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Abstract

For the consideration of high integration and low cost, radio-frequency integrated circuits
(RF ICs) have been fabricated in nanoscale CMOS processes. Electrostatic discharge (ESD),
which has become one of the most important reliability issues in IC products, must be taken
into consideration during the design phase of all IC products. Since RF ICs are very sensitive
to any extra parasitic effect, ESD protection design for RF ICs in nanoscale CMOS processes
needs well ESD protection ability and small parasitic effect.

In this thesis, the new ESD protection design which was modified from the conventional
ESD protection design without adding any extra device has proposed. The new proposed ESD
protection device utilizes stacked diodes with embedded silicon-controlled rectifier (SCR) as
main ESD-current-discharging paths. The optimization on layout style of the stacked diodes is

more suitable for on-chip ESD protection due to its low turn-on resistance, low parasitic



capacitance, and high ESD robustness.

The proposed ESD protection stacked diodes with embedded SCR has been also
developed for the differential low-noise amplifier (LNA). The SCR path was established
directly from one differential input pad to the other differential input pad, so the pin-to-pin
ESD robustness can be improved.

Besides, this design had been further applied to a 24-GHz LNA in the same CMOS
process. Experimental results had shown that the proposed ESD protection design for the

differential LNA can achieve excellent ESD robustness and good RF performances.
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Chapter 1

Introduction

1.1 Motivation

In recent decades, the requirements of wireless products such as smart phones are
overwhelming. Nanoscale CMOS technologies have been used to implement the RF circuits
with the advantages of scaling-down feature size, low power consumption, high integration
capability, improving high-frequency characteristics,.and low cost for mass production [1].

From consumer electronics .to” mission-critical - applications operating under harsh
conditions, reliability becomes a key feature for most RF electronics. The electrostatic
discharge (ESD) of CMOS ICs becomes the biggest reliability concern. ESD-induced failure
results in unbearable energy bursts, either huge transient current or large voltage surge, which
can easily damage any integrated RF devices, circuits, and systems [2]. As the IC technology
keep scales down, ESD issues become more serious and must be carefully considered.
Well-designed ESD protection circuits for all /O pads in ICs are necessary.

In the RF frontend circuits, the input/output (1/O) pads are usually connected to the gate
terminal or silicided drain/source terminal of the metal-oxide-semiconductor field-effect
transistor (MOSFET). For an RF IC, the input interface is typically a low-noise amplifier
(LNA), and the output interface is typically a power amplifier (PA). Once the RF frontend
circuit is damaged by ESD, it cannot be recovered and the RF functionality would be lost.
Thus, on-chip ESD protection design must be provided for all 1/0 pads in RF ICs, such as

LNA and PA. Conventional ESD protection design, which consists of a pair of diodes inserted



beside 1/O pads and a power-rail ESD clamp circuit can provide whole-chip ESD protection
[3]. Unfortunately, such design would cause RF performance degradation of core circuits due
to the undesired parasitic effects introduced by those ESD protection devices [4].

While being applied in RF ICs, conventional ESD protection devices with large
dimension have good ESD robustness, but their large parasitic capacitances cause signal loss
from pads to ground. In particular, the parasitic capacitances also inevitably corrupt the
critical input and output matching conditions, which will lead to serious RF IC circuit
performance degradation, including almost all circuit specifications. For these reasons,
designing effective ESD protection circuits without degrading the RF performance of core
circuits has become a great challenge.

Since the parasitic capacitance of ESD protection devices is one of the most important
design considerations for RF ICs..Some methods have been developed to mitigate the
negative impact caused by the parasitic capacitances. The parasitic capacitances of ESD
protection devices can be cancelled out by using inductors and capacitors [5]-[7]. Some ESD
protection designs have been developed to fundamentally reduce the parasitic capacitances of
the ESD protection devices [4]. Several RF designs considering ESD parasitic effects were
reported, which included the ESD-induced parasitic resistance and capacitance into
impedance matching designs [8].

Unfortunately, the rapidly increasing operating frequency of RF ICs makes the parasitic
capacitances of ESD protection devices be more strictly limited. It is getting harder and harder
to meet the desired ESD robustness with such limitation. Consequently, ESD protection
designs for extremely high frequency must be necessary. For RF ESD protection designs,
silicon-controlled rectifier (SCR) is a useful device. An SCR with proper triggering
mechanism has great ESD robustness and low parasitic capacitances within a small layout

area. Therefore, carefully designed SCR is expected to be suitable for RF ESD protection [9].



