electronics m\py

Article
Layout Strengthening the ESD Performance for
High-Voltage N-Channel Lateral Diffused MOSFETs

Sheng-Kai Fan, Shen-Li Chen *¥, Po-Lin Lin‘® and Hung-Wei Chen

Department of Electronic Engineering, National United University, Miaoli City 36003, Taiwan;
ke21vin21@gmail.com (S.-K.E.); linda1518b@yahoo.com.tw (P.-L.L.); hwchen@nuu.edu.tw (H.-W.C.)
* Correspondence: jackchen@nuu.edu.tw; Tel.: +886-37-382525

check for

Received: 12 April 2020; Accepted: 26 April 2020; Published: 27 April 2020 updates

Abstract: An electrostatic discharge (ESD) event can negatively affect the reliability of integrated
circuits. Therefore, improving on ESD immunity in high-voltage (HV) n-channel (n) lateral diffused
metal-oxide-semiconductor field-effect transistor (HV nLDMOS) components through drain-side
layout engineering was studied. This involved adjusting the operating voltage, improving the
non-uniform turned-on phenomenon, and examining the effects of embedded-device structures on
ESD. All proposed architectures for improving ESD immunity in this work were measured and
evaluated using a transmission-line pulse system. The corresponding trigger voltage (Vy;), holding
voltage (Vy) and secondary breakdown current (Iip) results of the tested devices were obtained.
This paper first addresses the drift-region length modulation to design different operating voltages,
which decreased as the drift region length and shallow trench isolation (STI) length shrunk. When an
HV nLDMOS device decreased to the shortest drift region length, the Vi and Vy, values were closest
to 21.85, and 9.27 V, respectively. The I, value of a low-voltage operated device could be increased to
a maximum value of 3.25 A. For the channel width modulation, increasing the layout finger number
of an HV LDMOS device did not really help the ESD immunity that because it may suffer the problem
of non-uniform turned-on phenomenon. Therefore, adjusting the optimized channel width was
the best one method of improvement. Furthermore, to improve the low ESD reliability problem of
nLDMOS devices, two structures were used to improve the ESD capability. The first was a drain
side—embedded silicon-controlled rectifier (SCR). Here, the SCR PNP-arranged type in the drain
side had the best ESD capability because the SCR path was short and had been prior to triggering;
however, it also has a latch-up risk and low V}, characteristic. By removing the entire heavily doped
drain-side N region, the equivalent series resistance in the drain region was increased, so that the I,
performance could be increased from 2.29 A to 3.98 A in the structure of a fully embedded drain-side
Schottky diode. This component still has sufficiently high V}y, behaviour. Therefore, embedding a
full Schottky-diode into an HV nLDMOS in the drain side was the best method and was efficient
for improving the ESD/Latch-up abilities of the device. The figure of merit (FOM) of ESD, Latch-up,
and cell area considerations improved to approximately 80.86%.

Keywords: electrostatic discharge (ESD); latchup (LU); n-channel lateral diffused MOSFET (nLDMOS);
non-uniform conduction; secondary breakdown current (Iip); transmission-line pulse system
(TLP system)

1. Introduction

As semiconductor technology progresses, the functions and efficiency of integrated circuits
(ICs) have greatly improved, and microelectronic circuits and power technologies are receiving more
attention. In recent years, many electronic manufactures have been designing intelligent products,
smart power systems, intelligent vehicles, and Internet of things (IoTs) applications [1-9]. Among these,
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electrostatic discharge (ESD) damage remains a serious problem in high-voltage (HV) units. However,
IC applications for HV power conversion must remain highly reliable.

Lateral diffused metal-oxide-semiconductor field-effect transistor (LDMOS) devices have been
efficiently applied to ICs for power electronics, power managements and display driver, given their
advantages of low ON-resistance and ability to withstand high operating voltages [10-16]. Therefore,
design methods for each operating voltage devices to develop various HV and low-voltage devices
by using single-process chips are crucial for many applications. The ESD immunity of devices,
under different operating voltages, is worthy of investigation. Furthermore, LDMOS devices may act
as HV devices and ESD protection device simultaneously. To reduce the effects of ESD, improving
the self-protection performance of HV devices is significant [17-28]. Therefore, to achieve good ESD
capability in devices, parameters including trigger voltage (V;), holding voltage (Vy,), and secondary
breakdown current (Iyp) are critical. Theoretically, the I, value of devices is a standard evaluation for
defining the ESD capability and should have a sufficient I, value for a device to withstand high ESD
currents. Therefore, the human-body model (HBM) ESD capability of a component is actually closely
related to the Iy measurement value of the component. However, the holding voltage value must be
high enough to avoid the latch-up (LU) problem.

