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ABSTRACT An SOI LDMOS device with improved ruggedness under unclamped inductive switch-
ing (UIS) is described based on the substrate-dissipating (SD) mechanism. The key feature of this
device is the introduction of a I'-shape P-island window with a relatively high doping concentration to
connect the N-drift region to the P-substrate under the source, which is designed to achieve an avalanche
breakdown point at the edge of the P-island instead of near the gate contact. Thus, the avalanche current
is shortened to the substrate contact through the P-island and the P-substrate, avoiding the avalanche
current to pass through the NT source/P-well junction and thus suppressing the activation of the parasitic
bipolar transistor with a relaxed self-heating effect especially in the P-well region. As verified by the
Medici device simulation results, the SD mechanism of the device under the UIS condition, may endure
a remarkably higher avalanche current as compared with the conventional SOI LDMOS device.

INDEX TERMS Unclamped inductive switching (UIS), SOI LDMOS, avalanche current, parasitic BJT,

substrate-dissipating (SD), self-heating.

I. INTRODUCTION

Silicon-on-insulator lateral diffused metal-oxide semicon-
ductor (SOI LDMOS) devices are widely used in power
electronic control systems owing to their fast switching
speed and high-impedance capability [1]-[3]. Many efforts
have been done to achieve the high breakdown volt-
age (BV) and low on-state resistance (R,,) [4]-[6] of the
SOI LDMOS devices. However, as the switching control
device, their energy handing capability and ruggedness per-
formance should also be considered. Unclamped inductive
switching (UIS) test is used as an extremely severe condition
to evaluate the ruggedness of the device under an induc-
tive load, where the device must dissipate all of the energy
stored in the inductor during the on-state when turned off. As
a consequence, a simultaneous high voltage and large current
may cause a high power loss, which may destroy the device.
Specifically, the failure of a power MOSFET during a UIS
test is mainly due to the activation of the parasitic bipolar
transistor (BJT), which increases the current and raises the
junction temperature, eventually forcing the device into the

thermal runaway condition [7]-[9]. In order to suppress the
activation of the parasitic BJT in the device, several methods
have been reported [10]-[13]. These methods include reduc-
ing the sheet resistance of the P-well beneath the N source
by using a high-energy boron implantation or a deep diffu-
sion [10]-[11] or minimizing the N* source/P-well junction
with a very thin vertical source region [12], [13]. As a result,
these techniques have improved the UIS performance consid-
erably. However, the control of the additional delicate process
to define the high dose body implant is difficult [10], [11]
and minimizing the NT source region may bring in problems
in contacting or threshold-voltage (V) shifting [12], [13].
There is also another method by diverting the avalanche
current direction from the edge to the bottom of the P-well
by employing a segmented trench body contact [14], [15].
However, the use of trench contact to reroute the avalanche
current path requires more complex contacting technology,
especially for the devices with narrow cell pitches. In addi-
tion, the avalanche current flowing to the P-well may also
cause a rise in temperature to lower the carrier mobilities
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FIGURE 1. (a) Structures of PW-SOI LDMOS device (top) and conventional SOI LDMOS device (bottom). (b) The UIS test setup and (c) the typical relevant
waveforms for the DUT under the UIS test condition. (d) The equivalent circuit of the proposed device during the UIS avalanche breakdown period (2"d
stage). Ip is the total avalanche current in the device. Isp/Isy /s, is the avalanche current flowing to the source P*/source N* /substrate.

in the region, prompting the easier turn-on of the parasitic
BJT and thus offset the improvement in UIS.

In this paper, a substrate-dissipating (SD) mechanism
in the PW-SOI LDMOS device as shown in Fig. 1(a) is
proposed to improve the UIS durability. The SD mecha-
nism is implemented by introducing an auxiliary pathway
to dissipate the UIS energy to the substrate. Based on this
SD mechanism, an SOI LDMOS device with a I'- shape
P-island window (PW) using partial technique is proposed.
In this PW-SOI LDMOS device, the I'- shape P-island win-
dow with the drift region connected to the substrate offers
an auxiliary substrate-dissipated pathway for expunging the
UIS energy. In particular, the P-island window can move
the avalanche breakdown point at the drain side of the
channel to the edge of the P-island window. Thus, the
avalanche current is shorted to the substrate through the
window without activating the parasitic bipolar transistor.
Furthermore, this avalanche current pathway can dramat-
ically relax the self-heating effect during the UIS-mode
operation. Hence, the UIS durability of this PW-SOI LDMOS
may be enhanced remarkably by the SD mechanism, as
compared with conventional SOI LDMOS (C-SOI LDMOS)
device. Additionally, the aforementioned contact problem or
Vi shifting is avoided.