The new ESD protection device and circuit for RF circuit with higher ESD protection
level and compact layout area are proposed in this work. Such ESD protection device and
circuit have been designed and fabricated in a 65-nm CMOS process. The new proposed ESD
protection design utilizes stacked diodes embedded silicon-controlled rectifier (SDSCR) as
main ESD-current-discharging paths. The measurement results prove that ESD protection
designs provides low turn-on resistance, low parasitic effects, and high ESD robustness.

The proposed ESD protection circuit also has been further applied to the CMOS
differential LNA. The 24 GHz CMOS differential LNA which utilize SDSCR and a
power-rail ESD clamp circuit as their ESD protection design are presented. The SDSCR and
LNA have been designed and fabricated in a 65-nm CMOS process. The measurement results
show that SDSCR indeed provides desired ESD.robustness for the 24 GHz CMOS LNA.

Besides, for comprehensive .investigation. .of  LNA ESD protection methods, an
ESD-protected LNA with ESD protection strategy consists of a power-rail ESD clamp circuit
has also been designed and verified in-a 65-nm CMOS process. According to the
measurement results, the proposed ESD-protection-strategy also provides a good protection

for the input gate terminal of the MOSFET of the RF LNA circuit.

1.2 Thesis Organization

Chapter 2 introduces the basic principles and the crucial considerations of RF ESD
protection design as well as basics of RF LNA. The issues of RF ESD protection design are
investigated.

Chapter 3 shows the design procedure of ESD protection devices for RF circuits. The
novel ESD protection design with optimized layout style is proposed. The architecture and

simulation results are presented. The measurement results of the RF performances and the



ESD levels of both ESD protection designs, which are fabricated in a 65-nm CMOS process,
are summarized. According to the experimental results, the proposed ESD protection design
exhibit required ESD levels without additional layout area.

Chapter 4 exhibits an ESD protection circuit design for RF circuit, which are fabricated in
a 65-nm CMOS process,. The new proposed ESD protection circuit utilizes stacked diodes
embedded silicon-controlled rectifier (SDSCR) as main ESD-current-discharging paths. In
addition, comparing with the conventional dual diodes ESD protection circuit, the new
proposed ESD protection circuit provides the shortest ESD current path under the pin-to-pin
ESD stress. As the result, the new proposed ESD protection circuit is expected to have high
pin-to-pin ESD robustness.

Chapter 5 exhibits an application of the proposed ESD protection design to 24-GHz
differential LNA. The stacked diodes embedded. silicon-controlled rectifier (SDSCR), which
is appropriate for differential LNA ESD protection, is- praposed. The architecture of the ESD
protection design is presented in detail. In‘addition, a 24 GHz CMOS LNA used to verify the
ESD level of the proposed SDSCR-.is also -designed. Both unprotected LNA and
ESD-protected LNA are fabricated in a 65-nm CMOS process. The experimental results of
RF performances and ESD levels of the unprotected LNA and the ESD-protected LNA are
summarized and compared. According to the results, the proposed SDSCR indeed has high

ESD protection ability without increasing the layout area.

Chapter 6 is the conclusions of this thesis and the future works on this topic.



Chapter 2
Basics of RF Circuit and ESD Protection

2.1 General Considerations of LNA Design

2.1.1 S-Parameters

To deal with a high-frequency network, conventional method of measuring voltage and
current is no longer suitable. Direct measurements under high-frequency conditions usually
involve the magnitude and phase of a traveling wave, so the concepts of equivalent voltage,
equivalent current, and the related impedance and. admittance became abstract. Scattering
parameters (S-parameters) with the concepts of reflected, incident, and transmitted waves are
more suitable and widely used to-describe the characteristics and behaviors of high-frequency
networks [10].

