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ABSTRACT

The main thesis of this dissertation is a whole-chip electrostatic discharge (ESD)
protection design with ultra-low parasitic, and the ESD devices are applied to radio-
frequency integrated circuit (RFIC). The ESD devices are attached to low-noise
amplifier (LNA) at 2.4-GHz and 24-GHz in 0.18-um SiGe BiCMOS and CMOS
technologies, respectively.

The stacked diodes with embedded silicon-controlled rectifier (SDeSCR) is
designed in 0.18-um CMOS technology, which has advantages of small layout area, low
parasitic capacitance, and strong ESD robustness. In addition, the SDeSCR devices are
applied to the 24-GHz LNA, and the function of the LNA with SDeSCR devices is
verified. The VNPN device is fabricated in 0.18-um SiGe BiCMOS technology. The
proposed design effectively reduces the trigger voltage of the VNPN device. The

characteristics of 2.4-GHz LNA with VNPN devices are simulated.

Keywords: Electrostatic discharge (ESD), low-noise amplifier (LNA), stacked diodes

with embedded silicon-controlled rectifier (SDeSCR), vertical NPN (VNPN)).
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Chapter 1

Introduction

1.1 Motivation

Since the development of integrated circuits (ICs), electrostatic discharge (ESD) is
always an important reliability issue [1]-[4]. Currently, with the rapid development of
CMOS technologies, ESD protection is more important than past. ESD may cause a
large current (several amperes) in a short time (nanoseconds), and it often results in
damages in IC products and increases defect rate. Many papers have concerned about
the ESD issues in CMOS technologies.

CMOS technologies are widely used in the radio-frequency integrated circuits
(RFICs) because of the low cost, and the CMOS technologies have been used to
implement low-noise amplifier (LNA). The LNA is the input terminal of the RF
transceiver [5], which is the most vulnerable to outside interference, such as ESD. When
ESD events occur, they may change the original characteristics of the LNA, such as gain
decrease and noise figure (NF) increase. In this work, using dual diodes (DD), dual
stacked diodes (DSD), and stacked diodes with embedded silicon-controlled rectifier
(SDeSCR) be the ESD protection devices. The ESD devices with MOS-based power-
rail ESD clamp circuit and SCR-based power-rail ESD clamp circuit form a whole-chip
ESD protection circuits.

Using SiGe BiCMOS technology leads to good performances, including low noise,
low power consumption, high drive, and high speed [6], and using the vertical NPN

(VNPN) devices be an ESD protection devices.
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If an ESD stress to the IC, it makes the IC lose its original characteristics, and this
is irreversible. Thus, the ESD protection design must be equipped to the IC products. To
improve the ESD robustness, adding effective on-chip ESD protection device is a good
way to prevent IC from ESD damages. This thesis presents innovative ESD device
design, and the ESD devices are applied to the LNA to achieve whole-chip ESD
protection design. In addition, the advantages and disadvantages of proposed ESD

devices are also compared with the conventional ESD protection devices.

1.2 Background of ESD

Electrostatic discharge (ESD) is an inevitable problem. With the progress of
technology, the problems of ESD is more and more serious. Every kind of product must
pass the safety test before it is shipped. Different tests have different industry standards.
The approaches of common test have human-body model (HBM), machine model (MM),
charged-device model (CDM). These test methods have different standards in
component-level ESD test. The other is system-level ESD test that uses ESD gun to test

the products.



1.3 Standard of Component-Level ESD Test

A general ESD protection window is shown in Fig. 1.1 [7], where the protection
device should turn-on in the specified region defined by the supply voltage (Vpp) and
the internal circuit breakdown voltage (Vgp). If the holding voltage (V1) is lower than
Vb, there will be latch-up issues [8]. If the trigger voltage (Vi) is higher than Vgp, the
circuit cannot be protected from ESD damage [9]. The designers must make sure that

the ESD protection device conforms to the ESD protection window.
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Fig. 1.1. ESD protection window.



In component-level, using transmission-line-pulsing (TLP) system observes the I-
V characteristics of the ESD devices [10], [11]. Besides, using ESD simulator tests the
HBM ESD robustness [12], [13], and the result is an important indicator of the IC
reliability. The common tests have HBM, MM, and CDM, and its equivalent circuits are
shown in Fig. 1.2. The equivalent capacitance and resistance of the HBM are 100pF and
1.5kQ, respectively. The equivalent capacitance and resistance of the MM are 200pF
and 0€, respectively. The ICs accumulate charge during the fabrication process.
Charged ICs touch other objects can cause self-discharge situation, so this situation may
make the ICs defeat. The above phenomenon is called CDM. Table 1.1 shows the
standards of the HBM and MM ESD level according to industry council on ESD target
levels [14]. Table 1.2 shows the standards of the CDM ESD level according to industry
council on ESD target levels [15]. The white paper 1 explains that the MM test is no
needed, and JEDEC documents provide sufficient evidence to prove that and stop using
the test model [16], [17]. Because the HBM and CDM test are sufficient to test the ESD
robustness of the IC in component-level ESD.

The study of this work is based on wafer level, so the HBM ESD event is the

primary concern, and the CDM test item is not tested in this work.
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Fig. 1.2. The equivalent circuit of (a) human-body model (HBM), (b) machine model

(MM), and (c) charged-device model (CDM).

Table 1.1

Standards of HBM ESD level.

HBM ESD Level | Impact on Manufacturing Environment

100V to <500V | Detailed ESD control method are required.

500V
Basic ESD control methods allows safe
1kV
manufacturing with proven margin.
2kV




Table 1.2

Standards of CDM ESD level.

CDM ESD Level ESD Control Requirements
€ Basic ESD control methods with grounding
of metallic machine parts and control of
insulators.
Process specific measures to reduce the
Veom < 125V

charging of the device or to avoid a hard
discharge.
Charging/discharging measurements at each

process step.

125V < Veom < 250V

Basic ESD control methods with grounding
of metallic machine parts and control of
insulators.

Process specific measures to reduce the
charging of the device or to avoid a hard

discharge.

Veom = 250V

Basic ESD control methods with grounding
of metallic machine parts and control of

insulators.




1.4 Background of Whole-Chip ESD Protection for RF Circuits

Nowadays, with the rapid development of CMOS technologies, the problem caused
by ESD is more and more important. The ESD problem is inevitable in the fabrication
process of the chips. To avoid these problems, adding a whole-chip ESD protection
circuit to the IC prevents the IC from ESD damage during the fabrication process. The
input and output of the circuits are most vulnerable to ESD events. The ESD events
cause circuit original characteristics change, and this is an irreversible phenomenon. The
input and output of the RF transceiver architecture are a low-noise amplifier (LNA) and
a power amplifier (PA), respectively, as shown Fig. 1.3 [18]. The ESD events will bring
the impact of the RF circuits such as gain decrease, noise figure (NF) increase. Therefore,
both circuits need a whole-chip ESD protection circuit to protect and prevent the ESD

events.

RF Band-Pass Low-Noise IF Band-Pass

Filter Amplifier Down-Mixer Filter IF Amplifier Demodulator
—~— —~— R
» — —— > . E— ata Out
Antenna 3 B
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-+ —iy —_— |¢———— Dataln
—_— —_~\—
RF Band-Pass Power 3 IF Band-Pass i
Filter Amplifier Up-Mixer Eilter IF Amplifier Demodulator

Fig. 1.3. RF transceiver architecture.



The ESD protection devices are used in high-frequency circuit design. However,
the ESD devices cause the signal loss [19], [20], as shown in Fig. 1.4, so the high-
frequency circuit will be affected by the parasitic effect of the ESD devices. The ESD
devices and matching network of the high-frequency circuits must be co-designed. The
ESD device be a part of the matching network, and adding the resistor, inductor, and
capacitor components adjust the impedance matching point. The ESD devices are

applied to the high-frequency circuit and simulate the effect of the ESD devices on the

circuit.
Vbp
Input signal Output signal
Input -~ | Internal % ; Out
pad Circuit pad
ESD ESD
Pro_tect_ion Signal Pro_tect!on Signal
Circuit loss Circuit loss
I  J | \
Vss

Fig. 1.4. Signal loss of ESD protection circuit at input and output pads.

The ESD protection devices are located at the I/O pad to Vpp and the I/O pad to
Vss, respectively. This purpose prevents the ESD currents flowing into the internal
circuit. In addition, the power-rail ESD clamp circuit is located between Vpp and Vss to
prevent the ESD currents flowing into the internal circuit. As shown in Fig. 1.5, the

conventional whole-chip ESD protection design has six ESD paths [21]. For positive
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voltage at [/O pad with grounded Vss, the ESD currents flow from 1/O pad to Vss, which
is named PS mode. For negative voltage at I/O pad with grounded Vss, the ESD currents
flow from Vss to I/O pad, which is named NS mode. For positive voltage at I/O pad with
grounded Vpp, the ESD currents flow from I/O pad to Vpp, which is named PD mode.
For negative voltage at I/O pad with grounded Vpp, the ESD currents flow from Vpp to
I/0 pad, which is named ND mode. For positive voltage at Vpp with grounded Vss, the
ESD currents flow from Vpp to Vss, which is named PDS mode. For negative voltage at

Vss with grounded Vpp, the ESD currents flow from Vss to Vpp, which is named NDS

mode.
Vop
] )
PS PDS
ESD
PD Protection
Circuit
1/10 N Internal Power-Rail
pad M Circuit Clamp Circuit
ESD
NS | | Protection
Circuit
. ND NDS
\
I
Vss

Fig. 1.5. The conventional whole-chip ESD protection design.



1.5 Organization of This Thesis

In this thesis, the motivation, background, and the standard of the ESD test have
been introduced. The background of a whole-chip ESD protection for radio-frequency
circuits will be introduced in chapter 1. Chapter 2 discusses the traditional ESD devices
and proposed different types stacked diodes with embedded silicon-controlled rectifier
(SDeSCR), and the ESD devices collocate the MOS-based or SCR-based power-rail
ESD clamp circuit. The 24-GHz LNA with traditional devices and SDeSCR devices are
discussed in chapter 3. Chapter 4 discusses the 2.4-GHz LNA with vertical NPN (VNPN)
devices in 0.18-um silicon-germanium (SiGe) BiCMOS technology. Chapter 5

summarizes all the key points of thesis and derives the future work.
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Chapter 2
Design of Whole-Chip ESD Protection Circuit in CMOS

Technology

2.1 Structure of ESD Devices

2.1.1 Diode

Diode is a common component, and it is not only applied widely to different circuits,
but also be used as ESD devices. The diode forward breakdown voltage is about 0.7V,
and the reverse breakdown voltage is about 10V or even more. In different structures
and processes have different differences. The p-type diode consists of P*, N-well, N,
and P-substrate, and the shallow trench isolation (STI) isolates P" and N, from thee
anode to cathode forms a forward diode, as shown in Fig. 2.1(a). The n-type diode
consists of P*, P-well, N-well, deep N-well, N*, and P-substrate. STI isolates P and N*,
and the deep N-well isolates P-well and P-substrate. A forward diode are formed from

the anode to cathode, as shown in Fig. 2.1(b).
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Anode Cathode Anode Cathode

[ ] [ ]

P+ N+ Pf N+
STI | STI STI STI STI | STI
N-well N-well
N-well P-well
| Deep N-well |
P-substrate P-substrate
(a) (b)

Fig. 2.1. The cross-sectional view of (a) p-type and (b) n-type diodes.

