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A novel terminal-optimized triple RESURF LDMOS (TOTR-LDMOS) is proposed and verified in a 0.25-pum bipolar-
CMOS-DMOS (BCD) process. By introducing a low concentration region to the terminal region, the surface electric field
of the TOTR-LDMOS decreases, helping to improve the breakdown voltage (BV') and electrostatic discharge (ESD) robust-
ness. Both traditional LDMOS and TOTR-LDMOS are fabricated and investigated by transmission line pulse (TLP) tests,
direct current (DC) tests, and TCAD simulations. The results show that comparing with the traditional LDMOS, the BV
of the TOTR-LDMOS increases from 755 V to 817 V without affecting the specific on-resistance (Ron,sp) of 6.99 Q-mm?.
Meanwhile, the ESD robustness of the TOTR-LDMOS increases by 147%. The TOTR-LDMOS exhibits an excellent

performance among the present 700-V LDMOS devices.

Keywords: lateral double-diffused MOSFET (LDMOS), terminal-optimization, breakdown voltage, electro-

static discharge
PACS: 73.40.Qv, 85.30.De, 85.30.Tv

1. Introduction

The lateral double-diffused metal-oxide semiconductor
(LDMOS) has wide applications in power integrated circuits
due to its high breakdown voltage (BV) and high current
capability.['3] The LDMOS with interdigitated structure is
usually adopted for high current capability, benefiting from
the increased device width. However, the BV of the interdigi-
tated LDMOS is reduced due to the curvature effect and high
electric field in the terminal region. To suppress the curvature
effect, Komatsu et al. proposed a novel LDMOS by increasing
the curvature radius in the terminal region,'*! but its manufac-
turing cost increases with device size increasing. To reduce
the electric field in the terminal region, Lee et al. optimized
the LDMOS by inserting P-type rings around the source fin-
gertip region, ! but the BV could not be improved remarkably
by this method. On the other hand, the electrostatic discharge
(ESD) performance of LDMOS is also very important for its
practical applications.!®8 With an ultrahigh operating volt-
age, the ESD robustness of LDMOS in high voltage (HV) cir-
cuit is quite weak, which is usually improved by enlarging the
device width at the expense of increasing the manufacturing
cost. Therefore, LDMOS needs to be further optimized by us-
ing more economical methods.

In this paper, a terminal-optimized triple RESURF LD-
MOS (TOTR-LDMOS) is proposed to improve the BV and
ESD robustness without consuming additional chip area. Both
traditional LDMOS and TOTR-LDMOS are fabricated, and

DOI: 10.1088/1674-1056/abdda7

their physical mechanisms are investigated by direct current
(DC) tests, transmission line pulse (TLP) tests, and technol-
ogy computer-aided design (TCAD) simulations. The results
demonstrate that the TOTR-LDMOS with a higher BV and a
stronger ESD robustness is a promising power device.

2. Device structure and mechanism

The schematic top view and internal structure of the tra-
ditional triple RESURF LDMOS is shown in Fig. 1(a). It con-
sists of active regions as the main working area and terminal
regions as the bridge to connect two active areas.'” The BV
of traditional LDMOS is mainly restricted by the curvature
effect and high electric field in terminal regions. In order to
increase the BV, the device structure is optimized by cutting
the N-drift region in the terminal region and filling the area
with a P-region, and the doping concentration of the P-layer
falls in between the concentrations of P-substrate and Deep P-
well. The structure of the proposed TOTR-LDMOS is shown
in Fig. 1(b).

The cross-section structure of the active region in the
TOTR-LDMOS along the AA’C'C plane (marked in Fig. 1)
is the same as that in the traditional LDMOS as shown in
Fig. 2(a). When the device is in the on-state, the heavily doped
N-top layer provides a low-resistance path for electrons, lead-
ing to a low Ronsp. When the device is biased in the off-state,
the P-buried layer is completely exhausted by the upper N-top
layer and the bottom N-drift region.
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Fig. 1. Schematic top view and internal structure of (a) traditional LDMOS and (b) TOTR-LDMOS.
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Fig. 2. Cross-section structures when cutting along (a) AA’C’C surface and
(b) AA'B’'B surface of traditional LDMOS, and along (c) AA’B’B surface of
TOTR-LDMOS.