Fig. 2.1 shows a two-port network characterized by S-parameters. The S-parameters are

Sll le
e ) e

{bl = Slla1 + SlZaZ
bz = SZlal + Szzaz

defined in

which can also be represented as

(2.2)

where a; and a, represent the incident waves of each port; b; and b, represent the reflected

waves of each port, respectively. Each term in the S-parameters matrix is defined in (2.3).



al, ,
S12 = E
a, a =0
S21 = b_z
A, -0
b
Sp = = 2.3
2., (2.3)

S11 is the reflection coefficient seen at port 1 when port 2 is terminated with a load of 50 Q;
Sy is the reflection coefficient seen at port 2 when port 1 is terminated with a load of 50 Q.
S, is the forward gain from port 1 to port 2; Sy, is the reverse gain from port 2 to port 1.

In high-frequency measurement,” S;; .describes input matching condition, and Sy,
describes output matching condition. Sy describes the forward gain from port 1 to port 2, and

S1, describes the reverse isolation.condition.

O— ——o0
a1 by |
Port! . [S] . Port2
b, az

Fig. 2.1. A two-port network described with S-parameters.

2.1.2 Noise Figure

For receivers, noise is another important concern. In many analog circuits, the
signal-to-noise ratio (SNR), defined as the ratio of the signal power to the total noise power.
Noise factor is a figure of merit to describe a noisy system [11]. In RF design, on the other

hand, even though the ultimate goal is to maximize the SNR for the received and detected



signal, most of the front-end receiver blocks are characterized in terms of their noise figure

than the input-referred noise. Noise factor is defined as

NR
F = 2N

~SNR (2.4)

where SNR; represents the signal-to-noise ratio measured at input, and SNR, represents the
signal-to-noise ratio measured at output. It is a measure of SNR degradation when signal
passes through the described system. A commonly used figure of merit named noise figure

(NF) is
NF =10log F(dB) (2.5)
The physical meaning can be realized as

3 Total output noise power
Output noise power dueto source only

(2.6)

Form (2.6), if the described system adds no noise of its own, NF would be zero.

Noise Figure is measure of how much the SNR degrades as the signal passes through a
system. If a system has no noise, then SNR,="SNR;, regardless of the gain. This is because
both the input signal and the input noise are amplified (or attenuated) by the same factor and
no additional noise is introduced. Form (2.6), if the described system adds no noise of its own,
NF would be zero. In reality, the finite noise of a system degrades the SNR, yield NF > 1.

Considering a cascade multi-stage system shown in Fig. 2.2, each stage has gain (G) and

noise factor (F). The noise factor can be characterized by Friis formula

F-1 F-1
F.=1+(F-)+2—+2—+
s (R-1) G GG, 2.7)

It is indicial that noise of a multi-stage system is mainly contributed by the first stage.
For this reason, LNA, which is the first stage of an RF receiver, needs much consideration

on noise.
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Fig. 2.2. A cascade multi-stage RF system described with gain and noise factor.
2.1.3 Stability

Stability, which can be extracted from S-parameters, is a crucial consideration in RFIC
design. To an RF amplifier, it is important to operate stably without going into oscillation
under any condition. For unconditionally stable, both input impedance and output impedance

cannot be negative resistive. The sufficient and necessary conditions are

ITs| <1 (2.8)

Ir <1 2.9)
S, S, I

|FIN|_ Sll+11—2821FL <1 (2.10)
227 L
S5S, T

[Four | =S | <1 (2.12)
11- L

where T's is source reflection coefficient; " is load reflection coefficient; I'iy is input
reflection coefficient; T'oyr is output reflection coefficient.

These equations can be further derived to

K = 1-[Sy[ =[Sl +]AS

2055, >1 (2.12)
|A|=[8,,S,, —8,,8] <1 (2.13)

(2.12) and (2.13) can be further derived to
b=1+|Su[" =[Sy | ~[SuS» ~ S5/ >0 (2.14)

(2.12) and (2.14) represents the necessary and sufficient conditions for unconditional stability.



