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This paper uses the RC-triggered MOSFET-based electrostatic discharge (ESD) power
clamp to conduct ESD from ESD events and not affect the ultra-low power sensor system.
Then using the stacked device include stacked MOSFET or stacked BJT to reduce the
leakage current which increases with temperature. Moreover, we compare gate-driven
method and two-level-driven with both gate-driven and substrate-driven methods to
determine the most efficient method in terms of layout area, leakage current, Human Body
Model (HBM)/Machine Model (MM), and turn-on time. The proposed design of the power
ESD clamp (1015¢/1015¢/I015¢_resize) has an HBM ESD protection level with a Positive
higher than 8KV, 5.5KV, 8KV, and an MM ESD protection level with a Positive higher than
600V, 300V, 1000V. The power ESD clamp (I1015¢/I0O15e) consumes nearly
3.5pW/16.45nW and 2.8pW/16.89nW at temperatures of 25°C and 125°C, respectively,

when AVDD3 is 1.0V.

1. Introduction

With internet of things applications being used in handheld
devices, mobile phone standby time is becoming a key focus of
consumers’ attention. It has become increasingly important to
study ultra-low power sensing systems in order to increase
standby time. Nowadays, such systems generally reduce power
consumption to less than the microwatt level. However, the
current of traditional electrostatic discharge (ESD) power clamp
leakage currents at high temperatures is greater than luA for a
180nm complementary metal-oxide-semiconductor (CMOS)
process. This leakage current affects the stability of the ultra-low
power sensor system. This paper uses the RC-triggered metal—
oxide—semiconductor field-effect transistor (MOSFET)-based
ESD power clamp to conduct ESD from ESD events and not
affect the ultra-low power sensor system. Then, a stacked device,
including a stacked MOSFET or stacked BJT, is used to reduce
the leakage current that increases with temperature. However, the
disadvantage of using a stacked device is that its size will be
proportional to the number of stacked layers. This is because the
stacked device must keep a certain ON-resistance as the BIGFET
of the ESD power clamp (IO1) to keep the rate of heat flow and
maintain the ESD level. Moreover, this paper compares two
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methods to determine which method is the most efficient in terms
of layout area, leakage, Human Body Model (HBM)/Machine
Model (MM), and turn-on time. The methods are the gate-driven
method and two-level-driven method with both the gate-driven
and substrate-driven methods.

In addition, some microelectromechanical systems (MEMS)
with small gap spacing operate using electrostatic forces. This
may cause damage to their structures due to surface roughness,
variations in structure geometries, variable gap spacing, and
flexible moving components [1]. Further analysis of the problem
determines that ESD is an effective charge injection source, which
is considered to be a major reliability issue in MEMS [2]. In some
studies, an analytical method of charge injection is performed,
including using ESD in MEMS [3], [4]. This paper presents
whole-chip ESD protection with an ultra-low power ESD clamp
circuit to be applied to a 3D accelerometer.

In this paper, the proposed ESD power clamp can be fabricated
using the Uniform Mechanical Code (UMC) 0.18mm standard
CMOS-MEMS process. This paper is organized as follows:
Section 1. introduces the ESD power clamp; Section 2. describes
the ESD power clamp architecture considerations; Section 3.
compares the RC-triggered MOSFET-based ESD clamp circuits
and design; and Section 4. describes the measurement results and
discussion.
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2. Architecture considerations

Figure. 1 shows a schematic view of a sensor and the
architecture of a whole-chip ESD protection circuit. The functions
are detailed as follows: 1) When the input pin (VM) is zapped, the
ESD current is led away by A PATH from the VM node through
Q2, Q1 to VSUB; 2) When the input pin (VM) is zapped, the ESD
current is led away by B_ PATH from the VM node through Q2,
Ql1, D1, D2, Q5 to VDN; 3) When the input pin (AVDD) is
zapped, the ESD current is led away by C PATH from the AVDD
node through Q1 to VSUB; 4) When the input pin (VDN) is
zapped, the ESD current is led away by D PATH from the VDN
node through QS5, D4, D3, Q1 to AVDD; 5) When the input pin
(VUP) is zapped, the ESD current is led away by E PATH from
the VUP node through Q1 to VSUB. 6) The zone with the black
dotted line portrays the sensor model, and the accelerometer
sensor is modeled by Cl1, C2, C3, C4, and C5 [5], [6]. When
different ESD events occur, the electrostatic current will be led
away through different paths, including A PATH, B PATH,
C PATH, D PATH, E PATH, and ESD power clamp (Q1). The
electrostatic current does not affect the performance of the sensor
system and all of the junctions of the device are forward-biased
for different paths. The forward-biased junction of the device
generates less the rate of heat flow than the reverse-biased

junction of the device and can improve ESD protection capability.
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Figure. 1. Sensor and ESD protection circuit