In this study, the operating voltage of a device was adjusted by varying the drift-region length
(shallow trench isolation [STI] or drift region modulation) to conveniently form various n- channel (n)
LDMOS (nLDMOS) devices operating under different operating voltages. Unfortunately, the ability
of discharging ESD current remains affected by the non-uniform turned-on phenomenon for the
multi-finger layout type, which easily weakens the immunity level per unit device width from ESD
particularly for HV LDMOS devices [29-31]. Therefore, after confirming the length effect of the
drift region, the total channel width and finger number of an MOSFET should be adjusted to clearly
understand the non-uniform turned-on problem in the benchmark (reference) nLDMOS device. Then,
strengthening the ESD capabilities of an HV LDMOS through drain-side device engineering is necessary.
Some improvement techniques embed a silicon-controlled rectifier (SCR) to improve the discharge
capability. However, this may cause an LU effect because of its very low holding voltage [32-36].
Therefore, this study evaluated the effect of different parasitic SCR paths on the ESD immunity of
LDMOS related devices. The last part of the study involved removing the heavily doped N* region
to embed a parasitic Schottky diode into the drain side of an HV nDLMOS. The series resistance
characteristics of embedded Schottky diodes in the drain side indicated that this method can effectively
increase the I, value (ESD reliability) of HV nLDMOS devices.

2. Cell Design of the HV nLDMOSs

2.1. HV nLDMOS Reference Device

Generally, nLDMOS devices are operated in an HV environment for many applications. Therefore,
this paper focuses on the physical-parameter optimization and ESD capability enhancement studies
for HV nLDMOS devices. All samples of HV nLDMOS related devices were fabricated using
a Taiwan Semiconductor Manufacturing Company (TSMC) 0.25 um HV Bipolar-Complementary
metal-oxide-semiconductor-Double-diffused MOSFET (BCD) standard process with a gate-grounded
nMOSFET (GGnMOS) configuration. Figure 1a displays a cross-sectional view of the HV nLDMOS
Reference device, which has a long drift-region length D and STI isolation length Ds. The breakdown
voltage (Vpk) of the nLDMOS device exhibited a higher HV performance as the large drift region
resistance (Rqyift) can suppress the high electric field concentrated at the gate edge and extend the length
of depletion region. Moreover, the length of La in H6OPW layer, which is below the gate electrode,
could be adjusted to increase the channel length L and affect channel resistance. Figure 1b presents
a three-dimensional (3D) structure view of the HV nLDMOS Reference device. When an MOSFET
transistor under the configuration of a gate-grounded electrode forms a GGnMOS structure, it can
discharge the ESD surge current through the parasitic bipolar-junction transistor (BJT) underneath.
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This device can release ESD current through the drain side N*, HV N-well, drift region H60NW,
H60PW, SH_P, HVPB, and source side N* as the ESD current enters the device. Based on the device
structure, the equivalent circuit of the nLDMOS Reference device is shown in Figure 1¢; Rpyk is the
parasitic resistances of the source-to-bulk; the parasitic resistance (Rqyift) in the drift region is sufficiently
high, as compared with a conventional CMOS MOSEFET. In this paper, various types of HV nLDMOS
devices are designed with the multi-fingers layout. The total finger number is four (except for in
Section 2.3), each channel length (L) is varied, the channel width is 75 um (except for in Section 2.3),
and STT length in the drain side is 12.83 um. The layout view of the nLDMOS Reference device is
presented in Figure 1d.
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Figure 1. (a) Cross-sectional view, (b) three-dimensional (3D) structure view, (c) parasitic equivalent
circuit, and (d) layout view of the HV nLDMOS Reference device.
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2.2. HV nLDMOS DUTs with Drift Region Modulation (Operating Voltage Modulation)