2.1.4 Gain Compression

The small-signal gain of a circuit is usually obtained with the assumption that harmonics
are negligible. However, as the signal amplitude increases, the gain begins to vary. In fact,
nonlinearity can be viewed as variation of the small-signal gain with the input level. In most
circuits of interest, the output is a compressive or saturating function of the input. Ideally, an
RF amplifier is considered as a linear amplifier. The power gain remains constant and the
relationship between output power and input power is linear. However, the large signal
transfer characteristics are different. As input power increases larger and larger, the output
power starts to gradually saturate. This makes the linear transfer relationship between input
power and output power no longer hold. In'RF circuits, this effect is quantified by the “1-dB
compression point,” defined as the input signal level that causes the small-signal gain to drop
by 1 dB. If plotted on a log-log scale as a function of the input level, the output level falls
below its ideal value by 1 dB at the 1-dB compression point. At 1-dB gain compression point
(P148), the power gain is 1 dB smaller‘than the constant power gain, as shown in Fig. 2.3.

IP1gg is the input power at Pygg.

Power,
Gain
(dB)

MdB Pin(dBm)

Fig. 2.3. The plots of power gain versus input power.



2.2 Conventional ESD Protection Design

2.2.1 Architecture of Conventional Whole-Chip ESD Protection Design

Fig. 2.4 shows a whole-chip ESD protection design which can provide effective ESD
protection for CMOS ICs [3]. The typical design consists of a pair of ESD protection devices
inserted beside the 1/0 pad and a power-rail ESD clamp circuit placed between the Vpp and
Vss power lines. The pair of ESD protection devices is used to clamp ESD stress and provide
ESD discharge paths among 1/0 pad and power lines. The power-rail ESD clamp circuit is
used to clamp the Vpp-to-Vss ESD stress and provide an ESD discharge path between Vpp

and Vss power lines.

Voo
ESD
Protection
Device
Power-Rail
0 o Internal ESD Clamp
Pad Circuit Circuit
ESD
Protection
Device

Vss

Fig. 2.4. Architecture of whole-chip ESD protection design.
2.2.2 Power-Rail ESD Clamp Circuit and 1/0 ESD Clamp Device

A typical power-rail ESD clamp circuit, which is shown in Fig. 2.5, consists of an
ESD-transient detection circuit and an NMOS (Mgsp) used as a Vpp-to-Vss ESD clamp
device. The ESD-transient detection circuit is expected to detect ESD stress and then turn on
the ESD clamp device to provide an ESD discharge path right after ESD events occur, while

turn off the ESD clamp device under normal power-on conditions.
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ESD-Transient Detection Circuit

r——————- - Voo

L

Fig. 2.5. Typical power-rail ESD clamp circuit.

A conventional ESD-transient detection circuit is'an RC-detector. Since the pulse rise
time of ESD events is on the order of nanosecond but that of the normal power-on events is
on the order of millisecond. The RC time constant of the RC-detector should be designed to
be on the order of microsecond, so the RC-detector is able to distinguish ESD events from
normal power-on events.

Mesp is used as a main ESD clamp device. It provides a low-impedance path for ESD
current and clamps the ESD voltage between Vpp and Vss power lines when it is triggered on
by the ESD-transient detection circuit.

The pair of ESD protection devices inserted beside the I/O pad is expected to provide
low-impedance ESD discharge paths among the 1/0 pad and power lines. A practical solution
is a pair of diodes. Diode can endure a large amount of current with small device dimension.

Furthermore, diode can clamp the voltage of 1/O at about 0.7V when it is forward biased to

11



discharge ESD current. The low clamping voltage is beneficial to protecting MOS devices
used in the internal circuits from being damaged by ESD stress.

In conclusion, a typical and conventional whole-chip ESD protection design is shown in
Fig. 2.6. Since this ESD protection design provides proper ESD discharge paths under every
ESD zapping mode, inclusive of positive-to-Vpp mode (PD-mode), positive-to-Vss mode
(PS-mode), negative-to-Vpp mode (ND-mode), negative-to-Vss mode (NS-mode),
Vpp-t0-Vss mode, and Vss-to-Vpp mode, well ESD robustness is guaranteed. All the ESD

discharge paths are shown in Fig. 2.7.