3. Comparison the RC-triggered MOSFET-based ESD
clamp circuits and designs

3.1. The RC-triggered MOSFET-based power clamp [7]

From the sensor and ESD protection circuit shown in Figure. 1,
the ESD power clamp (Q1) is a large dimension of a 3.3V device
to keep a certain ON-resistance and the rate of heat flow. The
ESD power clamp (Q1) acts as the voltage gate in a low setting
and will be divided into several 3.3V devices in parallel due to
process reliability. The disadvantage of the ESD power clamp (Q1)
is that it has a non-uniform conduction issue. When an ESD event
occurs, the ESD power clamp (Q1) will be turned on, but the ESD
power clamp (Q1l) cannot simultaneously perform uniform
conduction and degrade ESD protection capabilities. To solve the
non-uniform conduction issue, an ESD power pad (IO1) is often
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used. The ESD power pad (IO1) is an RC-filter and inverter that
forms a RC-transient detector to detect an ESD event, as shown
in the blue box in Figure. 2. When an ESD event occurs, the
device (M2) is turned on and the detection point (O1) is pulled to
a high setting. Then, the BIGFET is turned on and the electrostatic
current travelling through the BIGFET is lead away. When the
ESD event disappears, the device (M2) returns to a normal state,
the detection point (OI) is pulled to a low setting, and the BIGFET
stops conducting. Moreover, the ESD protection circuit uses a
3.3V device and a UMC ESD standard process, including a
thinner gate oxide, shorter channel length, shallower drain/source
junction, silicide block (SAB), Local Oxidation of
Silicon/shallow trench isolation, lightly-doped drain/ESD-
implantation structure, and layout rule. The layout rule includes
SAB width, SAB to poly gate edge spacing, an n-type metal—
oxide—semiconductor (NMOS) layout with inner N-well ring,
channel width, channel length, drain contact to poly gate, source
contact to poly gate, spacing from drain diffusion to guarding
diffusion, etc. The overall power consumption of the ultra-low
power sensor system is, however, at the microwatt level. When
the ESD event disappears, the BIGFET is turned off and the
BIGFETs leakage current will increase as the temperature rises. It
will affect the overall performance of the ultra-low power sensor
system. To solve this issue, the RC-triggered MOSFET-based
power clamp (IO15) is used. [7]

| BIGFET
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AVDD2

s
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|
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Figure. 2. ESD power clamp (IO1)

The 1015 description is as follows: The RC-transient detector,
which is the RC-filter and inverter is the same as the ESD power
clamp (I01), and the ESD power clamp (I015) uses a delay-line
to divide into two paths, as shown by the red line in Figure. 3. The
delay-line with parasitic capacitor (CL) increases the fully-on time
of'a stacked device (MN6_1 and MNG6_2), which is separated from
the BIGFET of the ESD power clamp (IO1) for the ESD event.
Then, the ESD power clamp (IO15) uses the output of the delay-
line to control the gate voltage of the stacked device. Moreover, it
uses the stacked device to reduce the leakage current, and uses the
RC-transient detector to control the delay-cell of small dimension
size to lower the detection point (O1) time, as shown in Figure. 3.
The capacitor uses a metal-oxide-metal capacitor to reduce the
leakage current. The device sizes of the ESD power clamp (1015)
are chosen as Table 1.
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Table 1. The device sizes of the ESD power clamp (I015)

Name W/L Name W/L
MP1 6um/0.4um MN1 | 1.5um/0.4um |R|50.33K
MP2 1| 6um/0.4um |MN2 1| 3.0um/0.4um |C| 2.5P
MP3 1| 6um/0.4um |MN3 1| 3.0um/0.4um
MP4 1| 21lum/0.4um | MN4 1 | 8.0um/0.4um
MP5 1| 21um/0.4um | MN5 1 | 8.0um/0.4um
MP6 IN|[864um/0.38um|MP6 2N|864um/0.38um
de\/ic"e |
. —| MN6_ 1N
—| MNG6 2N

Figure. 3. ESD power pad circuit (I015)

3.2. Comparison of the RC-triggered MOSFET-based power
clamp with the gate-driven method and two-level-driven
with both the gate-driven and substrate-driven methods

Because the stacked device must keep a certain ON-resistance
and the rate of heat flow as the BIGFET of the ESD power clamp
(I01) and maintain the ability ESD, the size of the stacked device
will be proportional to the number of stacked layers. Then gate-
driven method and two-level-driven with both gate-driven and
substrate-driven methods are compared, respectively, to
determine which method is the most efficient in terms of layout
area, leakage, HBM/MM, and turn-on time. The gate-driven
method, two-level-driven with both gate-driven and substrate-
driven methods describe as follows.