As detailed in this subsection, the drain-side STI region (i.e., the STI length Ds) of the nLDMOS
Reference device was shrunk. Figure 2a,b illustrate the 3D structure and layout view of an HV nLDMOS
device with drift region modulation at the lowest voltage (shrunk to the shortest STI = 0 um) usage.
Due to thesufficiently long Ds, the nLDMOS Reference device could disperse a high electric field that
focused on the gate edges and extended the depletion region for operation in HV situations. Therefore,
drift region STI distance Ds was adjusted to achieve drift region modulation (which also shrinks the
length D). The Ds distance reduced by a quarter from the original Reference device Ds (12.83 um) in
order, which were 9.63 um (STI 3/4), 6.43 um (STI 2/4), 3.23 um (STI 1/4), and finally to the shortest
0 um (STI 0) with the structure of the shortest length in the drift region, respectively. These devices
were designed to effectively reduce the extended depletion region and drift resistance (Rqyift) shown in
Figure 1c, and these HV nLDMOS devices were estimated to be able to be appropriately adjusted for
many voltage operations. Thus, their corresponding ESD reliability capabilities should be evaluated to
discharge transient current through this process.
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Figure 2. (a) 3D structure view; and (b) layout view of the HV nLDMOS with the shortest (STI
0) condition.
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2.3. HV nLDMOS DUTs with Channel Width Modulation

To improve the withstand voltage and ESD immunity of an HV device, the layout ways need
to be well-planned. For efficient manufacturing an HV semiconductor MOSFET device, it generally
designed with a large channel width and multifinger layout manner. However, the issue of non-uniform
turned-on phenomenon is always a serious problem in HV GGnMOS devices, because a multi-finger
structure cannot fully turn on in each MOSFET, causing the ESD capability to be very weak per unit
channel-width of ESD. Therefore, it seems to be no way to effectively protect a transient ESD current
by this large cell-area HV nLDMOS.

The Ryyk resistance of each finger shown in Figures 1b and 2a of a GGnMOS ESD device by the
multi-finger structure will have a slight difference in manufacturing process. However, each finger of an
nLDMOS device is independent and any one finger with the largest Ry, on-resistance will be the first
one to turn on, where an ESD pulse occurred, this finger would easily reach the secondary breakdown.
If the other fingers have not been triggered to turn on instantly, this nLDMOS device may reach the
melting point to cause device failure. Eventually, the ESD immunity of this protection device becomes
not proportional to the device size. As shown the voltage-current characteristic curve of a protection
device in Figure 3, the difference between the secondary breakdown voltage (Vi2) and Vi values
affects the turned-on probability and non-uniform turned-on issues on each MOSFET [24]. In order to
enhance uniform conduction, it is generally desirable to adjust the snapback curve as shown by the
dashed curve in Figure 3. Therefore, the next sub-section further purposes a drain-side embedded
SCR structure to improve the ESD capability. This new added SCR can have a very strong capability
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of ESD that can be applied in high voltage applications. However, it also has some disadvantages,
which includes a very low V}, value. In this sub-section, the finger number and channel-width effects
of multi-finger nLDMOS devices will be evaluated for the issue of non-uniform turned-on problem.
Then, the La length is adjusted and makes the channel length L= 2.75 um in this nLDMOS Reference
device. Figure 4a is a two-fingers (M = 2) structure with each channel width being 75 pm and the drain
region sharing. Meanwhile, it will be used to compare the ESD capability between the two-finger
and four-finger structures. Furthermore, Figure 4b was extended each channel width of Figure 4a to
150 um, and its ESD capability will be compared with the device of Figure 1d (M = 4 and same total
channel width).
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Figure 3. Voltage-current characteristic curves of an ESD protection device.
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Figure 4. Two-finger layout views of an HV nLDMOS with total channel width (Wtot) being (a) 150 pum,
and (b) 300 pm.

2.4. HV nLDMOS DUTs with Embedded SCR Modulation

A silicon-controlled rectifier (SCR) is often applied in power electronics or as an ESD protection
device as it has a strong capability in discharging transient current. In order to improve the ESD
reliability of an nLDMOS, which has the serious problems, including non-uniform turned-on issue and
low ESD capability in the multi-finger structure. Therefore, one idea based on the nLDMOS Reference
device, a parasitic SCR element (by embedded a P* zone) can be built into the drain side. An HV
nLDMOS with the drain side NPN-arranged type and PNP-arranged type for ESD dissipation. It means
that these embedded SCRs may achieve the result of improving ESD capability on the nLDMOS
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Reference device. Figure 5 shows some layout structures, which are divided the drain region into
three or five equal partitions and regularly embedded P* zones to form four different embedded
SCR arrangements. Figure 5a,c are the SCR embedded structures of NPN- and NPNPN-arranged
types, which indicates that the SCR path is inner and longer to the drain electrode. On the contrary,
Figure 5b,d are the SCR embedded structures of PNP and PNPNP-arranged types, and the SCR paths
are outer and shortest to the both side of the drain electrode. Figure 6 shows the parasitic equivalent
circuits of an nLDMOS with drain-side NPN- and PNP-arranged types. The main difference between
these two circuits is the location of the P* implants of an SCR anode. Meanwhile, the drain end
Ryrain is sufficiently high and cannot be neglected for these NPN- and PNP-arranged types. Similarly,
the equivalent circuit situations of Figure 6 also occur for the drain-side PNPNP-arranged type and
NPNPN-arranged type. Therefore, the major ESD discharging path will be varied and depended
on these embedded SCRs locations. Eventually, they will affect the ability of nNLDMOS-SCR related
devices to withstand ESD surges.
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Figure 5. 3D structure views of an HV nLDMOS-SCR with drain-side; (a) NPN-arranged type,
(b) PNP-arranged type; (¢) NPNPN-arranged type; and (d) PNPNP-arranged type.