ESD Clamp Circuit Voo Power-Rail ESD Clamp Circuit
== [T ———— === A
| : [ |
I | | I
| | | I
| | | |

10 : | : :

|

Péd | : Internal (N S ._I |
: | Circuit : |

|

N | |

I | == _| I

| | | I

] | |

| I | I

e e o o e — —

VSS

Fig. 2.6. Conventional whole-chip ESD protection design.
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Fig. 2.7. ESD-discharge paths under (a) PS-mode and NS-mode, (b) PD-mode and ND-mode,

and (c) Vpp-to-Vss mode and Vss-to-Vpp mode.
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2.3 Issues of RF ESD Protection Design

2.3.1 Impacts of ESD protection design on RF performance

As discussed in Chapter 1, the performance of radio-frequency (RF) front-end circuits
and high-speed input/output (1/0) interface circuits is degraded by the parasitic effects of the
electrostatic discharge (ESD) protection devices on the signal path. If the ESD protection
device is realized by the PN-junction, MOS transistor, BJT, or silicon-controlled rectifier
(SCR), it is capacitive. For the RF front-end circuits, the parasitic capacitance causes signal
loss from the 1/0 pads to the AC ground nodes. Consequently the power gain is lowered and
the noise figure is increased. If an inductor is used as the ESD protection device, it exhibits
inductive impedance under normal. circuit operating conditions. Therefore, the impedance
matching conditions are changed. As a result, the center frequency will be shifted if the
inductive impedance is not considered in the impedance -matching network design. For the
high-speed 1/O interface circuit, the ESD protection devices are mainly realized with
capacitive devices. To mitigate the high-speed performance degradation, the parasitic

capacitance of ESD protection devices must be as low as possible.

2.3.2 Conventional RF ESD Protection Design
To overcome these problems, many RF ESD protection design has been developed. One
method is trying to cancel or isolate the parasitic capacitances from RF circuits, such as “ESD
cancellation” and “ESD isolation”; other method is trying to fundamentally reduce the
parasitic capacitances of ESD protection devices in order to minimize the influence on RF
performance [2], [12]. Some of these methods will be briefly introduced in this section.
“ESD isolation” is a method to protect RF circuits under ESD events, and “isolate” the

parasitic capacitances of ESD protection devices from RF circuits under normal operating
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conditions. Well designed “ESD isolation” can provide enough ESD robustness without
serious RF performance degradation. The low-capacitance ESD protection design utilizing the
impedance isolation technique had been reported [7], [13] - [14]. As shown in Fig. 2.8, the
LC-tank which consists of the inductor Lp and the capacitor Cp, is placed between the 1/0 pad
and Vpp. Another LC-tank consisting of the inductor Ly and the capacitor Cy is placed
between the 1/0 pad and Vss. The ESD diodes Dp and Dy are used to block the steady leakage
current path from Vpp to Vss under normal circuit operating conditions. The impedance of
LC-tank is infinite when LC-tank operates at its resonant frequency. For this reason, the pair
of LC-tanks can be designed to resonate at the operating frequency of the internal RF circuit,
and the RF input port will see infinite impedance through ESD clamp devices with the
LC-tank, ideally. Therefore, the parasitic. effects of ESD protection devices would not
influence the RF circuit under normal operating conditions. The resonant frequency of

LC-tanks is
\/ L-Cp \/LN CL

The inductances and capacitances of LC-tanks-can be chosen with (2.15).

(2.15)

@

Voo
De
Le ——C:
[[e]
PAD | | Power-Rail
E n.tern.a ESD Clamp
Circuits Circuit
Ln —=Cn
Dy

Vss

Fig. 2.8. ESD protection design with LC-tanks for RF circuits.
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Another method is using series inductor and diode as ESD protection device, as shown in
Fig. 2.9 [6]. The diode can be considered as a capacitor because of its parasitic effect. At the
resonant frequency, there is a notch where the signal loss is very large, which means that the
signal at the notch frequency will be totally lost. However, at frequencies above the resonant
frequency, the impedance of the series LC resonator becomes inductive, so the magnitude of
impedance increases (which means the signal loss becomes much smaller) with frequency
until the self-resonant frequency of the inductor is reached. The resonant frequency of the
series inductor and capacitor is the same as (2.15). Choose the resonant frequency of the
series inductor and diode far away from the operating frequency of the RF circuit, and
therefore the RF input port can see infinite_.impedance through the series inductor and diode
under normal operating conditions.. Thus, the parasitic effects of ESD protection devices
would not influence the RF circuit. Of course, the diode serves the same function as an ESD

clamp device does.