In whole-chip ESD protection design, the diode is located between I/O pad and Vpp
or Vss, which is named dual diodes (DD), as shown in Fig. 2.2 [21]. DD architecture is
typical design. The diode is equivalent to the capacitor, and the parasitic capacitance of

DD between I/O pad and ground is the sum of the two diodes.
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/10 Internal Power-Rail
pad Circuit Clamp Circuit

Vss

Fig. 2.2. Whole-chip ESD protection with dual diodes.

The other whole-chip ESD protection design uses stacked diodes. The stacked
diodes are connected between I/O pad and Vpp and between Vss to I/O pad, which is
named dual stacked diodes (DSD), as shown in Fig. 2.3 [22], [23]. The parasitic
capacitance of DSD architecture is half of DD architecture, which is the same as the
parasitic capacitance of a diode. The ESD robustness of DSD architecture is higher than
DD architecture, but trigger voltage of DSD architecture also increases. Therefore, the
stacked diodes must consider operating voltage and choose the appropriate for number
of stacks, or components in the normal operating voltage will produce unnecessary

leakage current to result power consumption increases.
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1/10 Internal Power-Rail
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Vss

Fig. 2.3. Whole-chip ESD protection with dual stacked diodes.

2.1.2 Silicon-Controlled Rectifier

The silicon-controlled rectifier (SCR) device has advantages of low loss, low
parasitic capacitance, low clamping voltage, and small layout area [24]-[27]. The SCR
has features of low holding voltage and high trigger voltage. As shown in Fig. 2.4, the
SCR consists of P*, N-well, deep N-well, P-well, N*, and P-substrate. The latch-up is a
serious issue for SCR, which causes the current to gradually increase until the device
burns because of the positive feedback mechanism. The other problem is that the
breakdown voltage of N-well to P-well junction is related to the trigger voltage of the
SCR. The ESD currents flow from the anode to cathode through P*, N-well, P-well, and
N*. The N-well and the P-well form a reverse diode resulting in the breakdown voltage

of the SCR increase. Therefore, the drawback of repairing SCR is the main purpose.
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Fig. 2.4. (a) The equivalent circuit and (b) the cross-sectional view of SCR.
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2.1.3 Stacked Diode with Embedded Silicon-Controlled Rectifier

In order to mend the shortcomings of the SCR, the stacked diode with embedded
SCR (SDeSCR) device has been presented [28]. The base of PNP and NPN bipolar
junction transistor (BJT) are connected together to decrease the trigger voltage of the
SCR. The equivalent circuit of the SDeSCR device is shown in Fig. 2.5. The top view
and cross-sectional view of type I and type II SDeSCR devices are shown in Fig. 2.6
and Fig. 2.7. The deep N-well is located between P-well and P-substrate, which isolates
the electrical potential of the P-well and P-substrate. As shown in Fig. 2.8, if the deep
N-well is not implanted in the SCR, the diode is formed from the anode to N-well, and
the N-well, P-well, and P-substrate have the same potential. Therefore, the path from
the anode to the cathode is not the originally designed p-n-p-n junction. In Fig. 2.6(a),
reducing the base size decreases the turn-on resistance of the SDeSCR device and
improves the ESD robustness. If the base size is too large, the resistance will increase
proportionally, so that the parasitic SCR is not easy to be triggered. Fig. 2.6(b) shows
the type II SDeSCR device, the positions of P* and N-well as well as N™ and P-well are
swapped. The distance of the anode to the cathode is shortened to reduce the trigger
voltage of the SDeSCR device. The size of type I and type II SDeSCR devices are based
on that the ratio of SCR width (Wscr) to base width (Whyase) is 10 to 1 and 20 to 1. In

type I and type I SDeSCR devices, Wscr and Whase are equal Wi and Wo.
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P*  P-well
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Fig. 2.5. The equivalent circuit of SDeSCR device.
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Fig. 2.6. The top view of (a) type I and (b) type II SDeSCR devices.
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Fig. 2.7. The cross-sectional view of (a) type I and (b) type II SDeSCR devices.
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Fig. 2.8. The cross-sectional view of SDeSCR devices without deep N-well.
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Further design in Fig. 2.9, the cross-sectional of type III and type IV SDeSCR
devices is shown in Fig. 2.10, these designs combine the above advantages. In Fig. 2.9(a),
P* of the anode and N of the anode are divided into two segmentations. Another N* and
P" are inserted into P* of the anode and N* of the cathode, respectively. Both designs
shorten the distance of the anode to cathode and insert N* and P" into P* of the anode

and N of the cathode to make the SDeSCR devices more uniform conduction. The Wscr

and Whase are ZX% and W». In Fig. 2.9(b), P of the anode and N* of the anode are

.. : : : w w
divided into three segmentations, and the Wscr 1s the sum of the 71 and 2><Tl, and the

Whase 1s the sum of the 2xW5.
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Fig. 2.9. The top view of (a) type III and (b) type IV SDeSCR devices.
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Fig. 2.10. The cross-sectional view of type III and type IV SDeSCR devices: (a) from

X1 to X1’ and (b) from X2 to X2°.

2.2 Design of Power-Rail ESD Clamp Circuit

2.2.1 MOS-Based Power-Rail ESD Clamp Circuit

The MOS-based power-rail ESD clamp circuit consist of resistor, capacitor, inverter,
and large size NMOS and connects between Vpp and Vss, as shown in Fig. 2.11. When
ESD hits Vpp, the capacitor is not yet charged. Va is low and Vg is high, so Mpig will be
turned on and discharge the ESD currents. In normal operation, the capacitor charges

with the RC time constant. The V4 is high, and the V3 is low, so Myig will be turned on
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and discharge the ESD currents. This architecture has two drawbacks. One is that the
Va potential rises with the RC time constant. The ESD pulse is not yet over, the Va
potential may change from low to high, and the Vg potential change from high to low,
s0 Myig turn off. Therefore, the Mpig cannot discharge the ESD currents, in which case
internal circuit may be suffered ESD damage. The ESD robustness improves as the size
of Myig increases, but the leakage current increases accordingly. The ESD events happen
in dozens to hundreds of nanoseconds, and the power supply turns on at the milliseconds.
In design, the RC time constant is designed at the microseconds. Therefore, the

resistance and capacitance use 10k and 10pF, respectively.

Vbp

SR ™
Va ¢ 4 Ve [ Mg

==C MN

Vss

Fig. 2.11. MOS-based power-rail ESD clamp circuit.

2.2.2 SCR-Based Power-Rail ESD Clamp Circuit

The SCR-based power-rail ESD clamp circuit is connected between Vpp and Vss,
and a forward diode is connected between Vss and Vpp. The SCR-based power-rail ESD
clamp circuit has a lower leakage current and a smaller layout area than MOS-based
power-rail ESD clamp circuit [29]. In SCR-based power-rail ESD clamp circuit, base of
NPN BJT and base of PNP BJT connect trigger diodes. The diode between Vss and Vpp

(Dsp) 1s designed to discharge the ESD currents from Vss to Vpp, as shown in Fig. 2.12.
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As a result, using SCR as a power-rail ESD clamp circuit is more practical than MOS-
based power-rail ESD clamp circuit. In next section, it will introduce the design of ESD

device combined with power-rail ESD clamp circuit.

Vb
Vi
i
V2 I I:)SD
K—e{C
Vss

Fig. 2.12. SCR-based power-rail ESD clamp circuit.

2.3  Whole-Chip ESD Protection Design

2.3.1 DD and DSD Devices with MOS-Based Power-Rail ESD Clamp Circuit
After the ESD devices operating principle are explained, the DD device is attached
to I/O pad of internal circuit, and the MOS-based power-rail ESD clamp circuit is
connected between Vpp and Vss. The DD device with MOS-based power-rail ESD
clamp circuit is named DD MOS [30], [31]. The DSD device is attached to I/O pad of
internal circuit, and MOS-based power-rail ESD clamp circuit is connected between
Vb and Vss. The DSD device with MOS-based power-rail ESD clamp circuit is named
DSD_MOS. The layout top view of DD _MOS and DSD_MOS is shown in Fig. 2.13(a)

and 2.13(b), respectively. The layout area of DD device, DSD device, and MOS-based
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power-rail ESD clamp circuit are 270 pm?, 702 um?, and 15725 pm?.
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Fig. 2.13. The layout top view of (a) DD MOS and (b) DSD MOS.
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2.3.2 DSD Device with SCR-Based Power-Rail ESD Clamp Circuit

The DSD device is attached to I/O pad of internal circuit, and the SCR-based power-
rail ESD clamp circuit is connected between Vpp and Vss. The DSD device with SCR-
based power-rail ESD clamp circuit is named DSD SCR, as shown in Fig. 2.14 [27].
Besides, two trigger diodes (Du and Dy) are connected between DSD device and SCR-
based power-rail ESD clamp circuit. The functions of the trigger diodes also include to
decrease the leakage current from Vpp to Vss because the trigger path has six diodes
from Vpp to Vss. The six diodes include (1) emitter/base junction of PNP in SCR
between Vpp and Vss, (2) De, (3) base/emitter junction of NPN in SDeSCR device
between Vss and I/O pad, (4) emitter/base junction of PNP in SDeSCR device between
I/O pad and Vpp, (5) Du, and (6) base/emitter junction of NPN in SCR between Vpp and
Vss. The layout top view of DSD SCR is shown in Fig. 2.15, and the layout area of

DSD device and SCR-based power-rail ESD clamp circuit is 702 um? and 3640 pm?.

Vbp
----- i Trigger
E : i path
DSDE E . Trigger |:
; S """""""""""""""" | diodes iSCR
o _ 2% Internal
pad E%: Circuit
E fs ____________________________________
Vss

Fig. 2.14. Whole-chip ESD protection of DSD_SCR.
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277um

Fig. 2.15. The layout top view of DSD SCR.

2.3.3 SDeSCR Devices with SCR-Based Power-Rail ESD Clamp Circuit

The proposed SDeSCR device is attached to I/O pad of internal circuit, and the
SCR-based power-rail ESD clamp circuit is connected between Vpp and Vss. Combing
the SDeSCR device and SCR-based power-rail ESD clamp circuit is named
SDeSCR_SCR, as shown in Fig. 2.16. The D1 and Dy, are connected between SDeSCR
devices and SCR-based power-rail ESD clamp circuit. The trigger diodes trigger the
SCR between Vpp and Vss and decrease the trigger voltage of the SCR. As shown in
Fig. 2.17, if deep N-well is not implanted in SCR, a SDeSCR device is formed two
diodes. In normal operation, the leakage current will be larger because the bias voltage
is 0.8V at I/O pad, as shown in Fig. 2.18. The ESD paths will be different from the
originally designed paths. For positive voltage at I/O pad with grounded Vss, the ESD
currents flow from I/O pad to Vss through a diode formed by SDeSCR device. For
positive voltage at I/O pad with grounded Vpp, the ESD currents flow from I/O pad to
Vb through two diodes: (1) a diode formed by SDeSCR device and (2) Dsp. For

negative voltage at I/O pad with grounded Vss, the ESD currents flow from Vss to I/O
25



pad through a diode formed by SDeSCR device. For negative voltage at I/O pad with
grounded Vpp, the ESD currents flow from Vpp to I/O pad through three diodes: (1) a
diode formed by SCR, (2) Dy, and (3) a diode formed by SDeSCR device. Although
SDeSCR_SCR without deep N-well still has the ability to discharge the ESD currents,
the proposed design is to mend the shortcomings of diode. The diode has high turn-on
resistance and high parasitic capacitance. Therefore, the deep N-well for SCR is very
important. The layout top view of different types SDeSCR_SCRs is shown in Fig. 2.19
and Fig. 2.20. The minimum size of type I, type II, type III, and type IV SDeSCR devices
layout area is 414 um?, 396 um?, 380 um?, and 420 um?, respectively, and the SCR-

based power-rail ESD clamp circuit between Vpp and Vss is 3640 pm?.
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SDeSCR ' ¢y e
VSS

Fig. 2.16. Whole-chip ESD protection of SDeSCR_SCR.
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Fig. 2.17. The ESD paths of SDeSCR_SCR without deep N-well.
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Fig. 2.18. The leakage current path of SDeSCR SCR without deep N-well in normal

operation.
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Fig. 2.19. The layout top view of (a) type I and (b) type II SDeSCR_SCRs.
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Fig. 2.20. The layout top view of (a) type III and (b) type IV SDeSCR_SCRs.