2.5. HV nLDMOS DUTs with Embedded Schottky-Diode Modulation

As mentioned previously, an nLDMOS device has the non-uniform turned-on problem as with a
multi-finger layout. However, this component still need to have a perfect capability of self-protection
when it acts as a protection device in integrated circuits, it means that this nLDMOS transistor need to
have a good ESD dissipation capability. Therefore, in this sub-section, another reinforced structure
which explored for purposes of increasing Iy level to improve the self-protection capability. The channel
length of nNLDMOS Reference device here is L = 2 pm. In order to improve the ability to discharge ESD
current per unit area on the nLDMOS Reference device, the implants of heavily doped N* layer in
the drain side were removed, which made this device forming an equivalent series Schottky-diode by
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silicide and HVNW lightly-doped layer in the drain region. Therefore, the nLDMOS Reference device
is changed and embedded a series Schottky diode in the current-conduction path. Figure 7a shows
a 3D structure of full removing the entire drain side heavily-doped N* layer, it can be regarded as
the original current discharging path with an embedded Schottky diode beneath the drain electrode.
Thus, a heavily-doped N* ring around the central Schottky diode to form a structure of nNLDMOS
parallel with an embedded Schottky diode shown in Figure 7b. Different drain-side area ratios of
the Schottky diode by periphery heavily-doped N* region is modulated, which is used to evaluate
the ESD-capability influence upon the embedded different area ratio of Schottky diode at the drain
side. Finally, the area ratio of heavily-doped N* versus Schottky diode region is shown in Table 1.
Meanwhile, the parasitic equivalent circuits of an nLDMOS with drain-side full removing N* heavy
doping and a central-type embedded Schottky diode modulation in the drain side are shown in
Figure 8, respectively.

VDrain Anode VDrain Anode
Rdrain % Rdrain
NN

>
Rarift ‘é Rarift

i

(a) (b)

Figure 6. Parasitic equivalent circuits of an HV nLDMOS-SCR with drain-side; (a) NPN-arranged type;
and (b) PNP-arranged type.

Guard ri Bulk
uarding puik ring  Source

Gate Drain Guard ring Bulk ring B“lSl:)urce

H60N' H60PW H60NW

P Sub. P Sub.

(a) (b)

Figure 7. 3D structure views of HV nLDMOS as with (a) full removing N* heavy doping, and (b) a
central-type embedded Schottky diode modulation in the drain side.
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Table 1. Area ratios of N* and Schottky diode regions in the drain electrode.

nLDMOS N+ (%) Schottky (%)
Schottky_Drain 0 100
Schottky_SUR1 72 28
Schottky_SUR2 84 16
Schottky_SUR3 91 9
Ref. DUT (L= 2 um) 100 0
VDrain VDrain
Rdrain %
>
Rarift Rarift
Rbulk Rpulk

Vss Vss

(a) (b)

Figure 8. Parasitic equivalent circuits of an HV nLDMOS with drain-side (a) full removing N* heavy
doping, and (b) a central-type embedded Schottky diode modulation in the drain side.

3. Experimental Testing Systems

A measurement instrument of transmission-line pulse (TLP) system was used in this paper which
is used to simulate the human-body model (HBM) of a transient waveform from an ESD event into a
device and which is widely exercised to measure the ESD capability of protection devices. Furthermore,
this system can generate a square wave with 100 ns short pulse width and has a short rising/falling
time less than 10 ns, and the voltage-current characteristics including the trigger voltage (Vy1), holding
voltage(V},) and secondary breakdown current(liy) on the devices under test (DUTs) can be tested.
Therefore, from these important physical extracted parameters, the capability of ESD immunity of
these DUTs can be easily determined. Meanwhile, the breakdown-voltage measurement of a device is
executed by a semiconductor parameter analyzer.