VDD
e
-l
Ce ==
L.
Le
110
PAD
E Internal
Circuits
=
-
Cn :::
L=
Vss

Fig. 2.9. ESD protection design with series diodes and inductors for RF circuits.
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“ESD cancellation” is a method to turn ESD protection devices into a part of RF circuit
so as to “cancel” the parasitic capacitances introduced by ESD protection device. A
commonly used method is considering ESD protection devices as parts of matching network
[15]. If an ESD protection device is simply added in front of an RF circuit, the parasitic
capacitance of the ESD protection device might change the input matching condition. ESD
protection devices can be treated as a part of the impedance matching network. By
co-designing the ESD protection circuit and the impedance matching network, large ESD
protection devices can be used to achieve high ESD robustness with their parasitic
capacitance matched. Fig. 2.10 shows this method. Cp, ESD is the parasitic capacitance of an
ESD protection device which changes the input matching condition. By adding extra capacitor
Ccand inductor Lg, the input impedance of the internal RF circuit can be changed from Zi; to
Ziy of 50Q. Hiding ESD protection devices in input matching network can cancel the RF

performance degradation caused hy the parasitic capacitance of ESD protection devices.

VDD
Ziz Z|1
I[e] T T T
] L
PAD : © |
E : * 'mm\ ' Internal
| — —> Circuits
i RN
i Cc Cpesp -r i
! !
I 1
! |
! |
O | Vs

Input Matching Network

Fig. 2.10. Input matching co-design of RF circuits with ESD protection devices.
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In addition, this method can be extended to broadband RF applications [16], as shown in
Fig. 2.11. As shown in Fig. 2.11, The ESD protection devices are divided into several sections
with decreasing size and are impedance matched by the transmission lines (T-lines) or
inductors from the 1/0 pad to the internal RF circuit. Each ESD protection device is connected
to Vpp or Vss, which is an equivalent AC ground node. The ESD protection devices are
divided into several small devices rather than one large device for broad-band RF
performance. For ESD robustness, dividing the ESD protection devices into decreasing size is
better than dividing them into equal size, since a larger ESD protection device inserted right
beside the 1/0 pad is beneficial to providing a high-current-tolerant ESD discharge path under
ESD events. Z, represents the impedance. of .transmission lines, coplanar waveguides, or
inductors which are used to do input matching. This architecture successfully combines ESD
protection devices with input matching network, and it can provide enough ESD robustness

without serious RF performance degradation.

ESD protection devices with decreasing size

-

Small

Laree (o Voo -

o A0 T T T

PAD Vo C o Vol Vo
— ] ] v i W | Internal
—J :|:II I|:|I ::li | Circuits

Z | Z | Z v 4 ]

ZN AN Fay \ZX!

Vss -

Fig. 2.11. ESD protection devices with decreasing size for broad-band RF circuits.
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2.3.3 Conventional Structure of Silicon-Controlled Rectifier

The methods mentioned above are a little complex to RF circuit designers since ESD
protection circuits have to be co-designed with RF circuits. Considering ESD protection
designs throughout RF design phase needs more effort. Therefore, a more straightforward
direction is to fundamentally decrease the parasitic capacitances of ESD protection devices.
RF designers can therefore easily add low-C ESD protection devices to RF circuits without
complex co-design methodology. To meet these requirements, silicon-controlled rectifier
(SCR) can serve. SCR had been demonstrated to be suitable for ESD protection for
high-frequency applications, because it has both high ESD robustness and low parasitic
capacitance under a small layout area [17]. Layout structures which can reduce the parasitic
capacitance of SCR had been investigated [18].

Fig. 2.12 and Fig. 2.13 shows the cross-section view and the equivalent circuit of a
typical SCR. The SCR structure consists of P-plus (P+)-diffusion, N-well, P-well, and N-plus
(N+) diffusion, as shown in Fig. 2.12. This four-layer structure can be regarded as a

two-terminal device consists of a lateral Qnen and avertical Qpnpe bipolar transistor, as shown

in Fig. 2.13.
Anode Cathode
X X
N+ P+ N+ P+
i‘) Quen
_M Qpnp
N-Well W P-Well
P-Substrate

Fig. 2.12. The cross-section view of a typical SCR.
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Cathode

Fig. 2.13. The equivalent circuit of a typical SCR.