The cross-section structures along the AA’B’B plane of the
terminal region in the traditional LDMOS and TOTR-LDMOS
are shown in Figs. 2(b) and 2(c), respectively. Comparing with
the traditional LDMOS, a wide depletion region is formed in
the TOTR-LDMOS by deep N-well and P— when the device is
in the off-state. As a result, the electric field between the P-
and deep N-well is weaker, resulting in a higher BV. On the
other hand, the introduced P-region increases the curvature ra-
dius of PN junction in the terminal region, suppressing the cur-
vature effect in the terminal region. As a result, the premature

breakdown caused by current over-crowding in the terminal re-
gion is avoided. Besides, the weaker electric field reduces the
impact ionization rate, avoiding thermal breakdown caused by
the intense movement of charge carriers and further contribut-
ing to a higher second failure current (/) of the device.

3. Results and discussion
3.1. Breakdown voltage

In order to verify the superiority of the TOTR-LDMOS,
the experimental device as well as the traditional LDMOS is
fabricated in a 0.25-pum bipolar-CMOS-DMOS (BCD) process
and measured by Keysight BIS05A. The process flow chart of
the TOTR-LDMOS is summarized in Fig. 3. Comparing with
the traditional LDMOS, an extra layer P-well square is ob-
tained by driving-in array of small deep P-well squares, with-
out needing extra mask. The relevant doping parameters are
listed in Table 1.
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A
A 4
de?gg;ﬁg“ S/D implantation
A
\ 4
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A
\ 4
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v
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Fig. 3. Process flow chart of TOTR-LDMOS.

The obtained /-V curves are shown in Fig. 4. The two
devices have similar leakage currents when they are in the oft-
state. When avalanche breakdown occurs in the reversed PN
junction, the current increases rapidly, and the corresponding
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voltage is the BV. Comparing with the traditional LDMOS,
the BV of TOTR-LDMOS increases from 755 V to 817 V, re-
sulting mainly from the transfer of the breakdown point.

Table 1. Parameters of key layers in BCD process.

Region Doping type Concentration (102 cm~2) Energy (keV)
Deep N-well  phosphorus 6.50 80
Deep P-well boron 6.00 40

P-buried layer boron 4.00 1200
N-top layer  phosphorus 1.40 600

Three-dimensional (3D) TCAD simulations are con-
ducted by Sentaurus to explore the internal physical mecha-
nisms of the devices. Both the traditional LDMOS and TOTR-
LDMOS have active and terminal regions with the same sizes,
consistent with their actual layouts. By applying a DC volt-
age to the drain, the electrostatic potential distributions be-

Electrostatic potential (V)
F 7.615X102
6.345x102 b;y
5.075X102 ) *
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(a)

fore breakdown are obtained as shown in Fig. 5. The solid
lines represent the equipotential lines. The denser equipoten-
tial lines correspond to the stronger electric field, where the

breakdown occurs more easily.
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Fig. 4. The -V characteristic of traditional LDMOS and TOTR-LDMOS.
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Fig. 5. Simulated 3D electrostatic potential distribution in (a) traditional LDMOS and (b) TOTR-LDMOS.
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Fig. 6. Surface electric field variation along (a) AB line and (b) AC line in traditional LDMOS and TOTR LDMOS.

As can be clearly seen from Fig. 5(a), the terminal region
in the traditional LDMOS has a denser potential distribution
in the red rectangle, suggesting that the breakdown will oc-
cur first in this area under the reverse DC voltage. Compared
with the traditional LDMOS, the TOTR-LDMOS possesses a
very uniform distribution of electrostatic potential close to the
source in terminal region, which is also sparser than that in the

active region, suggesting that the breakdown will occur first in
the active region. Therefore, the TOTR-LDMOS will exhibit
a higher BV.

Figure 6 shows the critical breakdown electric field dis-
tribution of the traditional LDMOS and the TOTR-LDMOS
along the AB line (terminal region) and AC line (active re-
gion), respectively (marked in Fig. 1), which are obtained from
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3D simulations. Obviously, the traditional LDMOS has an
high electric field of 2.5 x 10° V/cm at a length of 75 um in
the terminal region around the source, which is much higher
than that in the active region, suggesting that the traditional
LDMOS breakdowns first in the terminal region. As a result,
the withstanding voltage of active region in the traditional LD-
MOS cannot be displayed. As far as the optimized device is
concerned, the position of peak electric field shifts from the
terminal region to the active region, indicating that the TOTR-
LDMOS breakdowns first in the active region. Therefore,
the TOTR-LDMOS possesses a higher BV than the traditional
LDMOS.