4. Experimental Results

4.1. ESD Capability of HV nLDMOS DUTs with Drift-Region Modulation (Operating-Voltage Modulation)

HV nLDMOSs of the Reference device and drift-region modulation devices were measured by
a TLP testing machine, all of measurement results and important physical extracted parameters are
presented in Figure 9 and Table 2. Then, it can be found that as the length of the drift region is reduced,
the Rqyift resistance of the drift region shown in Figure 1c on a DUT will be decreased accordingly.
Therefore, the DUT of STIO would have properties for the lowest operating voltage, and the junction
breakdown voltage (Vi) would be decreased to the lowest voltage being 11.12 V. In Figure 10 (the
Vy and Vy, distribution curves), because of reducing the length of STI region which will make the
Vi having a significant downward trend due to a decreasing of the equivalent series resistance Ryyift.
Although the V}, value has a little rising while shrinking the STI length by 1/4, however it will have
a significant reduction as the STI length being decreased and then the series resistance decreased
too. In addition, the I, value has a slightly decreasing by reducing the drift region length at the
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first and second adjustments, but the I, abilities of the DUTs will also obviously increase after it
continues to shrink which even promoted larger than the nLDMOS Reference device. This is also
due to a decreasing of the series resistance and power consumption in the drift region, then the
Ii» distribution curve is shown in Figure 11. Moreover, when the drift region was shrinked to the
shortest (STI0) DUT, the V; and Vy, values were become to the lowest 21.85 V and 9.27 V, respectively.
In other words, as the STI length is shrunk to 0, the STI zone in the drain side will be completely
disappeared; the difference gap between Vi and Vy, values is smaller accordingly shown in Table 2.
Then, the phenomenon of non-uniform turned-on of this new device has been slight which made the
Ip value (STIO) has the largest value being 3.25 A, and it can be effectively applied to a low operating
voltage situation. Moreover, the figure of merit (FOM) of the ESD, LU, and cell area considerations
are defined as (It X Vy)/Cell-area. Then, the FOM value of the STI_3/4 DUT has highest performance
being 3045.68 nA X V/ um? in this modulation.

Leakage Current (A)
10® 107 10° 10° 10* 10° 10?7
3 4 —A— REF(L=3um)
—4— STI_3/4
—O—STI_2/4
—~ A% —e—STI_1/4
< 2- —0—STI_0
I=
o
5
O 1
0- -

0 20 40 60 80 100 120
Voltage(V)
Figure 9. Snapback I-V curves and leakage currents of HV nLDMOSs with drift-region modulation.

Table 2. Snapback extracted parameters of HV nLDMOSs with drift-region modulation.

nLDMOS Vi (V) Vi (V) Vg-Vi (V) I (A) Vi (V) FOM (uA X V/um?)
Ref (L = 3 pum) 104.47 3253 71.94 2.79 23.52 2938.50
STI_3/4 104.10 37.27 66.83 2.39 23.45 3045.68
STI 2/4 95.02 33.97 61.05 232 23.40 2948.87
STI_1/4 83.82 18.13 65.69 3.01 23.10 2194.21

STIO 21.85 9.27 12.58 3.25 11.12 1309.59
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Figure 10. Trigger voltage/holding voltage distribution charts of HV nLDMOSs with drift-
region modulation.
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Figure 11. Secondary breakdown-current distribution chart of HV nLDMOSs with drift-
region modulation.

4.2. ESD Capability of HV nLDMOS DUTs with Channel-width Modulation

Measurement results of HV nLDMOS devices with the channel-width modulation are shown
in Figure 12 and Table 3. Meanwhile, the corresponding important physical-extracted parameters
of snapback Vy1/Vy, and Iy, data are shown in Figures 13 and 14. When the channel length (L) of
the nLDMOS Reference device in this sub-section decreased as the H6OPW layer shrunk, which was
reduced from 3 um of the Reference device in the previous sub-section to 2.75 pm. The lower channel
resistance caused higher ESD surge current, which reduced the Iy, value from 2.79 A to 2.5 A in this new
HV nLDMOS Reference device. Furthermore, it can be found that by adjusting the finger number M =
2 and then total channel width is 150 pm of this nLDMOS (M2_W150) device, the I;, value has slightly
decreased to 2.45 A as compared with the M = 4 and total channel width is 300 pm of the nLDMOS
Reference (M4_W2300) device. However, because of the HV nLDMOS DUT in M = 4 (M4_W2300) has
a serious non-uniform turned-on phenomenon by a multi-finger structure which is severely limited
the capability of discharging ESD current. Next, by increasing the total channel width of M2_W150
from 150 pum to 300 um which is named as the M2_W300. Then, the I}, value of M2_W300 can be
greatly increased to 2.73 A. As the M2_W300 (M = 2) device compared with the same total channel
width DUT of the M4_W300 (M = 4) device, the ESD capability of M2_W300 has indeed improved.
In other words, the DUT of M4_W300 whose probability was higher on the first turned-on finger
easily reached the failure point before others fingers of this MOSFET turned-on as compared with the
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DUT of M2_W300. Moreover, in the FOM consideration, the M2_150 is best in this modulation being
FOM= 4691.63 nA x V/um?. However, the designing of fingers number and channel-width manner in
the circuit design are affected by the free space that the I/O cell area can be used. Therefore, how to