Il. STRUCTURE AND MECHANISM

The schematic cross-section views of the proposed PW-SOI
LDMOS device and the C-SOI LDMOS device are given
Fig. 1(a), with the inherent parasitic bipolar junction tran-
sistors (BJTs), which are made of an N source as the
emitter, a P-well as the base, and an N-drift region as the
collector. As shown in Fig. 1(a), the base resistance R, com-
prises the P-well series resistance connected to the parasitic
BIT base. Unlike the C-SOI LDMOS device, the proposed
device features a highly-doped P-island window, connecting
the N-drift region to the P-substrate. Moreover, this P-island
window is designed in a specific way, stretching into the
N-drift region on the top surface of the buried oxide (BOX)
for ensuring the vertical SD channel.
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Figs. 1(b) and (c) show the schematic UIS test setup and
its typical relevant waveforms. The UIS test can be divided
into three stages. The Ist stage is the turn-on stage, where
the device under test (DUT) is switched on by the pulse
voltage generator (Vgs) and the inductance current is at its
peak value (Iyeqx) in a time period of tzpy. The 2nd stage is
the breakdown stage, where the avalanche breakdown state
is generated by the switch-off of the DUT. In the breakdown
stage, the DUT must tolerate a breakdown voltage (BVss)
until the drain current decreases from Ipek to zero in a time
period #4v. The 3rd stage is where the device sustains a drain
applied voltage (Vpp). Here, the device is analyzed only
during the second stage.

Based on the description in Figs. 1(a)—(c), an equivalent
circuit of the device during the second stage under the UIS
condition is given in Fig. 1(d). In the C-SOI LDMOS device,
the avalanche breakdown is occurred at point P1 as shown in
Fig. 1(a). At this point, a vast number of impact-generated
carriers are created to form the avalanche current to consume
the UIS energy. The avalanche-breakdown-induced holes are
attracted to the PT source contact through the P-well region
to generate the current (Igp), developing a voltage drop V)
across Rp. When V; grows to be larger than the built-in
potential of the NT source/P-well junction (~0.7 V), the
parasitic BJT is triggered to form the current path (Isy)
with a thermal breakdown.

The avalanche-current handling capacity can be improved
by the introduction of the P-island window in the PW-SOI
LDMOS device as shown in Fig. 1(a). As seen from the
Medici simulation results, the SD mechanism with the
P-island window connecting the drift region to the substrate
offers an avalanche-current pathway to dissipate the UIS
energy. In addition, the P-island window and the N-drift
region form an island junction in the vertical direction, where
pre-breakdown is easier to occur and thus the avalanche point
is occurred at location P2, where the avalanche-induced cur-
rent flows to the substrate through the P-island window.
As shown in the Fig. 1(d), this substrate-conduct pathway
may prevent the forward bias of the base-emitter junction
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of the parasitic BJT. Thus, the trigger of parasitic BJT
can be suppressed. Furthermore, the P-island window pro-
vides a self-heating channel for achieving a good thermal
capability.

11l. RESULT AND DISCUSSION

Two-dimensional (2D) MEDICI device simulation of the test
device is carried out in this study. In the test setup as shown
in Fig. 1(b), the test device is connected to Vpp with an
inductive load of 50 wH. The power supply Vpp is 50 V
and Vs is 15 V. tgy is the charge time during the turn-on
stage, (fox = 50 us). A short time of 1us after the toy is
defined as the quasi-static point for analyzing the working
mechanism under the UIS avalanche breakdown condition.
The active area of the device is 13 mm? and other main
physical parameters are listed in Table 1.