The ESD power clamp (IO15c) uses RC-transient detector
detect and delay-line as the IO15 and controls the gate voltage of
the stacked MOSFET. The ESD power clamp (IO15c) uses the
gate-driven method and the cross section of a stacked MOSFET,
as shown in Figure. 4. When an ESD event occurs, the RC-
transient detector pulls Ol to a high setting, then, through the
delay-line, divides into two paths and controls the stacked
MOSFET. The path from the top side controls the gate voltage
(G1) of MNO1 1~MNO1 28 and the path from the bottom side
controls the gate voltage (G2) of MNO2 1~MNO2 28. The
electrostatic current will be divided into 28 paths, and heat will be
generated from AVDD3 to GND, via the stacked MOSFET
(MNO1_1and MNO2 1)~(MNOI1 28 and MNO2 28). The heat
can be evenly distributed to different junctions to avoid thermal
runaway. When the ESD event disappears, the stacked MOSFET
is turned off and the leakage current is lower than the ESD power
clamp (IO1).

By using the gate-driven method, the positive gate voltage will
form strong versions of NMOS channels and will cause

WWwWw.astesj.com

electrostatic currents to flow through junctions, which are very
shallow in depth. This will degrade ESD capability. The substrate-
driven method can be used to avoid this issue [8] by having lower
ON-resistance characteristics and evenly dissipating heat to a
deeper junction to increase ESD capability. The cross section of
the parasitic NPN junction is shown in Figure. 5. Moreover, the
stacked MOSFET is divided into two levels. The first level uses a
gate-driven method and the second level uses a substrate-driven
method. The ESD power clamp (IO15¢e) uses the RC-transient
detector and delay-line as IO15 to control the gate voltage of the
first-level stacked MOSFET, and the substrate voltage of the
second-level stacked BJT is controlled by the intermediate
voltage of the first-level stacked MOSFET. The ESD power
clamp (IO15e) uses the two-level-driven with both the gate-
driven and substrate-driven methods and the cross section of the
second-level stacked BJT, as shown in Figure. 6. When an ESD
event occurs, the RC-transient detector pulls O1 to a high setting,
then, through the delay-line, divides into two paths and controls
the gate voltage of the first-level stacked MOSFET. The path from
the top side controls the gate voltage (G1S) of
MNR1 1~MNRI1 14 and the path from the bottom side controls
the gate voltage (G2S) of MNR2 I~MNR2 14. Then the
electrostatic current flows through the first-level stacked
MOSFET, which are (MNR1 1 and MNR2 1) ~(MNR1 14 and
MNR?2 14), to generate the common intermediate voltage, which
it uses to control the substrate voltage (G1R) of QS1 1 ~QS1 14
and QS2 1~QS2 14. Thus, the electrostatic current will be
divided into 14 paths, and heat will be generated from AVDD3 to
GND, via the first-level stacked MOSFET. Then, the electrostatic
current will be divided into the remaining 14 paths, and heat will
be generated from AVDD3 to GND, via the stacked BJT—
(QS1 1andQS2 1)~(QS1 12 and QS2 14)—to GND. The heat
can be evenly distributed to different junctions, which are deeper
than a gate-driven device to avoid thermal runaway. When an
ESD event disappears, the stacked BJT and stacked MOSFET are
turned off and the leakage current is lower than the ESD power
clamp (IO1).

AVDDS AVDDS5 N
stacked-mosfet |

MP2 1 MP4_1 I |
AVDD3 AVDD3
-ol 02 2
a1 MNOI_1 ... MNO1_28
1
|
1
N2_ 1 MN4_1
1—| MNO2_1 I—| MNO2 28

AVDDI AVDD2

AVDDS AVDDS5

MP3_1 MP5_1

G2
MN3_1 MNS 1
GND
The
Gl common Q2
VDD drain-node ar source-node VDD
mN+||P+||N+ \f |N+||P+|N+N
N-well N-well
P-substrate

