatively ineffective for the ESD protection
design. As a result, an understanding of their behavior under
ESD conditions and device optimization to counter this be-
comes necessary. In the following sections the ESD phenom-
ena and protection design for two different high-voltage MOS-
FETs will be discussed. The first is the drain extended NMOS

Poly gate o v
S_ource —M
I [V &
| S

P-epitaxial and/or other P-wells

showing damage area, caused by ESD overstress.

(DENMOS), where ESD performance can be optimized
through device structure. The second is the LDMOS, which
can be effectively used as an MOS clamp to carry ESD current
while minimizing its power dissipation.

ESD PROTECTION USING DRAIN EXTENDED NMOS

ESD Phenomena in DENMOS

The typical cross section of a DENMOS is shown in Fig. 6.
For integration with 5 V and 1 um CMOS technologies, the
DENMOS channel length range is 3 to 4 um and the gate oxide
is about 500 A. Under drain avalanche, the thin oxide region
near the gate as indicated in Fig. 6 does not break down since
part of the voltage is supported by the depletion of the n-tank.
With ESD pulse the voltage at the drain reaches avalanche
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Figure 7. Cross section of gate coupled
drain extended NMOS type ESD structure
(top) and its equivalent circuit (C, and the
diode are parasitics of tank resistor R, de-

signed to inhibit MOS turn-on during fast
transients.
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Figure 8. Substrate current characteristics (I,) of a 25/56 um
DENMOS as a function of different drain bias values. This plot shows
that maximum substrate current occurs for gate voltages around 8 V.

breakdown and the device fails even before the parasitic npn
fully turns on. This parasitic npn, formed with the drain as
the collector, substrate as the base, and source as the emitter,
is the most important device effect for any NMOS under ESD
stress. For the standard CMOS transistors with channel
lengths of 1 wm or smaller, the parasitic npn effectively turns
on and robust ESD levels can be designed. Full ESD protec-
tion is achieved when the npn operates below the second
breakdown condition. However, in the DENMOS because of
the relatively longer channel length, as the bipolar attempts
to turn on, the n-region of the drain depletes, exposing the
LDD junction near the drain. The J-E (where ¢ is the cur-
rent density and E is the peak electric field) at this point
leads to local melt filament and leakage. The failure in device
occurs at or slightly below 2 kV for a 400 um wide device, and
this does not improve much when a larger multifinger device
is used since the first finger that attempts to turn on as a
bipolar would fail first. This weakness is only for positive
stress, and for negative stress the n*/n~ region of the drain
to p* (substrate) acts as a forward-biased diode to give good
ESD performance to the p* substrate. There are two different

ways to improve the ESD performance of this device: (1) gen-
erate local substrate bias during the ESD event, or (2) inte-
grate a thyristor or semiconductor-controlled-rectifier (SCR)
latchup device into its structure to clamp the voltage to a
low level.

Gate-Coupled DENMOS

For using the DENMOS as an ESD protection device, the gate
is usually tied to ground to prevent leakage. However, as
mentioned, the lateral npn is hard to turn on because of the
large base width. If this device does not turn on, the drain
junction becomes a reverse-biased diode to substrate and the
resulting ESD protection level is low. One way to improve the
npn turn on is to bias the substrate during the ESD event (8).
This can be done using a gate coupled technique, where a
large resistor of 10 to 15 k() is connected to the gate of the
DENMOS. The cross section and equivalent circuit schematic
of this device are shown in Figs. 7(a) and 7(b), respectively.
During the ESD pulse the gate is dynamically coupled due to
the overlap capacitance between the drain and gate. In Fig.
7(a), spacing A refers to the channel length, and B + C refers
to the n-tank extension of drain. The actual gate to drain
overlap capacitance (C,,_) is determined by spacing B. Under
ESD, with the drain going high, the gate is pulled up through
C,,- and is discharged to ground through R, (15 kQ). For
typical spacing of B = 2 um, the gate couples up to 9 V for a
fast transient on the drain from 0 to 45 V corresponding to
the drain avalanche condition. Now considering the typical
substrate current versus gate voltage plot shown in Fig. 8, it
can be seen that maximum substrate current occurs for a gate
voltage range of 8 to 10 V. Indeed these conditions can gener-
ate enough substrate bias near the source to turn on the bipo-
lar npn. For example, if the resistivity of the p* high-voltage
tank region near the source is 30 kQ-um, then 20 uA/um of
substrate current can generate sufficient potential to forward
bias the source-substrate junction. Combined with the high
bipolar beta of the lightly doped p-region, this allows an effec-
tive turn-on of the lateral npn, resulting in excellent ESD pro-
tection for the power IC.