2.4 Verification of Test Devices

2.4.1 Parameters of Test Devices

The sizes of test devices are shown in Table 2.1, the traditional devices include
DD MOS, DSD_MOS, and DSD SCR, and the diode width is 10 um. The proposed
four types SDeSCR devices are designed different layout styles. The Wscr has 10 um

and 25 pum sizes, and the ratio of Wscr to Whoase is 10 to 1 and 20 to 1. The SDeSCR
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devices follow that the ratio of Wscr t0 Whase 1s 10 to 1 and 20 to 1 expect type IV
SDeSCR device. In type IV SDeSCR devices, the ratio of Wscr to Woase 0f 20 to 1 cannot

be achieved because the layout is limited to 0.18-um CMOS process.

Table 2.1
The sizes of traditional devices and SDeSCR_SCRs.
Test devices Diode width (um)
DD MOS 10
DSD MOS 10
DSD SCR 10
Test devices Wscr (pm) Woase (M)
0.5
10 "
Type I
& s 1.25
2.5
0.5
10 "
Type 11
y Ny 1.25
SDeSCR_SCR 2.5
0.5
10 "
Type 111
ype ’s 1.25
2.5
10 1
Type IV 1.25
ype 25
2.5

2.4.2 The Equipment of ESD Test and High-Frequency Measurement
The pictures of TLP system and HBM tester are shown in Fig. 2.21. The TLP system
1s used to measure the [-V curves of the ESD devices, and the pulse width and pulse rise

time are setting 100 ns and 10 ns, respectively. In addition, the ESD stress is divided
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into positive or negative voltage. Using HBM tester tests ESD devices and gradually
increase the ESD stresses to observe ESD robustness of devices. In high-frequency
measurement, all the ground pads are connected together, and both the signal pads are
also connected together. One of ground pads is separated and be a power pad, and the
parasitic effects of power-rail ESD clamp circuit are not considered, as shown in Fig.
2.22 [32]. The chip photo of traditional devices and SDeSCR_SCRs is shown in Fig.
2.23. The information on the photo clearly shows the sizes and layout location of the

test devices, and the layout area of the test devices is about 2.038 mm?.

(b)
Fig. 2.21. The pictures of (a) TLP system (b) HBM tester.
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Fig. 2.23. Chip photo of traditional devices and SDeSCR_ SCRs.
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2.4.3 TLPI-V Curves of ESD Devices

In order to determine whether the ESD devices damaged or not, observing leakage
current of devices is a way. When leakage current suddenly increases, it represents
devices short. When leakage current suddenly decreases from large to small, it
represents metal lines open. From the leakage current offset more than 30% to determine
the test devices burned, according to the measurement results, the failures are all because
of devices short.

Measured TLP I-V curves are shown in Fig. 2.25 to Fig. 2.28. In traditional devices,
DD MOS and DSD MOS have snapback phenomenon at TLP voltage of over 6 V
because the parasitic NPN BJT of Myjg is triggered, as shown in Fig. 2.24(a) and (d).
Besides, Fig. 2.25 to Fig. 2.28 show the SDeSCR_SCRs at different modes. In SDeSCR
devices, the failure current of type III and type IV is slightly less than type I and type 11
because the base area (Wpase) of type I and type I SDeSCR devices is twice that of type
IIT and type IV SDeSCR devices. Therefore, the failure current and base area of the
SDeSCR devices have a close relationship, and the failure current is inversely
proportional to base area of SDeSCR devices [32]. In order to compare the clamping
voltage of the test devices at the same discharging current, the clamping voltage (Vciamp)
is defined at TLP current of 0.6A. Each SDeSCR_SCRs have snapback phenomenon
because the parasitic SCR is triggered. The TLP characteristic at different modes are

summarized in Table 2.2 to Table 2.5.
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Fig. 2.24. Measured TLP I-V curves of traditional devices at (a) PS mode, (b) PD

mode, (¢) NS mode, and (d) ND mode.
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2.25. Measured TLP I-V curves of SDeSCR_SCRs (Wscr =10 pm, Whase=0.5 pm)

at (a) PS mode, (b) PD mode, (c) NS mode, and (d) ND mode.
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Fig. 2.26. Measured TLP I-V curves of SDeSCR_SCRs (Wscr =10 um, Wpase=1 pm)

at (a) PS mode, (b) PD mode, (c) NS mode, and (d) ND mode.
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Fig. 2.27. Measured TLP I-V curves of SDeSCR_SCRs (Wscr =25 um, Whase=1.25

um) at (a) PS mode, (b) PD mode, (c) NS mode, and (d) ND mode.
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Fig. 2.28. Measured TLP I-V curves of SDeSCR_SCRs (Wscr=25 um, Whase=2.5 um)
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at (a) PS mode, (b) PD mode, (c) NS mode, and (d) ND mode.
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Table 2.2

Measured TLP characteristic of traditional devices and SDeSCR_SCRs at PS mode.

. Diode width Vu Vh I Ron Vclamp
Test devices at PS mode
@) M vl A ©@ | @saw
DD _MOS 10 1.89 | 1.89 | 0.57 | 13.68 >9.65
DSD MOS 10 2.69 | 2.69 | 0.74 | 14.76 11.48
DSD SCR 10 244 | 2.44 | 0.67 | 9.37 7.94
W W asc V V I ROII VC am]
Test devices at PS mode SCR b N " @ fammp
@ [ @m | V[V W] @ |@.6aw
10 0.5 2.5 122510.69 | 8.67 7.04
1 2.52 1228 | 0.66 | 9.44 7.67
Type I
95 1.25 [ 243 ]2.14 | 1.66 | 6.34 6.34
25 12431216 |1.65| 591 6.93
0 05 243216064 | 9.13 7.43
1 243 12.14 |1 0.63 | 7.76 6.52
Type 11
P 1.25 | 24 | 2.16 | 1.64 | 5.17 5.72
SDeSCR_SCR 2.5 24 | 2.1 | 1.65] 5.83 5.93
= 05 |244|2.15]|0.61 | 7.58 7.01
1 244 | 2.15 ] 0.61 | 7.62 7.03
Type III
f 1.25 | 239|207 | 1.61 | 5.64 5.41
25 [ 238 2.1 1.6 | 5.08 5.75
10 1 248 | 2.26 | 0.68 | &8.18 7.02
Type IV > 1.25 | 242|212 |1.57 | 5.82 5.94
25 12431208 |1.58| 5.64 5.67
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Table 2.3

Measured TLP characteristic of traditional devices and SDeSCR_SCRs at PD mode.

. Diode width Vu Vh I Ron Vclamp
Test devices at PD mode
@) M vl A ©@ | @saw
DD _MOS 10 1.21 | 1.21 | 0.59 | 8.03 >5.94
DSD MOS 10 1.72 1 1.72 | 0.7 | 10.76 7.48
DSD SCR 10 1.56 | 1.56 | 0.75 | 9.56 7.04
W W asc V V I ROII VC am]
Test devices at PD mode SCR b N " @ fammp
@ [ @m | V[V W] @ |@.6aw
10 0.5 1.51 1 1.25]0.71 | 9.51 6.38
1 1.5 [ 1.24 ] 0.71 | 8.87 5.82
Type I
95 1.25 | 1.29 | 1.14 | 1.73 | 4.56 4.4
2.5 1.29 | 1.19 | 1.77 | 5.24 4.72
& 0.5 1.29 | 1.13 | 0.6 | 6.96 5.63
1 1.5 [ 1.15]1062 | 7.23 5.37
Type 11
P 1.25 | 1.28 | 1.1 | 1.61 | 4.65 4.8
SDeSCR_SCR 2.5 1.29 | 1.18 | 1.61 | 4.69 4.41
= 0.5 1.29 | 1.13 | 0.59 | 8.3 >6.19
1 1.29 | 1.16 | 0.57 | 8.9 >6.34
Type III
f 1.25 | 1.28 | 1.06 | 1.54 | 4.09 3.84
2.5 1.29 | 1.06 | 1.53 | 4.65 4.15
10 1 1.51 | 1.18 | 0.62 | 6.75 5.48
Type IV > 1.25 | 1.29 | 1.07 | 1.48 | 4.56 4.1
2.5 1.29 |1 1.07 | 1.51 | 5.25 4.15
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Table 2.4

Measured TLP characteristic of traditional devices and SDeSCR_SCRs at NS mode.

. Diode width Vu Vh I Ron Vclamp
Test devices at NS mode
@) M vl A ©@ | @saw
DD _MOS 10 122 1122 ] 0.6 | 7.64 5.79
DSD MOS 10 1.69 | 1.69 | 0.7 | 9.77 6.42
DSD SCR 10 1.82 | 1.82 | 0.76 | 8.38 6.58
W W asc V V I ROII VC am]
Test devices at NS mode SCR b N " @ fammp
@ [ @m | V[V W] @ |@.6aw
10 0.5 1.5 [ 1.32 [ 0.69 | 9.15 5.9
1 1.5 [ 1.24 | 0.68 8.3 5.44
Type I
95 1.25 | 1.32 | 1.15 | 1.73 | 5.28 4.09
2.5 149 | 1.15 | 1.73 | 4.54 3.93
0 0.5 1.28 | 1.16 | 0.63 | 7.61 5.51
1 1.51 1 1.16 | 0.64 | 6.71 4.88
Type 11
P 1.25 | 1.29 1 1.05 ]| 1.61 | 4.34 33
SDeSCR_SCR 2.5 1.3 [ 1.06 | 1.61 | 4.18 3.09
= 0.5 1.29 | 1.19 | 0.56 | 7.62 >5.53
1 129 | 1.2 | 0.57 | 6.78 >5.16
Type III
f 1.25 | 1.29 | 1.05 | 1.55 | 4.16 342
2.5 1.29 | 1.05 | 1.55| 4.14 3.29
10 1 1.51 | 1.17 | 0.65 | 6.28 5
Type IV > 1.25 | 1.29 | 1.05 | 1.51 | 4.17 342
2.5 1.29 1 1.07 | 1.5 | 4.27 3.86
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Table 2.5

Measured TLP characteristic of traditional devices and SDeSCR_SCRs at ND mode.