Figure. 4. ESD power clamp (IO15c¢) and the cross section of the stacked
MOSFET
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This paper compares I015¢ and I015e by using the same layout
area (95um*144um), different component sizes and different
methods. Because 1015¢ uses the substrate-driven method, it has
one more mask (triple-well layer) than 1015¢. I015¢’s stacked
MOSFET belongs to the same substrate and the drain node can be
shared, so the layout area can be reduced so the size of the stacked
MOSFET is 27um/0.44um. 1015¢’s first-level stacked MOSFET
belongs to the same substrate and the drain node cannot be shared,
whereas its second-level stacked BJT belongs to the same
substrate and the drain node can be shared. Therefore, the layout
area cannot be reduced and the size of the first-level stacked
MOSFET is 13.5um/0.44um and the second-level stacked BJT is
27um/0.44um.

VDD drain-node source-node VDD

L e J e S | S

Triple-well
Newell

P-substrate

Figure. 5 Parasitic NPN junction
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Figure. 6. ESD power clamp (I015¢) and the cross section of the stacked BJT
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Figure. 7. ESD power clamp (I015_HBM)
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By using transient simulation, it was confirmed that the voltage
of each node is lower than the junction breakdown voltage of the
3.3V device, when AVDD HBM ranges from 0V to 3KV. The
detection voltage of 1015 including nodes O1 and N1 which
determines the turn-on time. Figure. 7 shows the ESD power
clamp (IO15 HBM) and series resistance (1500 ohms) for
carrying out HBM simulation. Because the ESD power clamp
(IO1) uses the RC-transient detector to drive large dimensions
(BIGFET), and the ESD power clamp (IO15) uses the RC-
transient detector to drive small dimensions of the delay-line, the
turn-on time of 1015’s detection point N1 is faster than the ESD
power clamp (I01) [5]. From the simulation results, AVDD is
12V, which is lower than the junction breakdown voltage, and the
turn-on time of detection point N1 is 150ns for the ESD power
clamp (IO15). The diagram of AVDD, N1, ad O1 versus time is
shown in Figure. 8. Moreover, when the ESD event disappears,
all the IO1 and 1015 devices are turned off. Based on the
simulation results, the total leakage current of both the ESD power
pad (IO1) and the ESD power pad (I015), with a typical process
corner and a temperature of 25°C, are 464.4pA and 197.05pA,
respectively. The ESD power clamp (IO15) has a lower rate of
current leakage than the ESD power pad (I01), and the stacked
structure of the leakage current is smaller than that of the BIGFET.

In addition, in order to meet the specification of the sensor
system, the size of the stacked MOSFETs ESD clamp (I015¢) is
resized three times to achieve a larger-than-HBM ESD level of
4.5KV. The final measurement result of stabilized voltage, to
reduce the leakage current that increases with temperature, is 1.0V.
The original ESD clamp (IO15c) was changed to the ESD clamp
(IO15c_resize).

Voltage( V)

o IEE - DD
—=—IE N
mEE-01

X
AN

Figure. 8. 1015_HBM simulation results

Timefns)

4. Measurement results and discussion

Both I015¢c and I015e¢ have the same layout area
(95um*144um), and compares with different methods include the
gate-driven method and two-level-driven with both the gate-
driven substrate-driven methods, respectively.

The ESD power clamp (I015¢/1015e/1015 resize) is
fabricated by the UMC 0.18um 1P6M CMOS-MEMS process; all
devices use a 3.3V device. Figure. 9 shows VDD-VSS with a
Positive mode and verifies the ESD level from VDD to VSS.

721


http://www.astesj.com/

C. Lin et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 2, 718-723 (2020)

Table 2 shows the ESD power clamp (I015¢/I015¢/1015_resize)
ESD test including HBM/MM for VDD to VSS with a Positive
mode, the leakage current temperature of 25°C/125°C, the layout
area, and the turn-on time when the VDD pin is zapped by a pulse
[5], [6]. In addition, Figure. 10(a), 10(b) shows the turn-on time
versus voltage, current of the ESD power clamp (I015¢_resize)—
the turn-on time is about 160ns when the VDD pin is zapped by a
pulse and the ESD current is led away. For the electrical
measurements of the (I015¢_resize), the I-V characteristics and
leakage currents versus AVDD are shown in Figure. 11(a). The
(IO15 resize) leakage current versus AVDD when VDD ranges
from 0.5V to 1.5V and the temperature is 25°C is shown in Figure.
11(b).