TABLE 1. Device Parameters Specification

Parameters PW-SOI C-SOI
LDMOS LDMOS
N-drift Doping, N, /cm 7x1013 7x10"3
P-island Doping, Np.jsiand/ cm® (1 ~25)x10'6  —
P-well Doping, Nyen/cm™ 1x107 1x107
P-Substrate Doping, Ns.,»/cm™  5x10'3 5x10'3
Device Length, L/um 13 13
BOX layer Length, L,./pm 12 13
P-island Length, Lp.isiana/um 2~4 —
N-drift Thickness, #;/um 2.5 2.5
BOX layer Thickness, #,/um 1.0 1.0
Device Width, W,/mm 103 103
In particular, the doping concentration
Np = 7 x 10 ecm™3 is the optimal doping for

a best BV of 172 V in the C-SOI LDMOS. For comparison
purposes, this Np = 7 x 10 ecm™ is also selected in
proposed device. At this Np = 7 x 101 cm™3, the proposed
device with an optimal Np_jgung of 1.2 x 1017 cm™3 and
Lp-isiang of 3.5 pwm can achieve a BV of 169 V. These results
can be verified from the Fig. 2(a). The Vy, and R, are also
simulated and shown in Fig. 2(b). Apparently, the C-SOI
LDMOS and PW-SOI LDMOS devices share almost the
same Vy, and R,,, that is, problems such as the Vy;, shifting
and conductive degradation are all avoided in the proposed
device.

Fig. 3 shows the distributions of the impact ionization rate
in the PW-SOI LDMOS and C-SOI LDMOS device under
the quasi-static condition. In the C-SOI LDMOS device, the
avalanche breakdown point is located at P1. In contrast, the
avalanche breakdown point in the PW-SOI LDMOS device
is switched to P2 due to the pre-breakdown occurring at the
island junction. This avalanche breakdown point switched to
P2, may result in reshaping the avalanche-current pathway.
The corresponding distributions of the avalanche current are
shown in Fig. 4, where the avalanche current injects into the
P+ source through the P-well in the C-SOI LDMOS device.
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FIGURE 2. (a) Output characteristics under the blocking state

and (b) Output characteristics and transfer characteristics in the PW-SOI
LDMOS device and the C-SOI LDMOS device. Insert in (a) is the influence
of N-drain region doping on BV in C-SOI LDMOS.
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FIGURE 3. Impact ionization rate distribution in (a) the PW-SOI LDMOS
and (b) the C-SOI LDMOS device during the UIS avalanche breakdown.

In contrast, the avalanche current goes into substrate contact
directly in the PW-SOI LDMOS device when the avalanche
breakdown point switched to P2. Under the UIS test condi-
tion as given in Fig. 1(b), at the avalanche breakdown point,
the impact-generated electrons are swept into drain and holes
into ground electrode (source or substrate). Thus, a different
location of avalanche breakdown may result in a different
pathway of avalanche current.

Fig. 5(a) shows Isy, Isp and Ig,;, in the PW-SOI LDMOS
device and C-SOI LDMOS device. It is clearly both devices
keep conductive by the Isy during the period of zoy. These
Isy increase linearly with the time until devices are turned
off. When devices are turned off, the avalanche current flows
mainly as Isp in the C-SOI LDMOS device as predicted. In
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FIGURE 4. Avalanche current distribution of (a) PW-SOI LDMOS

and (b) C-SOI LDMOS device during the UIS avalanche breakdown.
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FIGURE 5. (a) Isn. Isp and Ig,p, in the PW-SOI LDMOS device and the
C-SOI LDMOS device, (b) the potential distribution in the substrate
direction at x = 0.01.m in the PW-SOI LDMOS device during the UIS
avalanche breakdown based on Medici simulation results.

contrast, in the PW-SOI LDMOS device, a high barrier along
the substrate direction is achieved in the N-drift between
the P-well and the P-island. Thus, most avalanche current
is driven to the substrate and Isp has little effects, which
confirms the SD mechanism.