. Diode width Vu Vh I Ron Vclamp
Test devices at ND mode
@) M vl A ©@ | @saw
DD _MOS 10 2.06 | 2.06 | 0.64 | 13.17 9.82
DSD MOS 10 29312931 0.69 | 14.57 11.02
DSD SCR 10 25 1 25 1067 947 7.88
W W asc V V I ROII VC am]
Test devices at ND mode SCR b N " @ fammp
@ [ @m | V[V ]| @ |@.6aw
10 05 |[2311]2.14| 06 | 9.18 7.57
1 2321217 1 0.65| 9.63 7.63
Type I
95 1.25 | 231206145 | 5.58 5.95
25 12311206162 547 5.65
0 05 [232] 2.1 |0.67]| 943 7.5
1 231 12.08 |0.68| 874 6.95
Type 11
P 1.25 [ 229204 | 1.6 5.5 6.24
SDeSCR_SCR 2.5 23 1202|173 | 542 5.86
= 05 |2311]2.08]0.61 9.4 7.78
1 231 | 2.11 | 0.61 | 942 7.94
Type III
f 1.25 | 224 1202 |1.65| 5.73 5.63
2.5 23 1202 ]1.63 | 5.62 5.43
10 1 232 | 2.1 |0.68 8.2 6.94
Type IV > 1.25 [ 2311202 |1.58 | 5.71 5.47
25 12311203 (1.59]| 543 5.63
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2.4.4 Analysis TLP I-V Curves of ESD Devices

The ESD paths pass only through the ESD devices of input terminal at PD mode
and NS mode to compare different types SDeSCR devices, as shown in Fig. 2.29 and
Fig. 2.30. The trigger voltage of the small size SDeSCR devices slight increases about
from 1.3 V to 1.5 V. The large size SDeSCR devices have a lower turn-on resistance,
and the holding voltage of the SDeSCR devices is almost the same. The SDeSCR
devices of the same Wscr and different Wyase have roughly the same turn-on resistance,
and the I also increases as size of Wscr increases. The traditional devices and
SDeSCR_SCRs are compared at different modes, as shown in Fig. 2.31. The DSD _SCR
has a smaller turn-on resistance than DD_MOS and DSD_MOS, but it is still larger than
type I1I and type IV SDeSCR devices.

The layout area includes ESD device and power-rail ESD clamp circuit.
SDeSCR_SCRs have the different turn-on resistance in different layout styles. The
proposed different types SDeSCR_SCRs also improves the Ron. In most cases, the Ron
of type III and type IV SDeSCR_SCRs is smaller than type I and type I1 SDeSCR_SCRs
because type III and type IV SDeSCR_SCRs insert the base into collect and emitter to
make the SDeSCR devices more uniform conduction. The turn-on resistance of the test

devices at different modes are summarized in Table 2.6.
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Fig. 2.29. Measured TLP I-V curves of (a) type 1, (b) type 11, (c) type 111, and (d) type

IV, SDeSCR_SCRs at PD mode.
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Fig. 2.30. Measured TLP I-V curves of (a) type 1, (b) type 11, (c) type 111, and (d) type
IV, SDeSCR_SCRs at NS mode.
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Fig. 2.31. Comparison among TLP I-V curves of traditional devices and

SDeSCR_SCRs at (a) PS mode, (b) PD mode, (c) NS mode, and (d) ND mode.
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Table 2.6

Measured Ron of traditional devices and SDeSCR_SCRs.

) Diode width Ron (Q)
Test devices
(um) PS PD NS ND
DD _MOS 10 13.68 8.03 7.64 13.17
DSD MOS 10 14.76 10.76 9.77 14.57
DSD SCR 10 9.37 9.56 8.38 9.47
. WSCR Wbase Ron (Q)
Test devices
(um) | (um) PS PD NS ND
10 0.5 8.67 9.51 9.15 9.18
1 9.44 8.87 8.3 9.63
Type I
55 1.25 6.43 4.56 5.28 5.58
2.5 591 5.24 4.54 5.47
1 0.5 9.13 6.96 7.61 9.43
I 7.76 7.23 6.71 8.74
Type 11
55 123 5.17 4.65 4.34 5.5
SDeSCR SCR 2.5 5.83 4.69 4.18 5.42
™ 0.5 7.58 8.3 7.62 9.4
1 7.62 8.9 6.78 9.42
Type 111
£ 1.25 5.64 4.09 4.16 5.73
2.5 5.08 4.65 4.14 5.62
10 1 8.18 6.75 6.28 8.2
Type IV )5 125 | 5.82 4.56 4.17 5.71
2.5 5.64 5.52 4.27 543
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2.4.5 HBM Robustness

Table 2.7 shows the HBM level of the test devices at different modes, and the
interval of the HBM level is set to 300 V for per step. The DD MOS, DSD MOS, and
DSD SCR can bear at least 0.9 kV, 1.2 kV, and 1.2 kV of HBM level, respectively. The
SDeSCR device have 10 um and 25 um sizes that can bear 1.2 kV and 3 kV of the HBM

level, respectively.

Table 2.7

Measured HBM robustness of traditional devices and SDeSCR_SCRs.

) Diode width HBM level (kV)
Test devices
(um) PS PD NS ND
DD MOS 10 1'% 0.9 1.2 1.2
DSD MOS 10 1.5 1.2 1.5 1.5
DSD SCR 10 I 1.5 1.5 1.2
: Wscr | Whase HBM level (kV)
Test devices
(um) | (um) PS PD NS ND
f 0.5 1.2 1.2 1.2 1.2
1 L2 1.2 1.2 1.2
Type I
= 1.25 33 33 33 3
2.5 33 33 33 33
10 0.5 1.2 1.2 1.5 1.2
1 1.2 1.2 1.5 1.2
Type 11
95 1.25 3 33 33 33
SDeSCR_SCR 2.5 33 33 33 33
10 0.5 1.2 1.2 1.5 1.2
1 1.2 1.2 1.5 1.2
Type 111
1.25 3 3 33 3
25
2.5 3 3 33
10 1 1.2 1.2 1.2 1.5
Type IV 1.25
yp 75
2.5
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2.4.6 DCI-V Curves

To ensure that the test devices do not have latch-up issues in normal operation, the
dc I-V curves are measured. The difference between dc I-V curve and TLP I-V curve is
that TLP I-V curve is used to predict the ESD robustness of the test device. The bias
voltage of Vpp and Vss are 1.2 V and 0 V. The voltage difference from Vpp to Vssis 1.2
V at PDS mode. This mode may have latch-up issues. Measured dc I-V curves of test
devices are shown in Fig. 2.32. In traditional devices, DD_MOS and DSD MOS have
snapback phenomenon at dc voltage of about 6 V because the parasitic NPN BJT of Myig
is triggered. In addition, the SCR-based power-rail ESD clamp circuit also have
snapback phenomenon. Different types and sizes of SDeSCR_SCRs have slightly
different results. The holding voltage of SDeSCR SCRs at PDS mode is lower than Vpp
(1.2 V), which causes latch-up issues. In order to solve the latch-up issues, several diodes
can be connected to the SCR-based power-rail ESD clamp circuit in series to increase
its holding voltage, as shown in Fig. 2.33. The dc I-V characteristics of traditional

devices and SDeSCR_SCRs are summarized in Table 2.8.
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Fig. 2.32. Measured dc I-V curves of (a) traditional devices, (b) type I, (c) type II, (d)

type 111, and (e) type IV, SDeSCR_SCRs at PDS mode.
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Table 2.8

Measured dc I-V characteristics of traditional devices and SDeSCR_SCRs at PDS

mode.
Diode width
Test devices fodewt Vi (V) at PDS mode
(um)
DD MOS 10 4.3
DSD MOS 10 432
DSD SCR 10 0.97
W W ase
Test devices SER ® Vi (V) at PDS mode
(um) | (um)
0.5 0.98
10
Tvoe | 1 0.98
ype 125 0.97
25
235 0.98
0.5 0.98
10
S 1 0.98
s N 0.98
SDeSCR_SCR 2.5 0.98
0.5 0.98
10
N 1 0.98
& 125 0.99
25
2.5 0.97
10 1 0.99
Type IV > 1.25 0.98
2.5 0.97
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Fig. 2.33. Several diodes can be connected SCR-based power-rail ESD clamp circuit in

series.

2.4.7 The High-Frequency Characteristics

Using the RFIC measurement system measures the s-parameter of the ESD devices,
as shown in Fig. 2.34. To remove pads and metal lines other than ESD devices, the de-
embedding technique is used [34], [35]. The loss of DD MOS, DSD MOS, and
DSD SCR at 24-GHz is 1.97 dB, 0.11 dB, and 0.23 dB. It can be observed that the loss
of DD _MOS is larger than DSD_MOS and DSD_SCR. At the same Wscr, the loss of
SDeSCR_SCRs is almost the same. The Whpase does not affect the loss of SDeSCR_SCRs,
so the measurement results are similar. The loss of SDeSCR_SCRs increases as size
increases. As shown in Fig. 2.35, the parasitic capacitance of DD_MOS, DSD MOS,
and DSD_SCR at 24-GHz is 46.23 fF, 30.79 fF, and 29.31 {fF. The SDeSCR_SCRs have
approximate parasitic capacitance and increase with Wscr. The ESD devices with larger
parasitic capacitance have a greater impact on the RF circuit. Measured loss and
parasitic capacitance of traditional devices and SDeSCR_SCRs are summarized in Table

2.9.
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Fig. 2.34. Measured loss of (a) traditional devices, (b) type I, (c) type II, (d) type III,

and (e) type IV, SDeSCR_SCRs.
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Table 2.9

Measured loss and parasitic capacitance of traditional devices and SDeSCR_SCRs.

) Diode width | Loss (dB) Parasitic capacitance
Test devices
(um) at 24-GHz (fF) at 24-GHz
DD MOS 10 1.97 46.23
DSD MOS 10 0.11 30.79
DSD SCR 10 0.23 29.31
) Wscr | Woase | Loss (dB) Parasitic capacitance
Test devices
(um) | (um) | at24-GHz (fF) at 24-GHz

10 0.5 0.28 27.38
1 0.25 28.94

Type I
55 1.25 0.43 46.85
2.5 0.44 48.11
& 0.5 0.21 30.19
1 0.19 31.38

Type 11
P 1.25 0.41 57.18
SDeSCR_SCR 23 0.41 58.01
, 0.5 0.20 29.96
1 0.19 31.13

Type 111
7 1.25 0.40 5491
2.5 0.41 55.69
10 1 0.18 32.97
Type IV 95 1.25 0.41 57.98
2.5 0.41 58.6

2.4.8 Leakage Current of ESD Devices at Different Temperatures

The leakage current of the ESD devices is measured at 25°C, 100°C, and 125°C.
The bias voltage is 0.8V, and the light source is turned off during measurement. The
leakage current of SDeSCR_SCRs is lower than DD_MOS and DSD_MOS at 100°C
and 125°C. The leakage current of the ESD devices increases as temperature increases,

as shown in Fig. 2.36. Measured results are summarized in Table 2.10.
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Fig. 2.36. Measured leakage current of (a) traditional devices, (b) type I, (c) type II, (d)

type 111, and (e) type IV, SDeSCR_SCRs.
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Table 2.10

Measured leakage current of traditional devices and SDeSCR_SCRs.