improve the capability of non-uniform turned-on in a multi-finger structure for the HV nLDMOS
device is a very important subject.

Leakage Current (A)
10° 107 10° 105 10°  10° 102
3 | —
—A— REF(L=2.75um)
2 X m\ A REFL-2;
| 5‘ —0—M2_W300
— 24 :
S ' \
=
e i
3 1
oIl =

! v ! v ! v ! v ! v ! v !
0 20 40 60 80 100 120
Voltage(V)
Figure 12. Snapback I-V curves and leakage currents of HV nLDMOSs with channel-width modulation.

Table 3. Snapback extracted parameters of HV nLDMOSs with channel-width modulation.

nLDMOS Va (V) Vi (V) Iz (A) FOM (pA x V/um?)

Ref. (M4_W300, L = 2.75 um) 104.87 33.79 2.50 2836.95
M2_W150 102.96 36.05 245 4691.93
M2_W300 105.99 34.66 2.73 3257.45

-A- Trigger Voltage(V)

1 438
107 - @ - Holding Voltage(V)
| {37
© 105 155
g O 3
e) (e]
S 104 ° 1%2
$103; {33 5
. A |2
= 102 ’
. 4 31
101 ]
' . : . ; 30
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Figure 13. Trigger voltage/holding voltage distribution charts of HV nLDMOSs with channel-
width modulation.
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Figure 14. Secondary breakdown-current distribution chart of HV nLDMOSs with channel-
width modulation.

4.3. ESD Capability of HV nLDMOS DUTs with Embedded SCR Modulation

Measurement data of HV nLDMOS devices with the embedded SCR modulation are presented in
Figure 15 and Table 4. From Figure 5a,c and Figure 6a, it can be found that the SCRs (P* stripes) of
the nLDMOS-SCR NPN and NPNPN-arranged types were embedded in the drain region far away
from the gate, the parasitic BJT of LDMOS (N* stripe) was the first one to turn on when an ESD surge
current entered. After the ESD surge voltage increased enough (as an ESD current passed through
Rgrain and Rgyift) to trigger these embedded SCRs, these components can partially discharge the ESD
current through the parallel path of SCRs. As the characteristics of NLDMOS are more obvious, their
Vi values will be higher. Of course, V}, values of these components can maintain higher performance.
However, in Figure 5b,d, and Figure 6b, if the SCRs (P* stripes) of an nLDMOS were embedded in
the both side of drain region which are more nearer the poly-gate like the nLDMOS-SCR PNP and
SCR PNPNP-arranged structures do, then they have higher ESD dissipation capability. When an ESD
event occurred, these structures of nLDMOS-SCR PNP- and SCR PNPNP-arranged types just require
lower voltage (as an ESD current passed through Ry;ist) to trigger SCRs under the conductive path, it is
due to the P* zone in the drain side being closer the gate. It made the Vy; values of these structures
having the lower values of 103.66 V, and 103.98 V, respectively, as compared with others DUTs, which
included the nLDMOS Reference device. In addition, because of they have notable SCR characteristics;
the corresponding Vy, values will be decreased. Obviously, it can discharge larger ESD current by
the path of embedded SCRs. Therefore, the I;, data have the best improvement from 2.5 A to 4.96 A
and 4.44 A, respectively, for the nLDMOS-SCR PNP and PNPNP-arranged components. As for the
nLDMOS-SCR PNP -arranged, it has a larger area of P* zone on the both side of drain, the FOM of
this ESD protection device can be upgraded from 2831.83 pA x V/ um? to 4255.51 pA x V/um? (50.27%
improvement). Finally, the corresponding Vy;, Vj, and Iy values of the nLDMOS related devices by
embedded different SCRs arrangements are shown in Figures 16 and 17.
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Figure 15. Snapback I-V curves and leakage currents of HV nLDMOSs with embedded SCR modulation.