In order to evaluate the comprehensive performance of
the TOTR-LDMOS, the following theoretical relationship be-
tween the BV and Ronsp of the triple RESURF LDMOS is

considered: 1]

Ronsp = 5.93x 107232 BV, (1)

The curve shown in Fig. 7 illustrates the BV—Roy 5p re-
lation in a voltage range from 500 V to 900 V according to
Eq. (1). The performance of proposed TOTR-LDMOS and
some typical optimized LDMOS! =14 are shown in Fig. 7 and
summarized in Table 2. Obviously, the difference between the
TOTR-LDMOS and theoretical limit is the largest, indicating
that the TOTR-LDMOS possesses the best performance in the
five optimized devices.

Table 2. Comparison of performance between TOTR LDMOS and
other reported HV LDMOS.

Devices BV (V) Ron sp (Q:mm?)
DTI-DMOS!!! 758 9.62
LECC-DMOS!?! 705 8.05
NPN-LDMOS 3! 535 3.24
JITR-LDMOS !4 792 9.52
TOTR-LDMOS (this work) 817 6.99
16 | triple RESURF LDMOS limit!!0]
® DTI-LDMOSI!
14 ¢ LFCC-LDMOS[H2
A NPN-LDMOS!3]
= 121 % JITR-LDMOS[!M
g ¥ TOTR-LDMOS
g€ 10} *
s
5 8r
N 6t
4 -
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1 1 1 1 1 1 1 1

2 1
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Fig. 7. Comparison of BV —Ron sp performance among five high voltage LD-
MOS devices.

3.2. ESD robustness

In order to verify the current discharge capacity of the
TOTR-LDMOS under an ESD pulse, the TLP tests are carried
out. The pulse with a rise time of 10 ns and a pulse width of
100 ns is applied to the drain of the device with the gate and
source grounded. The results are shown in Fig. 8. When the
leakage current increases suddenly by more than three orders
of magnitude, the corresponding current is defined as the I,
which usually reflects the ESD robustness. Comparing with
the traditional LDMOS, the I;; of TOTR-LDMOS increases
from 0.263 A to 0.652 A. Such a large increase by about 147%
is mainly caused by the weakened current skin effect.

Leakage current (A)
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20 il il il il T T T T il il
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Fig. 8. TLP I-V curve of traditional LDMOS and TOTR-LDMOS.
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Fig. 9. Simulated impact ionization rate in (a) traditional LDMOS and (b)
TOTR-LDMOS.

To confirm the weakened current skin effect, the simu-
lated impact ionization rate distributions of both devices be-
fore thermal breakdown are shown in Fig. 9. Obviously, the
traditional LDMOS collects a large amount of impact ioniza-
tion in the terminal region, caused by the current skin effect,
aggravating the lattice vibration, and thus resulting in the fur-
ther increase of temperature. As a result, the thermal break-
down is easy to occur in the terminal region, leading to the
failure of devices and circuits. Compared with the traditional
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LDMOS, the TOTR-LDMOS has much impact ionization in
the active region instead of in the terminal region. Due to the
increased BV of terminal region, the breakdown of reversed
PN junction in the active region occurs first and the device be-
gins to discharge, thereby producing the current through the
active region. The current skin effect in the terminal region
is thus greatly weakened, contributing to a higher I;, for the
TOTR-LDMOS.

4. Conclusions

A terminal optimized LDMOS is proposed by introduc-
ing a P-region between the deep N-well and deep P-well and
fabricated in a 0.25-pum BCD process. The physical mecha-
nism of optimization is analyzed based on testing results and
3D simulations. Compared with the traditional LDMOS, the
TOTR-LDMOS has a large depletion around the optimized
region, leading to a higher BV without significant change of
Ronsp- Meanwhile, the current skin effect in the terminal re-
gion of TOTR-LDMOS is weakened, contributing to a higher
ESD robustness. As a result, The TOTR-LDMOS with a high
BV of 817V, alow Ry 5p of 6.99 Q-mm? and an I of 0.652 A
can be a promising competitor in power devices.