Test devices Diode width Leakage current (nA) at 0.8V
(um) 25°C 100°C 125°C

DD MOS 10 38.32 396.4 648
DSD MOS 10 0.045 1.941 6.911
DSD SCR 10 0.011 0.142 0.272
Test devices Wscr | Whase | Leakage current (nA) at 0.8V
(um) | (um) 25°C 100°C 125°C

10 0.5 0.039 0.082 0.152

1 0.026 0.137 0.206

Type I

95 1.25 0.058 0.1 0.32

2.5 0.007 0.06 0.205

0 0.5 0.014 0.059 0.166

1 0.035 0.083 0.173

Type 11

» 1.25 0.036 0.049 1.384

SDeSCR_SCR 2.5 0.025 0.036 0.286
% 0.5 0.042 0.068 0.242

1 0.003 0.139 0.267

Type 11

: 1.25 0.026 0.069 1.52

2.5 0.018 0.082 0.324

10 1 0.022 0.028 1.423

Type IV 95 1.25 0.01 0.01 1.418

2.5 0.008 0.09 0.273
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2.4.9 Comparison

The turn-on resistance, HBM level, and parasitic capacitance of test devices are
already summarized in Table 2.6, Table 2.7, and Table 2.9, respectively. Table 2.11
shows the layout area of DD, DSD, and SDeSCR devices, and the figure of merit (FOM)
1s defined to compare the performance of test devices. In application, the parasitic effect
of the ESD devices must be as small as possible, otherwise it will greatly affect the
characteristics of the circuit. Besides, the clamping voltage and turn-on resistance of
ESD devices are proportional. The lower clamping voltage represents a smaller power
consumption of the ESD devices.

The larger the value of the FOM, the better. Proposed SDeSCR_SCRs have better
performance than traditional devices. The type III and type IV SDeSCR_SCRs have the
advantages of low clamping voltage, low trigger voltage, and small layout area.

Selecting the large size SDeSCR SCRs will be better than the small size.

HBM level kV
FOM= — . ( = ) (2-1)
parasitic capacitancexlayout areaXVclamp fFx10 um2 xV
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Table 2.11

The layout area and FOM of test devices.

L t FOM
_ Diode width | ~2°"
Test devices area
(um) 5 PS PD NS ND
(um?)
DD _MOS 10 270 <10 | <12.1]| 16.6 9.8
DSD MOS 10 702 6.1 7.4 10.8 6.3
DSD SCR 10 702 9.2 10.4 11.1 7.4
Layout FOM
. WSCR Wbase
Test devices area
(um) | (um) 5 PS PD NS ND
(um?)
10 0.5 414 15 17.8 19.3 15
1 414 13.1 18.5 19.8 14.1
Type I
o 1.25 759 14.6 | 21.1 22.7 14.2
2.5 759 13 19.2 23 16
i 0.5 396 13.5 17.8 | 22.8 13.4
1 396 14.8 18 24.7 13.9
Type 11
o 1.25 726 12.6 16.6 | 24.1 12.7
SDeSCR_SCR 2 726 13.2 17.8 | 254 13.4
(i 0.5 380 15 <17 | <23.8| 13.6
1 380 14.4 <16 | <246 | 12.8
Type III
55 l 05 700 144 | 20.3 | 25.1 13.9
2.5 700 134 18.5 | 25.7 14.1
10 1 420 12.3 15.8 17.3 15.6
Type IV 55 1.25 720 12.1 17.5 21 13.1
2.5 720 12.5 17.1 18.4 12.6
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2.5 Summary

The traditional ESD devices and the proposed difterent types SDeSCR_SCRs have
been fabricated in 0.18-um CMOS technology. The TLP I-V curves, dc I-V curves,
HBM robustness, leakage current, loss, and parasitic capacitance of test devices are
measured. The proposed different types SDeSCR _SCRs have the lower clamping
voltage and turn-on resistance than traditional devices at the same size. In the case where
Wscr is 10 um and 25 um, SDeSCR_SCRs provide at least 1 kV and 3 kV HBM ESD
level. Although the SDeSCR_SCRs have almost the same HBM robustness as traditional
devices, the layout area of SDeSCR_SCRs have only a quarter of DD _MOS and
DSD_MOS. From the defined FOM values, it can be demonstrated that SDeSCR_SCRs

have better performance that traditional devices.
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Chapter 3
Application of ESD Devices to 24-GHz Low-Noise Amplifier in

CMOS Technology

3.1 24-GHz Low-Noise Amplifier

3.1.1 Design Steps of 24-GHz Low-Noise Amplifier

In 24-GHz LNA design steps, the circuit specifications are set, such as gain and
noise figure (NF). The appropriate transistor size is selected for the circuit. First, the Vps
and Vgs are swept from 0 V to 1.8 V, and the Vps and Vgs are selected as 1.2 V and 0.8
V, as shown in Fig. 3.1. Second, selecting the bias voltage decides the transistor size to
obtain maximum gain and minimum noise figure. The width size and finger number of
transistor are swept from 1.5 um to 8 um and from 2 to 64, respectively. The width size
and finger number of transistor are selected as 6 um and 10, as shown in Fig. 3.2 and
Fig. 3.3. Third, the inductor connects between the source of transistor and ground to
determine the cutoff frequency, which is source degeneration inductor (Ls). The Ls is
swept from 0 pH to 150 pH to obtain maximum gain, and the value of Ls is selected
between 60 pH and 90 pH, as shown in Fig. 3.4. Following the above steps, a single
transistor can obtain maximum performance. In order to increase gain of circuit, two-

stage structure is used. The matching network of the LNA will be introduced in next.
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3.1.2 Structure of 24-GHz Low-Noise Amplifier

As shown in Fig. 3.5, the architecture of a 24-GHz LNA is composed of two stage
and common source topology [36], [37]. The input matching network, output matching
network, and inter-stage matching network are labeled by the green, blue, and red lines,

respectively. The input matching network that is conjugate match is composed of L, and
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La, and Vg via Li, that is RF choke give bias to avoid RF signal loss to ground. The bias
voltage Vi and Vpp are designed 0.8 V and 1.2 V, respectively, and the power dissipation
of the LNA is 57.8 mW. Since the input impedance is designed 50 €, the source of Mni
adds an inductor to reduce noise figure degradation, and the value of inductor Ls can
adjust the cutoff frequency. In order to allow the previous stage of the signal deliver to
the next stage, adding the inter-stage matching network that compose of L, and C, is
necessary. Another component R, has the same function as the inductor, which is
designed 2 kQ. The output matching network is composed of Lout1, Lour2, and Cout, and
the Vpp via Louwe that is RF choke give bias to avoid RF signal loss. The simulation
results and the layout top view of the LNA without ESD protection are shown in Fig.

3.6 and Fig. 3.7.

Voo

Inter-stage e
matching network |

— s g

I-out2 :

| s [ | Lout1 Cout |
: S e — RFout
Input matching c | o i
| o | uput matching
network I | T{E M network
|
RFin | SRl
- |

Vss

Fig. 3.5. The architecture of 24-GHz LNA.
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3.1.3 24-GHz Low-Noise Amplifier with ESD Protection

The simulation results of the LNA with DD MOS, DSD MOS, and DSD SCR are
shown in Fig. 3.9, Fig. 3.12, Fig. 3.15, respectively. The simulation results of the LNA
with type III (Wscr=10 um, Whase=0.5 um) SDeSCR_SCR and type IV (Wscr=10 pum,
Whase=1 um) SDeSCR_SCR are shown in Fig. 3.18 and Fig. 3.20, respectively. The
MOS-based and SCR-based power-rail ESD clamp circuit are used in LNAs. In LNA
with ESD protection devices, the S11 and S22 are less than -15 dB, and S21 is about 15
dB. The noise figure is between 4.5 dB and 5.5 dB, and stability factor is more than 1.
The parasitic capacitances of type Il and type IV SDeSCR _SCRs are almost the same,
so the characteristics of LNAs are similar. Besides, the layout top view of the LNA with
DD MOS, DSD_MOS, DSD_SCR, type [IIl SDeSCR_SCR, and type IV SDeSCR_SCR
is shown in Fig. 3.10, Fig. 3.13, Fig. 3.16, Fig. 3.19, and Fig. 3.21, respectively. The
layout top view includes matching network and ESD protection circuit. The layout area

of LNAs is 0.457 um?,

| B SRR R R [ ST

Vpp
Imtér-stage. .1
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Fig. 3.8. Whole-chip ESD protection of LNA with DD _MOS.
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Fig. 3.21. The layout top view of LNA with type IV SDeSCR_SCR.

3.1.4 Measured 24-GHz Low-Noise Amplifier

In high-frequency measurement, a set of PGP probes and two sets of GSG probes
are needed, and the Vpp and Vg are given 1.2 V and 0.8 V. The chip photo and the
characteristics of the LNA without ESD protection are shown in Fig. 3.22 and Fig. 3.23.
The S11, S22, S21, and noise figure are -22.37 dB, -16.57 dB, 9.89 dB, and 5.99 dB,
respectively. The chip photo of LNA with DD _MOS is shown in Fig. 3.24, and the
characteristics of the LNA with DD MOS are shown in Fig. 3.25. The S11, S22, S21,
and noise figure of LNA with DD _MOS at 24-GHz are -26.89 dB, -13.51 dB, 9.91 dB,
and 5.78 dB, respectively. The chip photo of the LNA with DSD MOS is shown in Fig.
3.26, and the characteristics of the LNA with DSD_MOS are shown in Fig. 3.27. The
S11, S22, S21, and the noise figure of the LNA with DSD MOS at 24-GHz are -21.65
dB, -14.55 dB, 9.89 dB, and 5.79 dB, respectively. The chip photo of the LNA with
DSD SCR is shown in Fig. 3.28, and the characteristics of the LNA with DSD SCR are
shown in Fig. 3.29. The S11, S22, S21, and noise figure of the LNA with DSD SCR at
24-GHz are -15.92 dB, -13.25 dB, 9.88 dB, and 5.92 dB, respectively. The chip photo
of the LNA with SDeSCR_SCR is shown in Fig. 3.30, and the characteristics of the LNA

with type III SDeSCR_SCR are shown in Fig. 3.31. The S11, S22, S21, and noise figure
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of the LNA with type III SDeSCR_SCR at 24-GHz are -15.59 dB, -15.72 dB, 9.76 dB,
and 6.83 dB, respectively. The LNA with type IV SDeSCR_SCR is shown in Fig. 3.32.
The S11, S22, S21, and noise figure of the LNA with type IV SDeSCR_SCR at 24-GHz
are -15.4 dB, -15.7 dB, 9.89 dB, and 6.81 dB, respectively.
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Fig. 3.22. Chip photo of LNA without ESD protection.
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Fig. 3.23. Measured (a) s-parameter and (b) noise figure of LNA without ESD

protection.
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Fig. 3.24. Chip photo of LNA with DD _MOS.
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Fig. 3.25. Measured (a) s-parameter and (b) noise figure of LNA with DD MOS.
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Fig. 3.26. Chip photo of LNA with DSD_MOS.
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Fig. 3.27. Measured (a) s-parameter and (b) noise figure of LNA with DSD_MOS.
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Fig. 3.28. Chip photo of LNA with DSD_SCR.
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Fig. 3.29. Measured (a) s-parameter and (b) noise figure of LNA with DSD_SCR.
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Fig. 3.30. Chip photo of LNA with SDeSCR_SCR.
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Fig. 3.31. Measured (a) s-parameter and (b) noise figure of LNA with type III
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Fig. 3.32. Measured (a) s-parameter and (b) noise figure of LNA with type [V

SDeSCR_SCR.
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3.2 Verification of 24-GHz Low-Noise Amplifier in Component-Level
ESD