Table 4. Snapback extracted parameters of HV nLDMOSs with embedded SCR modulation.

nLDMOS Va (V) Vi (V) IpA) FOM (pA x V/um?)
REF (L = 2.75 pum) 104.87 33.79 2.50 2831.83
SCR_NPN 105.38 34.83 2.22 2587.60
SCR_PNP 103.66 25.59 4.96 4255.51
SCR_NPNPN 105.93 32.35 2.22 2406.87
SCR_PNPNP 103.98 22.93 444 3410.64
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Figure 16. Trigger voltage/holding voltage distribution charts of HV nLDMOSs with embedded
SCR modulation.
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Figure 17. Secondary breakdown-current distribution chart of HV nLDMOSs with embedded
SCR modulation.

4.4. ESD Capability of HV nLDMOS DUTs with Embedded Schottky-Diode Modulation

Measurement results of HV nLDMOS devices with the embedded Schottky-diode modulation are
shown in Figure 18 and Table 5. The channel length L of this nLDMOS Reference device was set to be
2 um, the Iy, value of this Ref. device is significantly decreased to 2.29 A due to the channel-length
reduction. However, the Ij; level could be effectively promoted by adding an embedded Schottky
diode in the drain side. In other words, after removing the entire heavily doped N* layer in the drain
side, the Iy, value of this device has higher performance than that of other DUTs. It is equivalent to
serializing the Schottky diode in the drain end shown in Figure 8a, it has higher impedance when
an ESD transient entered the drain electrode. Therefore, this new architecture made the V; value
therefore increasing to 109.43 V, and the I, value of this device can be increased from 2.29 A for the
Reference device (L = 2 um) to 3.98 A (73.8% improvement). Meanwhile, the FOM value can be
improved from 2400.38 pA/ um? to 4341.27 pA x V/um? (80.86% improvement as compared with the
Ref. device). Furthermore, it has a higher V}, value as compared with the nLDMOS-SCR PNP-arranged
type structure in the previous sub-section. Finally, the Vi, V}, and I, distribution charts about the
embedded Schottky-diode related components are shown Figures 19 and 20. These experimental
results revealed that the Vi; and I, values have a decreasing trend when the area ratio of Schottky
diode decreased (more like the original NLDMOS Reference device). To explain simply, if the area
ratio of this parasitic Schottky diode is small, the characteristic of equivalent series Schottky diode
will be not apparent (the Rgrain more higher shown in Figure 8b), which causes the Vy; and I, values,
corresponding to these devices decreased accordingly. The relevant area ratio of embedded Schottky
diode of this modulation can refer to Table 1. Overall, this new architecture (embedded a Schottky
diode in the drain) has the most positive impact (80.86% T) on the FOM, compared with previous three
techniques shown in Table 6.
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Figure 18. Snapback I-V curves and leakage currents of HV nLDMOSs with embedded
Schottky-diode modulation.

Table 5. Snapback extracted parameters of HV nLDMOSs with embedded Schottky-diode modulation.

nLDMOS Va (V) Vi, (V) Iz (A) FOM (pA x V/um?)
Schottky_Drain 109.43 32.54 3.98 4341.27
Schottky_SUR1 109.28 29.66 3.75 3728.36
Schottky_SUR2 109.22 33.32 2.40 2680.60
Schottky_SUR3 108.51 32.88 2.34 2579.07
Ref. (L =2 pm) 107.92 31.27 2.29 2400.38
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Figure 19. Trigger voltage/holding voltage distribution charts of HV nLDMOSs with embedded
Schottky-diode modulation.
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Figure 20. Secondary breakdown current distribution chart of HV nLDMOSs with embedded
Schottky-diode modulation.

Table 6. A comparison of FOM improvement percentages for four ESD strengthening methods.