SCR Integrated DENMOS

An SCR is one of the most powerful and efficient ESD protec-
tion devices available in a CMOS technology. Its trigger volt-
age is both process and design dependent. To protect a
DENMOS the SCR can be integrated into its structure, as
shown in Fig. 9 (9). Note here that the SCR is formed with
n* and p* regions, placed in an n-well and connected to the
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Figure 9. Cross section of DENMOS p-substrate

with lateral SCR integrated into the
DENMOS structure.
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drain, forming the anode. The cathode is an n* region con-
nected to ground that is shared with the source of the
DENMOS. The SCR trigger is determined by the n-well over-
lap of P* and the spacing from well to n* cathode. At typical
3 um for these spacings, the SCR trigger can be in the 45 V
range. This value actually depends on the doping of the n-
well, but since the DENMOS is also built in a similar n-well,
the SCR trigger would be close to the drain avalanche break-
down of the DENMOS. A spacing of 3 um, lower than the
channel length of 5 um for the DENMOS, will ensure that
the SCR will trigger first. To ensure that the SCR will trigger
first, a polysilicon grounded gate is added to the SCR. The
I-V characteristics of this hybrid device are shown in Fig. 10.
Note that the SCR clearly triggers before the drain avalanche
of the DENMOS. The holding voltage of the SCR is about 3
V, leading to low power dissipation and improved ESD perfor-
mance. The structure of Fig. 9 can be used as an output buffer
transistor, with the DENMOS gate tied to the appropriate
predrive circuitry. As long as the device is operated in the
region indicated in Fig. 10, the integrated SCR/DENMOS de-
vice will serve as a normal power high-voltage transistor for
circuit applications.

ESD Protection Using Lateral DMOS

The LDMOS is a common high-voltage transistor that is used
for power circuit applications. As shown with its cross section
of Fig. 1, the drain is built inside a high-voltage n-tank and
the source inside a p-tank. In the usual circuit applications it
operates as an MOS device. As shown in the typical schematic
of a gauge driver in Fig. 11, the gate and drain are clamped
with zener diode stacks. When an ESD pulse is applied to the
output pin, the LDMOS cannot go into bipolar breakdown but
simply operates as a MOS device even under ESD. Since the
surface MOS current density is much lower than for the para-
sitic bulk bipolar npn, the device width has to be appropri-
ately sized to dissipate the ESD current levels of 1-2 A. These
issues are discussed here.

In an LDMOS the self-heating effect reduces the channel
mobility. But under ESD events, which are too short at the
order of 100 ns, the heating effect is negligible and the drain
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Figure 10. I-V characteristics of the integrated DENMOS-SCR.
Note the SCR is designed to trigger before the BV, of the DENMOS
is reached. If the design does not permit SCR triggering, catastrophic
DENMOS breakdown is liable to occur.
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Figure 11. Circuit and ESD application of an LDMOS design. This
shows full protection of an LDMOS output structure including gate-
source protection clamp and SOA breakdown protection.

current is relatively larger. This is seen in Fig. 12, where the
drain current as a function of gate bias for a 2400 um wide,
1 wm channel length LDMOS is shown for both ESD pulse
conditions and based on a normal curve trace method. These
curves are for a drain clamp of 20 V. It can be seen that with
no channel heating and with only mobility degradation due to
the vertical electric field, a current of 1.6 A can be handled at
a gate bias of 18 V. Thus this corresponds to 0.67 mA/um or
1.0 V/um of ESD capability, and hence a 2000 um wide device
could provide 2 kV ESD level for HBM under this clamp
design.

At high drain potentials the power dissipation in the de-
vice increases and reduces the aforementioned ESD capabil-
ity. Thus an ideal LDMOS device design for ESD would have
a high gate clamp voltage to obtain highest possible MOS con-
duction, and a low drain clamp voltage to minimize the power
dissipation. For any given technology, this type of analysis
can be done to optimize the LDMOS design to obtain the de-
sired ESD levels, as given by the following equation (10):

Vispasm = [0.5W (Vg = V)?1/[(L +0.1(Vge — Vi) Vel
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Figure 12. High-current I-V data for an LDMOS under 200 ns ESD
pulses (filled squares) and standard non-ESD curve trace (open cir-
cles). This shows the detrimental effects of heating on the device, and
can lead to falsely high Ry, results.
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where Vggpupy is the ESD level in volts that can be obtained
for the human body model. W is the device width, Vg and
Vpc are the gate and drain clamps in volts, and V; is the

th

BI

1

10.

reshold voltage in volts.
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