VEesp

Q0QEaRANAD

Figure. 9. VDD-VSS with Positive mode

Table 2. The ESD power clamp (I015¢/1015¢/1015_resize) ESD test

I015¢
1015¢ 1015e | resize
turn-on time 160ns 160ns | 160ns
leakage current at
temperature of 25 °C
/125 °C when 3.5pA/ | 2.8pA/
AVDD3 is 1.0V 16.45nA | 16.89pA
leakage current at
temperature of 25 °C
/125 °C when 4.75pA/ | 3.81pA/
AVDD3 is 1.8V 16.98nA | 17.41nA
HBM with Positive 8KV 5.5KV | 8KV
MM with Positive 600V 300V | 1000V
layout area(um*um) | 95*144 | 95*144 |95*387
Waoltage
250
250
150
&0
50 /
5040 0 40 80 120 1B0(Ns)

Figure.10. (a) The IO15¢_resize turn-on time versus voltage when the VDD pin
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is zapped by a pulse
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Figure.10. (b) The I015¢ resize turn-on time versus current when the VDD
pin is zapped by a pulse.
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Figure. 11. (a) I-V characteristics of leakage current versus AVDD
(I015c¢_resize)
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Figure. 11. (b) leakage current versus AVDD (I015c¢_resize)

According to the measurement results, the ESD power clamp
(IO15¢/1015e/1015 _resize) has a lower rate of current leakage
and power consumption. It is expected to have less impact on and
be suitable for ultra-low power sensor system applications. The
proposed design has an HBM ESD level with a Positive higher
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than 8KV, 5.5KV, 8KV, and the MM level protection with a
Positive higher than 1000V, 300V, 600V MM ESD level. The
proposed design for I[015¢ consumes 3.5pA/16.45nA at
temperatures of 25°C/125°C when AVDD3 is 1.0V, and
consumes 4.75pA/16.98nA at temperatures of 25°C/125°C when
AVDD3 is 1.8V. The proposed design for 1015¢ consumes
2.8pA/16.89nA at temperatures of 25°C/125°C when AVDD3 is
1.0V, and consumes 3.81pA/17.41nA at temperatures of
25°C/125°C when AVDD3 is 1.8V. In addition, the proposed
design includes an 1015¢_resize, which consumes 132.8pA at a
temperature of 25°C when AVDD?3 is 1.0V. The leakage current
of the IO15¢ resize is larger than originally expected. The reason
is that it is connected to the overall ESD protection circuit and
affected by other ESD protection circuits. The layout area is
13680/13680/41040um?. Figure. 10 shows a dye photo of the
ESD power clamp (I015¢/I015¢). Table 3 shows the ESD power
clamp (I012[9]/I015¢/1015e/1015 resize) ESD test including
HBM/MM for VDD to VSS with a Positive mode, leakage current,
layout area, and turn-on time when the VDD pin is zapped by a
pulse. The measurement data was reported by Integrated Service
Technology Incorporated and Agilent 3458A.

From the analysis of the measurement results,
1015¢/I015c _resize can be achieved higher than an HBM/MM
ESD level of 4.5KV/400V by using the gate-driven method.
1015c can even shrink to 70~80% to achieve optimization. IO15e
cannot reach an HBM/MM ESD level of 4.5KV/400V because the
first-level gate-driven of the 1015¢ is effective, but the second-
level substrate-driven of the IO15e does not have a full effect.
Moreover, the common area is too small and the distance between
the drain junction and the source junction is too close, so that a
complete effective parasitic NPN junction or a complete stacked
BIJT cannot be formed. The solution to this issue is that a stacked
BJT cannot share a drain junction, instead the parasitic NPN
junction uses its own triple-well to isolate itself to achieve the
stacked-BJT. However, the layout area will be larger than that of
the IO15c, and an additional layer of triple-well is required, which
is not cost-effective.

Table 3. The ESD power clamp (I012/1015¢/1015¢/I015¢_resize) ESD test

1012 I015¢
[9] | IO15c | 1015¢ | resize
turn-on time 160ns | 160ns | 160ns
leakage current at
temperature of 25
°C /125 °C when 3.5pA/ | 2.8pA/
AVDD3 is 1.0V 16.45nA[16.89pA
leakage current at
temperature of 25
°C/125 °C when |24pA/|4.75pA/|3.81pA/
AVDD3 is 1.8V | 66nA |16.98nA|17.41nA
HBM with Positive |4.5KV| 8KV | 5.5KV | 8KV
MM with Positive | 400V | 600V | 300V |1000V
layout area(um”2) [44800] 13680 | 13680 |41040

WWww.astesj.com

Figure. 12. Dye photo of whole-chip ESD protection and 1015c/e
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