3.2.1 TLPI-V Curves of 24-GHz Low-Noise Amplifier

In order to determine whether the LNAs damaged or not, observing leakage current
of devices is a way. When the leakage current suddenly increases, it represents devices
short. When leakage current suddenly decreases from large to small, it represents metal
lines open. Measured TLP I-V curves of LNA with traditional devices and
SDeSCR_SCRs are shown in Fig. 2.32 and Fig. 3.34. At PS mode, the anode and cathode
are connected to RFj, and Vss, respectively, and the RFj, is given 0.8 V. At PD mode,
the anode and cathode are connected to RFi» and Vpp, respectively, and the RFi, 1s given
0.4 V. At NS mode, the anode and cathode are connected to Vss and RFin, respectively,
and the Vss is given -0.8 V. At ND mode, the anode and cathode are connected to Vpp
and RFi,, respectively, and the Vpp is given 0.4 V. From Fig. 3.33(a) and 3.33(c¢), the
leakage current of the LNA with DD_MOS is larger than LNA with DSD MOS and
LNA with DSD_SCR. Because the bias voltage is set to 0.8 V causing that diode
between 1/O pad and Vpp is turned on, so that the leakage current increases. The leakage
current of the LNA with ESD devices is slightly higher than ESD devices because
adding the LNA leads to increase the leakage current. From the I» of LNA with ESD
protection, LNA with DD MOS has the lower I, than LNA with DSD MOS and
DSD SCR at PD mode. At PS mode, the LNA with DSD SCR, type 111 SDeSCR _SCR,

and type IV SDeSCR_SCR have the lowest I» than other modes, as shown in Table 3.1.
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Fig. 3.33. Measured TLP I-V curves of LNA with traditional devices at (a) PS mode,

(b) PD mode, (¢) NS mode, and (d) ND mode.
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Fig. 3.34. Measured TLP I-V curves of LNA with type III and type IV SDeSCR_SCRs

at (a) PS mode, (b) PD mode, (c) NS mode, and (d) ND mode.
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Table 3.1

Iio of LNA with ESD protection at different modes.

I (A)
Test devices

PS PD NS ND
LNA with DD_MOS 1.2 0.6 1.2 1.1
LNA with DSD MOS 1.6 1.3 1.6 1.8

LNA with DSD _SCR 1.2 1.3 1.6 2
LNA with type III SDeSCR_SCR 0.5 0.6 1.1 1.2
LNA with type IV SDeSCR_SCR 0.6 0.7 1.1 1.1

3.2.2 ESD Stresses on 24-GHz Low-Noise Amplifier

Using HBM tester gives different HBM stresses to test LNA. If the characteristics
of the LNA are changed, it can prove that the LNA has been damaged. In addition,
measured leakage current from RFj, to Vss of the LNA is also a method to judge whether
the circuit is damaged. The HBM test also has PS mode, PD mode, NS mode, and ND
mode. At PS mode, anode terminal gives a positive ESD stresses to RFin, and the Vss
connects to the cathode terminal. At PD mode, the anode terminal gives a positive ESD
stresses to the RFi,, and the Vpp connects to the cathode terminal. At NS mode, the
anode terminal gives a negative ESD stresses to the RFin, and the Vss connects to the
cathode terminal. At ND mode, the anode terminal gives a negative ESD stresses to the
RFin, and the Vpp connects to the cathode terminal. One HBM level gives one ESD
stress at the same mode, each 0.5 kV one step, and gradually increases HBM level until
the characteristics or the leakage current of the LNA different from original LNA. After
0.5 kV HBM stresses, the LNA without ESD protection changes its original

characteristics because the LNA has been damaged. The leakage current of the LNA
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without ESD protection increases rapidly after 0.5 kV HBM stresses. According to the
measurement results, the LNA cannot bear 0.5 kV or even lower of ESD stress, as shown
in Fig. 3.35.

The LNA with DD MOS, DSD MOS, DSD SCR, type III SDeSCR SCR, and
type IV SDeSCR_SCR also use the same test. As shown in Fig. 3.36 to Fig. 3.38, after
2.5 kV HBM stresses, the LNA with DD MOS, DSD MOS, and DSD SCR change its
original characteristics because the LNAs have been damaged. Besides, the leakage
current of the LNA with DD _MOS gradually increases after 2 kV and 2.5 kV HBM
stresses. The leakage current of the LNA with DSD MOS and DSD_SCR increases
rapidly after 2.5 kV HBM stresses. The LNA with type III and type IV SDeSCR_SCRs
do not change its original characteristics because the LNAs have not suffered damage
yet. Besides, the leakage current of the LNAs increases rapidly after 2 kV HBM stresses.

Therefore, from the leakage current of the LNA can judge how much HBM level
the LNA can bear. The HBM level of the LNA with DD_MOS, DSD MOS, and
DSD SCR are 1.5 kV, 2 kV, and 2 kV, respectively. The LNA with type III and type IV
SDeSCR_SCRs can bear 1.5 kV HBM stresses, but LNAs cannot bear over 2 kV HBM
stresses, as shown in Fig. 3.39 and Fig. 3.40. Table 3.2 shows the performance of the
LNAs and references. The gain of the LNA without and with ESD protection are 9.9 dB
at 24-GHz. The noise figure of the LNA without ESD protection at 24-GHz is 6 dB. The
noise figure of the LNA with DD MOS, DSD MOS, DSD SCR, type III
SDeSCR_SCR, and type IV SDeSCR_SCR at 24-GHz are 5.8 dB, 5.8 dB, 5.9 dB, 6.8
dB, and 6.8 dB, respectively. Although the proposed LNA with type III and type IV
SDeSCR_SCRs have a lower HBM level than LNA with DSD_MOS and DSD_SCR,
the LNA with type III and type IV SDeSCR_SCRs can still provide 1.5 kV HBM ESD

level. The layout area of the LNA with type III and type IV SDeSCR_SCRs are less than
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a quarter of the LNA with DD _MOS and with DSD MOS, and reference [38].
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Fig. 3.35. Measured (a) S11, (b) S22, (¢) S21, (d) noise figure, and (e) leak current, of

LNA without ESD protection after HBM stress.
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LNA with DD _MOS after HBM stress.
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Fig. 3.37. Measured (a) S11, (b) S22, (¢) S21, (d) noise figure, and (e) leak current, of

LNA with DSD_MOS after HBM stress.
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Fig. 3.38. Measured (a) S11, (b) S22, (¢) S21, (d) noise figure, and (e) leak current, of

LNA with DSD_SCR after HBM stress.

87



LNA with type Ill SDeSCR_SCR 2 LNA with type Ill SDeSCR_SCR
E Wy toa=10nm, Wy, ;=0.5um) (Wyer ou=10um, W, =0.5um)
-5 5\0 =— Fresh
: e After 0.5kV HBM stress
— -10 ./ _ After 1KV HBM stress
o \ / o 10k ¢ After 1.5kV  HBM stress
= u—Fresh \/ ~4 \ —® After 2kV  HBM stress
> 15 After 0.5kV ®HBM stress g \ @ After 2.5kV HBM stress
After 1kV HBM stress \ $— ‘\
20| # After 1.5kV HBM stress A5+ b —y” &
e After 2kV  HBM stress = N
@ After 2.5kV HBM stress \
25 1 1 1 I -20 1 1 1 1
20 22 24 26 28 30 20 22 24 26 28 30
Frequency (GHz) Frequency (GHz)
(a) (b)
14 : 8
LNA with type Il SDeSCR_SCR . b‘,,’,,, 9
12 _(WSCR,(ataI=1op'm’ Wia5,=0-5um) —— >\ == " 2 — ,l
= Fresh 6 - i ." e— 1
10 ) '\ m = *-=
S 3 T 5 -LNA with type Il SDeSCR_SCR
o 8 N g 4 [ Wsce=10pm, W, =0.51m)
& D | = Fresh
S o i
a | After 0.5kV HBM stress . @ 3 e After 0.5kV HBM stress
4 After 1kV  HBM stress Se .g 2 N After 1kV  HBM stress
¢ After 1.5kV HBM stress \‘ Z | & After 1.5kV HBM stress
2+ ¢ After 2kV HBM stress 1} After 2kV HBM stress
3 r '. After 2.§kv HBMlstress : p = Alfter 2.5le HBMIstress ; .
20 22 24 26 28 30 20 21 22 23 24 25 26
Frequency (GHz) Frequency (GHz)
(©) (d)
RF _toV_
FLNA with type lll SDeSCR_SCR
0.01 !_(WSCR—10pm w —0.5&lm) > o e )
—_ : * Fresh
§ 14} e After 0.5kV HBM stress ‘
c 3 - &
: g
3 &8 After 1kV  HBM stress
o 4 —&— After 1.5kV HBM stress
® 1E8|
E I o0
= 1E10fF 7 ¢ After 2kV  HBM stress
. o After 2.5kV HBM stress
1E_12 1 1 1 1 1 1 1
00 01 02 03 04 05 06 0.7 0.8
Voltage (V)
(e)

Fig. 3.39. Measured (a) S11, (b) S22, (¢) S21, (d) noise figure, and (e) leak current, of

LNA with type III SDeSCR_SCR after HBM stress.
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Fig. 3.40. Measured (a) S11, (b) S22, (¢) S21, (d) noise figure, and (e) leak current, of

LNA with type IV SDeSCR_SCR after HBM stress.
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Table 3.2

Performance summary.

Noise ESD HBM
Vop | Gain
Cell name Frequency | Process figure | protection | level
(V) | (dB)
(dB) | area (um?) | (kV)
LNA without
6 N/A <0.5
ESD protection
LNA with
5.8 15995 1.5
DD MOS
LNA with
5.8 16427 2
DSD_MOS
LNA with 0.18-um
9.9 59 4342 2
DD _SCR CMOS
LNA with type | 24-GHz 1.2
11 6.8 4020 1.5
SDeSCR_SCR
LNA with type
1A% 6.8 4060 1.5
SDeSCR_SCR
Reference [38] 0.13-um 10 6.8 16800 2
RF
Reference [39] 36 6.9 unknown 2
CMOS
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3.3 Discussion and Summary

3.3.1 Debug

This section will discuss why the leakage current of the LNA with DD MOS has
increased significantly at PS mode and NS mode. According to the TLP measurement
results in Section 3.2.1, the leakage current of the LNA with DD MOS is larger than
those with DSD MOS and DSD_SCR at PS mode and NS mode. The leakage current
of LNA with DD _MOS and DSD_MOS are simulated in normal operation, as shown in
Fig. 3.41. At PS mode, the anode and cathode are connected to RF;, and Vs, respectively,
and the RFj, is given 0.8 V. At NS mode, the anode and cathode are connected to Vss
and RFi,, respectively, and the Vss is given -0.8 V. At PS mode and NS mode, the LNA
with DD _MOS has a larger leakage current because the first stage MOS (M) is turned
on. In addition, the leakage current at PDS mode does not increase significantly because
first stage MOS and second stage MOS are not turned on in normal operation. Therefore,

LNA with DD _MOS has no problem of the leakage current in normal operation.
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Fig. 3.41. Simulated leak current of LNA with DD MOS at (a) PS mode and (b) NS

mode.
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3.3.2 Summary

The 24-GHz LNA uses two-stage and common source topology, and the LNAs with
ESD devices have been fabricated in 0.18-um CMOS technology. The HBM robustness
and the leakage current of the LNA without and with ESD protection are measured. The
LNA without ESD protection circuit cannot bear 0.5 kV or even lower of HBM stresses,
and the leakage current increases rapidly after 0.5 kV HBM stresses. Although attaching
DD MOS and DSD_MOS to the LNA can improve HBM robustness, traditional devices
have the disadvantages of large layout area and large parasitic capacitance. Therefore,
the proposed SDeSCR_SCRs mend these disadvantages. The SDeSCR_SCRs that have
a small layout area are attached to the LNA. Although the LNA with type III and type
IV SDeSCR_SCRs have a lower HBM ESD level than LNA with DSD MOS and
DSD_SCR, the proposed designs can provide 1.5 kV HBM ESD level. The layout area
of the LNA with type III and type [V SDeSCR SCRs are less than LNA with DSD SCR
or even a quarter of the LNA with DD MOS and DSD_MOS.
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Chapter 4
Investigation of Vertical NPN Devices for Gigahertz Low-

Noise Amplifier in BICMOS Technology

4.1 Structure of Vertical NPN Devices

The model of the VNPN device is provided by foundry, which can be used to
simulate the device characteristics. Fig. 4.1(a) and (b) show the VNPN devices without
ground ring and with ground ring [40], respectively. In VNPN devices, the ESD currents
flow from RFj, pad to Vss through the two paths to protect internal circuits during ESD
events: through ESD path I if the ESD is positive at RFi, pad, and through ESD path II

if it is negative at RF;, pad.