Fig. 5(b) gives the potential in the substrate direction at
x = 0.01 pm in the PW-SOI LDMOS device during the
avalanche breakdown. A potential barrier of about 0.6 V
in the P-well region is induced in the drift region, driving
the avalanche-induced holes to the substrate instead of the
source.

Fig. 6 shows the potential distribution along y = 0.6 pum in
the x direction in the P-well region of the PW-SOI LDMOS
device and C-SOI LDMOS device based on the Medici simu-
lation results. The potential contours in the P-well region are
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FIGURE 6. Potential distribution along the lateral direction at y = 0.6 pm
(line /) in the P-well region in the PW-SOI LDMOS device and the C-SOI
LDMOS device during the UIS avalanche breakdown based on Medici
simulation results. Inserts are the corresponding potential contours and
current flowlines in the P-well region in these both devices.

given in the inserts of Fig. 6. In the C-SOI LDMOS device,
the voltage drop between A’-B’ is about 0.4 V. However, in
the proposed device, the voltage drop between A-B is about
0 V. The existence of I'-shape P-island window impels the
avalanche current and flowing into the substrate contact to
avoid a voltage drop at Rp. Thus, the parasitic BJT is more
difficult to trigger. The inserted illustration also demonstrates
that no avalanche current flows through the P-well region in
the proposed device without the voltage drop in the P-well
underneath the N* region. In contrast, a large avalanche cur-
rent in the C-SOI LDMOS device flows through the P-well
with a voltage drop of ~ 0.4 V.
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FIGURE 7. Igy at different tgy in the PW-SOI LDMOS device and the C-SOI
LDMOS device during the UIS avalanche breakdown based on the Medici
simulation results. Iy 4y is the maximal avalanche current flowing into
the N* source when the device is turned off. The condition Isy 4y > 0
means an activation of parasitic BJT.

If the charge time tpy is big enough to develop a voltage
drop Vj, over 0.7 V, the parasitic BJT is triggered on with
a current flowing into the NT source contact (Isy) during
the time tqy. Fig. 7 shows the Iy at different fpn’s of the
PW-SOI LDMOS device and the C-SOI LDMOS device and
the corresponding Isy 4y (the maximal /gy during the second
stage under the UIS test) based on the Medici simulation
results. Iy ay in the proposed structure begins to increase at
about 7oy > 305 s, while Igy a4y in C-SOI LDMOS device
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begins to express a rising trend only about foy > 65 ws.
That is, the activation of parasitic BJT in PW-SOI LDMOS
needs more charging time. In particular, the maximum of
the sustainable avalanche current ([gy mqx) in the C-SOI
LDMOS device is extracted to be 32 A at toy = 64 us.
In contrast, the Iy mgae in PW-SOI LDMOS device is
extracted to an even high avalanche current of ~136 A at
toN 305 ws. This implies that the sustained avalanche
current of the PW-SOI LDMOS device is about 4.25 times
higher than the conventional one, which is due to the fact
that the proposed device offers a wider vertical pathway to
drive the avalanche current away from the turn-on of the
parasitic BJT.
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FIGURE 8. Influence of the doping concentration of the P-island
(Np_istand) and the varying length of the P-island (Lp_;siqng) in Jav_max
and BV of the PW-SOI LDMOS device.

Fig. 8 illustrates lay max and BV varying the P-island
doping concentration (Np-isianqg) at various lengths of the
P-island (Lp-isiana). At a given Lp-isiand, Iov.max increases
with the increment of Np-jgunqg. An increase in Np-jgang
offers a much higher peak in the electric field at the island-
junction. When this electric field peak is larger than the
critical electric field, the pre-avalanche breakdown is gener-
ated at the island junction. This pre-avalanche at the island
junction leads to more avalanche currents to flow into the
substrate directly, thus the avalanche current to trigger the
parasitic BJT is enhanced. A longer Lp-js4nq can also lead
to an increment in gy mqr for the same reason that a pre-
avalanche breakdown is easier to occur at the island junction.
Therefore, a high Np_jsigng or long Lp-isanq 1S a considerate
way to achieve an improved-UIS capacity. However, a high
Np-isiana or long Lp_jsunq brings in a pre-breakdown at the
island-junction and thus results in a decrease in BV. Namely,
under a high Np-isiang or long Lp-jsiana, island-junction work
as the main junction to determine the BV. Moreover, the
higher Np_isiana or longer Lp-isiqng 1S, the higher impact ion-
ization at island-junction occurs and the lower BV is obtained
in novel device. The maximum BV can be guaranteed with
low Np-isiana or short Lp_isiang. The reason is P/N junction
at P1 behaves as the main junction to determine the BV and
such a P-island behaves very little influence on blocking
avalanche breakdown.
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ionization rate in PW-SOI LDMOS devices based on the Medici.