Samples FOM (pA x V/um?) Improvement
Method-1: STI_3/4 3045.68 3.65% T
Method-2: M2_W150 4691.93 65.39% T
Method-3: SCR_PNP 4255.51 50.27% 1T
Method-4: Schottky_Drain 4341.27 80.86% T

5. TCAD Simulation and Verification

For verification of ESD-reliability improvement by this novel embedded Schottky-diode in the
LDMOS device drain side, the Silvaco EDA software was used to simulate a 2D total current density
and lattice-temperature distributions with embedded Schottky-diode variations. Figures 21 and 22
are the diagrams of total current density and lattice temperature of these related devices at the
drain-current Iy = 1 X 10~ A injecting condition. From these diagrams, the high current density
and lattice temperature are obviously concentrated near the drain side and below the STI region.
In the Figures 21a and 22a, the structure of nNLDMOS Reference device which had the highest current
density and lattice temperature being 1.5 x 1073 (A/cm?), and 693 (K), respectively. On the contrary,
in the Figures 21b and 22b, the structure of removing entire drain-side heavily N* zone which has
the maximum series resistance by embedded a 100% area of Schottky diode in drain side, then the
total current density and lattice temperature could be reduced to 1.15 x 1073 (A/cm?), and 684(K),
respectively. It made this nNLDMOS component can withstand higher ESD current (current density)
and it is not easily concentrated to reach the melting point to damage. Finally, the Schottky_SURI,
Schottky_SUR?2, and Schottky_SUR3 samples with different area ratios of embedded Schottky diode in
the drain side are shown in Figures 21c—e and 22c—e. It can be found that an nLDMOS device would
have higher current density and lattice temperature as with fewer Schottky-diode area ratio at the
drain side. Therefore, it can be concluded that it is an easy and effective technique to increase the ESD
withstanding capability for an HV nLDMOS with a drain-side embedded Schottky diode.
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Figure 21. Total current-density diagrams of (a) Reference; (b) Schottky_Drain; (c) Schottky_SUR1;
(d) Schottky_SUR2; and (e) Schottky_SUR3 at Iy =1 x 107% A injection condition.
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Figure 22. Lattice temperature diagrams of; (a) Reference; (b) Schottky_Drain; (c) Schottky_SUR1;
(d) Schottky_SUR2; and (e) Schottky_SUR3 at Iy =1 x 1074 A injection condition.

6. Conclusions

This research paper is divided into four parts focussed on promoting the ESD immunity of HV
nLDMOS devices. The first part focuses on the effect of drift region modulation and the corresponding
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ESD immunity of these related devices. As the length of the drift region decreased, the operating
voltage directly decreased from reduced equivalent series resistance. Therefore, for the with the
shortest distance (STIO0), the V; and V}, values decreased from 104.47 V to 21.85 V and 32.53 V to
9.27 V from those of the nLDMOS Reference device, respectively. Then, protection devices were
conveniently designed for high and low operating voltages in a single chip and improved the I, value
from 2.79 A to 3.25 A (and saved the layout area). The second part revealed that, for improved the ESD
immunity per unit area of an HV LDMOS device, shortening the channel width and enlarging the
finger number are not optimal strategies within the same layout area. An optimized channel width
from fine adjustment is the best method for improvement of ESD immunity. In third part, to alleviate
the problem of non-uniform turned-on of protection devices, the embedded SCR PNP-arranged type
in the drain side had the highest ESD current discharge capability, and the FOM data was increased to
425551 pA x V/um?; however, the V}, value decreased to the low value of 25.59 V. Finally, by using an
embedded Schottky-diode in the drain side to remove the entire heavy N*-doped zone, the I, value of
this fully embedded Schottky diode in an HV nLDMOS device could be increased from 2.29 A to the
largest 3.98 A. The FOM value improved significantly to 4341.27 pA X V/um?, and the V}, value stayed
higher value (32.54 V) than did the embedded SCR PNP-arranged type. Therefore, improving ESD
immunity capability (higher I, value) requires consideration of LU reliability (higher V}, vlaue) and
saving the cell layout area (smaller cell area). An HV nLDMOS device embedded with a Schottky diode
in the drain side is a favorable improvement strategy. A device with this architecture can consider
ESD, LU, and cell-area saving. Therefore, the FOM significantly improved by approximately 80.86%
over that of the nLDMOS Reference device.
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Abbreviation

Symbol Meaning

BCD Bipolar-Complementary metal-oxide-semiconductor-Double-diffused
MOSFET

BJT Bipolar-junction transistor

DUT Device under test

ESD Electrostatic discharge

FOM Figure of merit

GGnMOS Gate Grounded nMOSFET
HVnLDMOS High voltage n-channel lateral diffused MOSFET

HBM Human-body model

Ip Secondary breakdown current
IC Integrated circuit

IoT Internet of things

LU Latch-up

SCR Silicon-controlled rectifier

STI Shallow trench isolation

TLP Transmission-line pulse system
Vik Breakdown voltage

Vh Holding voltage

Vu Trigger voltage
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