RF;, pad RF;, pad
O X
A b
ESD Path lI ESD Path | ESD Path li ESD Path |
Rt Ritri
 J  J
Vss Vss
(2) (b)

Fig. 4.1. The VNPN devices (a) without ground ring and (b) with ground ring.
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The structure top view of the VNPN device is shown in Fig. 4.2. Along X-X’, it
includes P-substrate, N* buried layer (NBL), N*-EPI (NEPI), deep trench isolation (DTI),
P*, and N*. The cross-sectional view of the VNPN device without ground ring is shown
in Fig. 4.3(a). The ESD path I (N*/NBL/NEPI/P*/N") from RFi, pad to Vss discharges
the ESD current during positive ESD event at RFi, pad, and the ESD path II
(N*/P*/NBL/NEPI/N*) from Vss to RFi, pad discharges the ESD current during negative
ESD event at RFi, pad. The other design is the VNPN device with ground ring, and the
cross-sectional view of the VNPN device with ground ring is shown in Fig. 4.3(b). The
ESD path I (N*/NBL/NEPI/P*/N*) from RFi, pad to Vss discharges the ESD current
during positive ESD event at RFi, pad, and the ESD path II (P'/P-
substrate/NBL/NEPI/N™) from Vss to RFi, pad discharges the ESD current during
negative ESD event at RFj, pad. In VNPN device with ground ring, the substrate and
emitter are shorted, and the substrate to collector forms p-n junction just like a diode.
The trigger voltage of the VNPN device with ground ring is low and quickly turn-on
during positive ESD event at RFi, pad. However, the VNPN device without ground ring
increases trigger voltage causing the VNPN device cannot quickly turn-on to protect

internal circuit during negative ESD event at RF;, pad.
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Fig. 4.2. The structure top view of VNPN device.
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Emitter Collector

Base (Vss) (RFin pad)
X X
Rui
ESD Path |
x I
B X
N* N
g E—
NBL / NEPI
P - substrate
(a)
Emitter Collector
Substrate Base (Vss) (RF;n pad) Substrate
X X I? X
| Ry
ESD Path
X . X'
P N | N*A P
DTI i DTl
ESD Path Il
NBL / NEPI 2§
k [l)\‘ /
P - substrate '
(b)

Fig. 4.3. The cross-sectional view of VNPN devices (a) without ground ring and (b)

with ground ring.

After the structure of the VNPN device is explained, the VNPN devices connect to

the input of the internal circuit, as shown in Fig. 4.4. Most of the devices are

unidirectional path, like diode. The proposed VNPN devices have bidirectional ESD

paths. The ESD devices as much as possible reduce the layout area and parasitic effects.

The TLP characteristic, HBM robustness, parasitic capacitance, and layout area of the
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VNPN devices are compared in Section 4.2.3 and 4.2.4. The layout top view of the
VNPN devices without ground ring and with ground ring is shown in Fig. 4.5 and Fig.
4.6, respectively. The layout area of the VNPN devices without ground ring is 2.697
um?, 5.487 um?, and 9.372 um?. The layout area of the VNPN devices with ground ring
is 2.343 um?, 4.686 um?, and 11.069 um?. The metal lines are stacked, and the total
width of metal lines is more than 10 um. This consideration is to ensure that the metal
lines do not be burned before ESD device during ESD events. Therefore, the metal width

as much as possible increases to avoid the above problems.

VDD VDD
RFin g Internal RFin . Internal
pad Circuit pad Circuit
PS PS
Rtri%[ NS Rtri ] NS
>
Vss VSS
(a) (b)

Fig. 4.4. Attaching the VNPN devices (a) without ground ring and (b) with ground ring

to input of internal circuit to input of internal circuit.
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259.6pum 259.6pum
VNPN devices
without ring

259.6pum 1/0 pad \ 1/0 pad 259.6pm

(b)

259.6pum

259.6um

Fig. 4.5. The layout top view of VNPN devices without ground ring which length are

(a) 100 um, (b) 200 um, and (c) 400 um.
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259.6pm

259.6pum

VNPN devices

with ring

—

VNPN devices
: with ring

(b)

259.6um

259.6pum

Fig. 4.6. The layout top view of VNPN devices with ground ring which length are (a)

100 um, (b) 200 um, and (c) 400 um.
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4.2 Verification of Vertical NPN Devices

4.2.1 Parameters of VNPN Devices

The VNPN devices without ground ring and with ground ring have been fabricated
in BiICMOS technology. Table 4.1 shows the different sizes of the VNPN devices, in
which all the widths of test devices are 0.2 um and the lengths include 100 um, 200 pum,
and 400um. The resistance values of the Ryi in VNPN devices without ground ring and

with ground ring include 50 kQ and 5 kQ.

Table 4.1
Different sizes of test devices.
VNPN devices | without ground ring | with ground ring
Rui (kQ) 50 5
Width (um) 0.2
Length (um) 100 /200 /400

4.2.2 The Equipment of ESD Test and High-Frequency Measurement

The test environment has been introduced in Section 2.4.2. In high-frequency
measurement, all the ground pads are connected together, and the VNPN devices are
connected between two signal pads. To measure s-parameters, the anode gives bias
voltage to the signal pad of the RFi,, and the cathode is connected to ground, as shown

in Fig. 4.7. The picture under the microscope of the VNPN devices is shown in Fig. 4.8.
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Fig. 4.7. The diagram of VNPN devices in high-frequency measurement.
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Fig. 4.8. The picture under the microscope of VNPN devices.
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4.2.3 TLPI-V Curves

To judge the test device is damaged or not, the way is the same as in Section 2.4.3.
The TLP I-V curves of the VNPN devices during positive stresses at RFi, pad are shown
in Fig. 4.9(a) and 4.9(b). The measurement results show that the VNPN devices with
ground ring have higher trigger voltage than VNPN devices without ground ring. Owing
to the Rui of the VNPN devices is a key, the Ry relates to the trigger voltage of the
VNPN devices. In the VNPN device, the resistance from base to emitter (Rgg) is smaller
than the resistance from collector to base (Rcg), the resulting Vg is relatively small. The
small Ryi is not enough to trigger the base to emitter (N*-P") junction of the VNPN
devices. It is noteworthy that Fig. 4.9(b) has the phenomenon of snapback. Vg is enough
large to trigger the VNPN devices, the channel from collect to emitter is turned on, and
its can bear larger current.

The other hand, the TLP I-V curves of the VNPN devices during negative stresses
at RFi, pad are shown Fig. 4.10(a) and 4.10(b). The VNPN devices with ground ring
have a lower trigger voltage than that without ground ring because the ground ring is
added. The ground ring is connected to the emitter of the VNPN devices. The ESD
currents flow from substrate to collector, and the p-n junction turn-on about 1 V. Due to
the DTI is deeper than shallow trench isolation (STI), the path from substrate to collector
is longer. Both the second breakdown current (I2) of the VNPN devices increases as size
increases during positive and negative stresses at RFi, pad. The measurement results of

the TLP characteristics and HBM robustness are summarized in Table 4.2.
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Fig. 4.9. VNPN devices (a) without ground ring (R«=50 kQ) and (b) with ground ring

8 10

(Rui=5 k€2), during positive stresses at RF pad.
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Fig. 4.10. VNPN devices (a) without ground ring (R+=50 kQ) and (b) with ground

ring (R«i=5 k), during negative stresses at RF pad.
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Table 4.2

Measured TLP characteristic and HBM robustness of test devices.

VNPN devices without ground ring with ground ring
Width (um) 0.2
Rui (kQ) 50 5
Length (um) 100 200 400 100 200 400
Layout area (um?) 2697 | 5487 | 9372 | 2343 | 4686 | 11069
Vu (V) 6.8 5.8 6.0 10.3 10.3 10.3
Positive Vi (V) 6.8 5.8 6.0 5.4 5.1 4.4
stresses at I (A) 1.0 1.8 3.5 0.9 1.8 3.6
RFin pad Ron (Q) 4.2 3.0 1.9 4.2 29 1.8
HBM level (kV) 1.5 3 5.5 1.5 2.5 5.5
Vu (V) 2.8 2.6 2 1.1 1.0 0.9
Negative Vi (V) 2.8 2.6 2.8 1.1 1.0 0.9
stresses at I (A) 0.7 1.4 2.4 1.1 2.2 4.4
RFin pad Ron (Q2) 23 2.1 23 1.1 1.8 3.4
HBM level (kV) | 0.5 1.5 3 1 2 4.5

4.2.4 The High-Frequency Characteristics

Using the RFIC measurement system measures the s-parameter of the VNPN
devices, as shown in Fig. 4.11. From the measurement results, it can be observed that
the larger size VNPN devices have larger loss, and loss increases as size of VNPN
devices increases. The loss of the VNPN devices at 2.4-GHz is 0.14 dB, 0.23 dB, and
0.52 dB in lengths 100 pum, 200 um, and 400 um, respectively. The loss of the VNPN

devices at 2.4-GHz is 0.07 dB, 0.16 dB, and 0.42 dB in lengths 100 um, 200 um, and
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400 um, respectively. Besides, the characteristics of the RF circuits will be more
affected when the parasitic capacitance of the ESD device is relatively large. As shown
in Fig. 4.12, the parasitic capacitance of the VNPN devices at 2.4-GHz is 0.21 pF, 0.37
pF, and 0.7 pF in lengths 100 um, 200 um, and 400 um, respectively. The parasitic
capacitance of the VNPN devices at 2.4-GHz is 0.12 pF, 0.23 pF, and 0.45 pF in lengths
100 um, 200 um, and 400 um, respectively. The parasitic capacitance of the VNPN
devices with ground ring way is larger than VNPN devices without ground ring way
because ground ring is inserted. Measured loss and parasitic capacitance of the VNPN

devices are summarized in Table 4.3.
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Fig. 4.11. Measured loss of VNPN devices (a) without ground ring (R+=50 kQ) and

(b) with ground ring (Rui=5 kQ).
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Fig. 4.12. Measured parasitic capacitance of VNPN devices (a) without ground ring

(Rei=50 kQ) and (b) with ground ring (Ryi=5 kQ).