Fig. 9 shows the influence of the Np._juuqg at various
lengths of the Lp-jsiang in Isup/Ip of the PW-SOI LDMOS
device. A high Np-iaq may result in a pre-avalanche
breakdown occurring at the island junction, rendering the
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FIGURE 11. (a) The maximal lattice temperature during the UIS test

and (b) the lattice temperature along the horizontal direction at y=1 um at
the time of the maximal lattice temperature achieved in both the PW-SOI
LDMOS and the C-SOI LDMOS devices.

avalanche current flowing to the substrate. In Fig. 9(a), at
a given length Lp_js4nq of 3.5 wm, Is,,/Ip is increased with
the increment in the Np-jsjqnq. In particular, at a high Np-isiana
of 1.0 x 107 ¢cm™3, about 90% of the avalanche current
injects into the substrate. In contrast, at a low Np_jgang of
0.2 x 1017 cm™3, the avalanche current injects into the sub-
strate is lower than the 20 percent of the total current. In
Fig. 9(b), at the Np-jguna = 8 x 10'% cm™3, a long Lp-isiana
can also lead an increment in Ig,;/Ip for the same reason
that a pre-avalanche breakdown is easier to occur at the
island junction. If all the avalanche current works as Ig,,
the parasitic BJT in the device would never be triggered.

Fig. 10 shows the influence of Np-isiang and Lp-isigng on
the impact ionization rate of the PW-SOI LDMOS device. In
Fig. 10(a), at a given Lp-jzanq of 3.5 pm, the impact ioniza-
tion rate at the island-junction is increased with an increase
in Np-isiand, but the impact ionization rate at the gate edge
is decreased. In Fig. 10(b), at Np_isjang = 8 X 1016 cm™3, the
impact ionization rate at the island-junction can be increased
with an increase in Lp-jzanqd, but the impact ionization rate
at the gate edge decreases. These Medici simulation results
confirm the trends described in Figs. 8 and 9.

Results presented above are based on the isothermal con-
dition. In fact, a large amount of energy dumped into the
device during the UIS condition may cause considerable
self-heating of the devices [7], [8]. The self-heating and
the ambient temperature rise may cause the depression of
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FIGURE 12. Simulated /gy in both the PW-SOI LDMOS device and the
C-SOI LDMOS device during the avalanche breakdown under

a non-isothermal condition with £y = 50 ps and (b) tgy = 150 us,
respectively. Insert Figs are zoom-in diagram of /gy vs. time when devices
are turned off.

the carrier mobilities and an easier turn-on of the para-
sitic bipolar device. Therefore, it is important to improve
the UIS capacity even under the non-isothermal conditions.
Considering the non-isothermal conditions, the thermal elec-
trode along the top and bottom are created, respectively. The
corresponding thermal resistances of 2.59 x 10 W/K.-pm
with packaging material of Kapton and 5 x 10° W/K-pum with
heatsink material of AlSiC material are specialized referring
to [16], [17]. Moreover, some temperature-dependent mod-
els such as the temperature-dependent mobility and impact
ionization, have also been considered in the simulation.
Fig. 11(a) shows the maximal lattice temperature at
ton = 50 ps in both the PW-SOI LDMOS device and
the C-SOI LDMOS device based on the Medici simulation
results. During the first stage of the UIS test, the lattice tem-
perature keeps at about 300 K due to a low resistance at ON
state. When the device is turned off, the lattice temperature
rises sharply at first and then decreases slowly. In particular,
the maximal lattice temperature in the C-SOI LDMOS is
about 442 K at t+ = 59 s, in contrast, the maximal lat-
tice temperature in the proposed device is just 401 K at
t = 57 ws. Hence, the self-heating effect in the proposed
device is eased remarkably. Fig. 11(b) shows the lattice tem-
perature along the horizontal direction at y = 1 pm at the
time of maximal lattice temperature achieved. It is noted that
the lattice temperature at the P-well region is only smaller
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FIGURE 13. The key process steps for the new device: (a) P-type Si wafer;