References

[1] LiuSY,LiS,LiZC,Sun WF, SuW,MaSL,LinF, Liu Y W and Sun
G P 2017 IEEE Trans. Dev. Mater. Reliab. 17 780

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

067303-5

Yao J F, Guo Y F, Zhang Z Y, Yang K M, Zhang M L and Xia T 2020
Chin. Phys. B 29 038503

LiPC,Luo X R,Luo Y C, Zhou K, Shi X L, Zhang Y Hand Lv M S
2015 Chin. Phys. B 24 047304

Komatsu K, Takahashi K, Sakurai T, Ikimura T, Sakai M, Kimura K
and Matsuoka F 2016 IEEE 28th International Symposium on Power
Semiconductor Devices & IC’s (ISPSD), June 12-16, 2016, Prague,
Czech, p. 179

Lee S H, Jeon C K, Moon J W and Choi Y C 2008 IEEE 20th Interna-
tional Symposium on Power Semiconductor Devices & IC’s (ISPSD),
May 18-22, 2008, Orlando, USA, p. 141

Chen S L, Wu P L and Lin P L 2019 IEEE Electron Dev. Lett. 40 597
Malobabic S, Salcedo J A, Hajjar J J and Liou J J 2012 IEEE Electron
Dev. Lett. 33 1595

Ma F, Zhang B, Han Y, Zheng J F, Song B, Dong S R and Liang H L
2013 IEEE Electron Dev. Lett. 34 1178

Qiao M, Yu L L, Dai G, Ye K, Wang Y R, Li Z J and Zhang B 2015
IEEE Trans. Electron Dev. 62 4121

Igbal M M H, Udrea F and Napoli E 2009 IEEE 21st International Sym-
posium on Power Semiconductor Devices & IC’s (ISPSD), June 14-18,
2009, Barcelona, Spain, p. 247

Cheng S K, Fang D, Qiao M, Zhang S, Zhang G S, Gu Y, He Y T, Zhou
X, Qi Z, Li Z J and Zhang B 2017 IEEE 29th International Sympo-
sium on Power Semiconductor Devices & IC’s (ISPSD), May 28-June
1, 2017, Sapporo, Japan, p. 323

Kim S, Kim J and Prosack H 2012 IEEE 24th International Symposium
on Power Semiconductor Devices & IC’s (ISPSD), June 3-7, 2012,
Bruges, Belgium, p. 185

Qiao M, Yuan Z Y, Li Y, Zhou X, Jin F, Yang J Y, Cai Y, Li Z J and
Zhang B 2020 [EEE 32nd International Symposium on Power Semi-
conductor Devices & IC’s (ISPSD), September 13-18, 2020, Vienna,
Austria, p. 415

Qiao M, Li Y F, Zhou X, Li Z J and Zhang B 2014 IEEE Electron Dev.
Lett. 35 774


http://dx.doi.org/10.1109/TDMR.2017.2765687
http://dx.doi.org/10.1088/1674-1056/ab6960
http://dx.doi.org/10.1088/1674-1056/ab6960
http://dx.doi.org/10.1088/1674-1056/24/4/047304
https://doi.org/10.1109/ISPSD.2016.7520807
https://doi.org/10.1109/ISPSD.2016.7520807
https://doi.org/10.1109/ISPSD.2016.7520807
https://doi.org/10.1109/ISPSD.2016.7520807
https://doi.org/10.1109/ISPSD.2016.7520807
https://doi.org/10.1109/ISPSD.2016.7520807
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.2012.2213574
http://dx.doi.org/10.1109/LED.2012.2213574
http://dx.doi.org/10.1109/LED.2013.2272591
http://dx.doi.org/10.1109/TED.2015.2491324
http://dx.doi.org/10.1109/TED.2015.2491324
https://doi.org/10.1109/ISPSD.2009.5158048
https://doi.org/10.1109/ISPSD.2009.5158048
https://doi.org/10.1109/ISPSD.2009.5158048
https://doi.org/10.23919/ISPSD.2017.7988954
https://doi.org/10.23919/ISPSD.2017.7988954
https://doi.org/10.23919/ISPSD.2017.7988954
https://doi.org/10.1109/ISPSD.2012.6229054
https://doi.org/10.1109/ISPSD.2012.6229054
https://doi.org/10.1109/ISPSD.2012.6229054
https://doi.org/10.1109/ISPSD46842.2020.9170104
https://doi.org/10.1109/ISPSD46842.2020.9170104
https://doi.org/10.1109/ISPSD46842.2020.9170104
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55

	1. Introduction
	2. Device structure and mechanism
	3. Results and discussion
	3.1. Breakdown voltage
	3.2. ESD robustness

	4. Conclusions
	References