Table 4.3
Measured loss and parasitic capacitance of VNPN devices.
VNPN devices without ground ring with ground ring
Width (um) 0.2
Rui (kQ) 50 5
Length (um) 100 200 400 100 200 400
Loss (dB) at 2.4-GHz 0.14 0.23 0.52 0.07 0.16 0.42
Parasitic capacitance (pF)
0.21 0.37 0.70 0.12 0.23 0.45
at 2.4-GHz

4.2.5 Comparison

The VNPN devices with two different approaches are designed in 0.18-um SiGe

BiCMOS technology. Proposed VNPN device with ground ring is added P*-substrate,

which has lower trigger voltage. The VNPN devices without and with ground ring have

almost HBM robustness, during positive HBM stresses. On the contrary, the VNPN
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device with ground ring has better HBM robustness than VNPN device without ground
ring, during negative HBM stresses. Table 4.5 shows the VNPN devices are compared

with other ESD devices.

Table 4.4
Comparison the VNPN devices with references.
Layout Parasitic Positive
ESD devices Process area capacitance HBM level
(um?) (PF) (kV)
2697 | 0.21 @2.4-GHz 1.5
VNPN without ground
5487 | 0.37 @2.4-GHz 3
ring (Rui=50 kQ)
11067 | 0.7 @2.4-GHz 5.5
0.18-um SiGe 2343 | 0.12 @2.4-GHz 1.5
VNPN with ground
BiCMOS 4686 | 0.23 @2.4-GHz 2.5
ring (Rui=5 kQ)
9372 | 0.45 @2.4-GHz 5.5
Reference | ggNMOS 1433 | 0.45 @5.5-GHz 2
[45] gcNMOS 4160 | 0.76 @5.5-GHz 2
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4.3 Simulated 2.4-GHz Low-Noise Amplifier with VNPN Devices

4.3.1 Design Steps of Low-Noise Amplifier at 2.4-GHz

The design steps of the 2.4-GHz LNA are the same as Section 3.1.1. The design
targets of the 2.4-GHz LNA are that S11 and S22 are less than -15 dB, S21 is more than
20 dB, and noise figure is less than 5 dB. The V¢ and Vg are swept from 0 V to 1.8 V to
obtain maximum gain and minimum noise figure of transistor, and the V¢ and Vg are
selected 1.8 V and 0.9 V, as shown in Fig. 4.13 and Fig. 4.14. Changing the length or
multiple of transistor does not influence with max gain and noise figure, as shown in
Fig. 4.15 and Fig. 4.16. In the 2.4-GHz LNA design, the Vc and V3 are selected 1.8 V
and 0.9 V. The width, length, and multiplier are selected 0.2 um 4.16 um, and 1,
respectively. Following the above steps, a single transistor can achieve maximum

performance, and the matching network design of the LNA will be introduced in next.

50 RF NPN BJT at 2.4-GHz W RF NPN BJT at 2.4-GHz
40 Hwidth=0.2um, length=10.16pum, multiplier=1) 30 |(width=0.2pm, length=10.16pm, multiplier=1)
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8 20| VE18Ve e 3 V,=0.6V g 5
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S 107 o 5 o V=12V /
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S 0 e © ¢ Y
s = 2 8 [ ] 2 2 i s
10 | ! -10 - 3 \
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Fig. 4.13. Simulated Max gain of RF NPN BJT (width=0.2 um, length=10.16 pum,

multiplier=1) with various (a) Vc and (b) Vg at 2.4-GHz.
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Fig. 4.14. Simulated NFmin of RF NPN BJT (width=0.2 um, length=10.16 um,
multiplier=1) with various (a) Vc and (b) V at 2.4-GHz.
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Fig. 4.15. Simulated Max gain of RF NPN BJT (width=0.2 um, Vc =1.8 V, V¢ =0.9 V)

with various (a) length and (b) multiplier at 2.4-GHz.
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Fig. 4.16. Simulated NFmin of RF NPN BJT (width=0.2 um, Vc =1.8 V, Vc =0.9 V)

with various (a) length and (b) multiplier at 2.4-GHz.

4.3.2 Application of VNPN Devices to 2.4-GHz Low-Noise Amplifier

Fig. 4.17(a) shows the architecture of a 2.4-GHz LNA which use two-stage and
cascode topology [41]-[44], and Fig. 4.17(b) shows the simulation results. In Fig.
4.17(a), the input matching network, output matching network, and inter-stage matching
network are labeled by the green, blue, and red lines, respectively. The input matching
network that is conjugate match is composed of C; and L, Vi via L; that is RF choke
give bias to avoid RF signal loss to ground. The bias voltage Vg1, VB2, VB3, and Vcc are
designed 0.9V, 2.5V, 0.9V, and 3.3 V, respectively, and the power dissipation of the
LNA is 6.2 mW. Since the input impedance is designed 50 Q, the emitter of BJT adds
an inductor to reduce noise figure degradation, and the value of inductor Lg can adjust
the cutoff frequency, which are designed at 5-GHz. In order to allow the previous stage
of the signal deliver to the next stage, adding the inter-stage matching network that
compose of Co1 and Co2 1s necessary, another component R has the same function as the
inductor, which is designed less than 5 kQ. The output matching network is composed

of C; and L, and the Vcc via L that is RF choke give bias to avoid RF signal loss.
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Fig. 4.17. The (a) architecture and (b) simulation result of 2.4-GHz LNA.

The new design parameter of the VNPN devices are shown in Table 4.5, and the
test circuits of the LNA without and with ESD protection circuits have been simulated
in the same BiCMOS process. The VNPN device with ground ring is used as the ESD
protection, which is connected to the RFi, pad of the 2.4-GHz LNA, as shown in Fig.
4.18. According to the measurement results in Section 4.2.3, using dozens of kQ as the
Rui may be enough to trigger VNPN devices. Therefore, the resistance value of the Ry

1s chosen as 50 kQ, and the length of the VNPN device is increased to obtain better ESD

robustness.

Table 4.5

Different sizes of test devices attaching to 2.4-GHz LNA.

VNPN devices with ground ring

Riri (kQ) 50

Width (um) 0.2

Length (um) 100 / 200 / 400
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Fig. 4.18. LNA with ESD protection circuits.

After adding the VNPN devices with ground ring, the simulation results show that
the RF characteristics of the LNA circuits are not degraded, as shown in Fig. 4.19. Table
4.6 summarizes the simulation results of attaching the different sizes VNPN devices
with ground ring to the 2.4-GHz LNA. Both S11 and S22 are less than -15 dB, and the
S21 of minimum size and maximum size of the VNPN devices varies about 10.8%. The

noise figure increases as size increases from 3.7 dB to 5.0 dB.

112



LNA with VNPN devices (length=100um) LNA with VNPN devices (length=200um)
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Fig. 4.19. The simulation result of attaching the length of VNPN devices are (a) 100

um, (b) 200 um, and (c) 400 um, with ground ring (R+=50 kQ) to the 2.4-GHz LNA.
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Table 4.6
The simulation results of attaching the different sizes of VNPN devices with ground

ring to the 2.4-GHz LNA.

LNA with ESD LNA with different sizes of
protection circuit ESD protection circuit
Rui (k) N/A 50
VNPN devices
Width (um) N/A 0.2
with ground ring
Length (um) N/A 100 200 400
S11 (dB) -28.2 -37.2 -37.7 -33.2
S22 (dB) -25.3 -35.5 -35.5 -35.5
S21 (dB) 24.4 23.1 22.1 20.6
Noise Figure (dB) 4 3.7 4.3 5.0

4.4 Summary

The VNPN devices with two different approaches are designed in 0.18-um SiGe
BiCMOS technology, and the VNPN devices are applied to the 2.4-GHz LNA. Proposed
VNPN devices with ground ring is added P*-substrate, which has a lower trigger voltage.
Besides, using HBM tester tests VNPN devices. The VNPN device without ground ring
1s weaker than that with ground ring during negative stresses at RF pad. The Ryiis related
to the trigger voltage of the VNPN devices, and using dozens of kQ can be reduced from
about 10 V to 6 V. In applications, adding the VNPN devices to the input of the LNA

does not sacrifice the original characteristics of the LNA.
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Chapter 5

Conclusions and Future Works

5.1 Conclusion

In Chapter 2, the traditional ESD devices and SDeSCR devices have been
fabricated in 0.18-um CMOS technology. The ESD devices have DD, DSD, and
SDeSCR devices, which collocate the MOS-based power-rail ESD clamp circuit and
SCR-based power-rail ESD clamp circuit. The TLP I-V curves, dc I-V curves, HBM
robustness, leakage current, loss, and parasitic capacitance of test devices are measured.
The SDeSCR_SCRs provide at least 1 kV and 3 kV HBM ESD level when Wscr is 10
um and 25 um. Although the SDeSCR_SCRs have almost the same HBM robustness as
traditional devices, the layout area of the SDeSCR SCRs have only a quarter of
DD MOS and DSD_MOS. From the defined FOM values, it can be demonstrated that

SDeSCR_SCRs have better performance that traditional devices.

In Chapter 3, the 24-GHz LNA uses two-stage and common source topology, and
the LNAs with ESD devices have been fabricated in 0.18-um CMOS technology. The
LNA without ESD protection circuit cannot bear 0.5 kV or even lower of HBM stresses.
Although attaching DD _MOS, DSD MOS, and DSD_SCR to the LNA can improve
HBM robustness, the traditional devices have the disadvantages of the large layout area
and large parasitic capacitance. The SDeSCR_SCRs that have the small layout area are
attached to the LNA. Although the LNA with type III and type [V SDeSCR_SCRs have

a lower HBM ESD level than LNA with DSD MOS and DSD_SCR, the proposed
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designs can provide 1.5 kV HBM ESD level. The layout area of the LNA with type 111
and type IV SDeSCR_SCRs are less than LNA with DSD SCR or even a quarter of the

LNA with DD MOS and DSD MOS.

In Chapter 4, proposed VNPN devices without ground ring and with ground ring
are designed in 0.18-um BiCMOS technology. The large size of Ryi and ground ring can
decrease the trigger voltage of the VNPN devices at PS mode and NS mode. The VNPN
device with ground ring has a higher ESD robustness than that without ground ring at
unit parasitic capacitance. Changing the values of the Ry from 5 kQ to 50 kQ reduces
the trigger voltage of the VNPN devices from about 10 V to 6 V. Finally, the VNPN
devices are attached to the input of 2.4-GHz LNA to protect the circuit, and the
characteristics of the LNA with VNPN devices are simulated. It can be observed from

the simulation results and does not sacrifice its original characteristics.

5.2 Future Works

Attaching the VNPN devices to the input terminal of the LNA verifies its
characteristics in 0.18-um SiGe BiCMOS technology. Besides, each bias needs a bypass
circuit which is better ac ground for RF circuit. As shown in Fig. 5.1, the bypass circuit
design consists of resistors and capacitors, but the layout area is large. In the bypass
circuit design, loss must be less than -15 dB, and the impedance needs between 1 Q2 and
5 Q. However, the power-rail ESD clamp circuit which is equivalent a large capacitor
provides ESD path from Vpp to Vss or Vss to Vpp. It is important part of the whole-chip
ESD protection design. Combining the functions of the bypass circuit and power-rail

ESD clamp circuit propose a new design. The new design is adding an inductor to the
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power-rail ESD clamp circuit, the inductor and power-rail ESD clamp circuit resonate
below the designed frequency to make loss less than -15 dB, and the impedance is
between 1 Q and 5 Q. The new power-rail ESD clamp circuit has the ability, which can
withstand ESD and be regulated. As a result, each bias add the new power-rail ESD

clamp circuit not only has ESD protection ability but also save the layout area.

Connect to
power pad

Bypass ! T C1

circuit | |

Fig. 5.1. The conventional bypass circuit.
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