(b) P-type Si wafer with grown thin thermal oxide; (c) implanting 02+ and

annealing to form the Partial SOI; (d) implanting boron ion and annealing

to form the P-island window; (e) implanting ion and annealing to form the
N- drift; (f) forming the source, P-well and drain region.

than 365 K in the proposed device and ~438 K in the C-
SOI LDMOS device. Because of the P-island window at
the source side offering a heat-dissipating pathway, a lower
lattice temperature is achieved to reduce the effect on the
depression of the carrier mobilities especially at the source
side for enhancing the UIS capability of the novel device.
Fig. 12(a) shows the Igy in the PW-SOI LDMOS device
and the C-SOI LDMOS device under the non-isothermal
condition. When fpy is 50 ws, Isy in the C-SOI LDMOS
device is raised from 0 A up to ~0.4 A as the current
peak when device is turned off. This phenomenon indicates
that the UIS sustainable avalanche current (lay mqx) in the
C-SOI LDMOS device is degraded to about 24 A due to
a rise in temperature. In contrast, in the PW-SOI LDMOS
device, the parasitic BJT is more difficult to turn on even
at Iav.max = 72 A, about 3 times bigger than that in C-
SOI LDMOS device. This is due to, on one hand, the fact
a relatively low lattice temperature is achieved by the heat-
dissipating pathway to relax the depression of the carrier
mobilities. On the other hand, the avalanche current verti-
cally injected into the substrate may directly avoid a high
voltage drop on the base resistance R, even at a high lattice
temperature. Hence, a well UIS capacity can be achieved in
the proposed device even under the non-isothermal condition.
Fig. 13 shows the key process steps for realizing the PW-
SOI LDMOS based on the reference [18]. Firstly, the P-type
substrate wafer is prepared as shown in Fig. 13(a). Then,
a thin thermal oxide is grown on the wafer for preventing
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FIGURE 14. Avalanche current distribution of RESURF LDMOS (a) with and
(b) without SD mechanism during the UIS avalanche breakdown.

oxygen implantation and structured by using photolithogra-
phy (PR) and reactive ion etching as shown Fig. 13(b). The
next step is to implant the O>* with proper dose and opti-
mized implant energies to form the partial buried oxide layer
as shown in Fig. 13(c). Fig. 13(d) shows that p-type impu-
rities with proper dose and optimized implant energies are
implanted to form the P-island window after annealing. As
shown in Fig. 13(e), N-type impurities are implanted to form
the N-drift region. The last processes of forming the P-well,
source and drain region are equivalent of the conventional
CMOS process as shown in Fig. 13(f).

Finally, it is noted that the substrate-dissipating (SD)
mechanism can also be applied to the power LDMOS with
RESUREF and plate technology. For example, implementation
of the SD mechanism to a double-RESURF SOI LDMOS
with gate plate is given in Fig. 14 under UIS condition.
Obviously, most of avalanche current is swept away into
the substrate contact due to SD effect. However, the BV in
Fig. 14(a) with SD effect is just decreased by 2 V compared
with the conventional one as shown in Fig. 14(b).

IV. CONCLUSION

A ruggedness-improved SOI LDMOS device using the
P-island window structure with its performance under
unclamped inductive switching is described, as verified by
the MEDICI simulation results. In the new device, the
avalanche current is shortened to the grounded substrate
contact through the P-island and the P-substrate, success-
fully avoiding the avalanche current to pass through the Nt
source/P-well junction and thus avoiding the activation of the
parasitic bipolar transistor. With the P-island window, self-
heating is relaxed and thus the proposed device can sustain
a larger avalanche current, as compared with a conventional
SOI LDMOS device.
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