The DC I-V characteristics of SCR under ESD stress is shown in Fig. 2.14. Assume that
positive ESD stress is applied to the anode of SCR and its cathode is relatively grounded. At
the beginning, the voltage applied to the anode is less than the breakdown voltage of the
N-well/P-well junction, so SCR acts like-an-apen circuit. When the voltage applied to the
anode is greater than the breakdown voltage, avalanche breakdown mechanism starts to work.
Hole current flows through the P-well to the P+ diffusion connected to ground, and
meanwhile electron current flows through ‘the ‘N-well to the N+ diffusion connected to the
anode. Once the voltage drops across the P-well resistor (Rp-wen) (N-well resistor (Rn-wen)) is
larger than 0.7 V, the parasitic NPN (PNP) transistor will be turned on. Furthermore, the
parasitic NPN (PNP) transistor injects electron (hole) current to bias the PNP (NPN) transistor,
and then the positive-feedback regenerative mechanism helps SCR to be successfully
triggered into its latching state and have a low holding voltage (Vhoig) ~1.5 V.

Next, assume that negative ESD stress is applied to the anode of SCR and its cathode is
relatively grounded. This negative voltage drops across the parasitic diode, which consists of
the P-well/N-well junction, in SCR. As long as the parasitic diode is forward biased, ESD
current can be discharged and the negative voltage will be clamped at the low cut-in voltage

of the parasitic diode.
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Fig. 2.14. |-V characteristics of SCR device under positive and negative voltage biases.

However, SCR has some drawbacks, such as higher trigger voltage and slower turn-on
speed. To reduce the trigger voltage of an SCR device; the trigger signal can be sent into the
base terminal of NPN BJT to enhance the turn-on speed. With the substrate-triggered
technique, the p-type substrate-triggered SCR (P-STSCR) and n-type substrate-triggered SCR
(N-STSCR) devices for ESD protection were reported [9]. The cross-sectional view and
equivalent circuits of the P-STSCR and N-STSCR are illustrated in Fig. 2.15 and Fig. 2.16,
respectively.

SCR provides suitable ESD discharging ability under every ESD stress condition, as
described above. It can provide high ESD protection level within a small layout area. A
smaller layout area introduces less parasitic capacitance, and therefore is beneficial to RF

ESD protection.
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Fig. 2.15. (a) Cross-sectional view of P-STSCR. (b) Equivalent circuit of P-STSCR.
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Fig. 2.16. (a) Cross-sectional view of N-STSCR. (b) Equivalent circuit of N-STSCR.
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Chapter 3
Design of ESD Protection Devices for RF Circuits

3.1 Conventional ESD Protection of Stacked Diodes

The conventional double-diode ESD protection scheme has been generally used for
gigahertz RF circuits. In order to reduce the parasitic capacitance or provide the large signal
swing tolerance, the ESD protection diodes in stacked configuration has also been presented,
as shown in Fig. 3.1 and Fig. 3.2 [19]. Although stacked ESD protection devices can reduce
the parasitic capacitance and leakage: current, the overall turn-on resistance and the voltage
across the stacked ESD protection-devices during ESD stresses are increased as well, which is
adverse to ESD protection. Therefore, a novel stacked diodes to improve ESD robustness is

needed for RF applications.

Vb
P-Type
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a £ RF
g e 1/0
S0 X RF Circuits
T o
o E
= &
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Fig. 3.1. ESD protection design with stacked diodes.
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Fig. 3.2. Device cross-sectional view of (a) P-type and (b) N-type stacked diodes.

3.2 Novel ESD Protection of Stacked Diodes with Embedded SCR

The novel stacked diodes with embedded silicon controlled rectifier (SCR) are illustrated
in Fig. 3.3 and Fig. 3.4. Fig. 3.3 shows the layout top view of the proposed design, and Fig.
3.4 shows the device cross-sectional view. In this work, the novel stacked diodes combines
one P+/N-well diode and one P-well/N+ diode. The embedded SCR consists of P+, N-well,

P-well, and N+. The deep N-well structure is used to isolate the P-well region from the




common P-substrate. The ESD current path along Q-Q' direction consists the P+/N-well diode
and P-well/N+ diode. The ESD current path along R-R' direction consists
P+/N-well/P-well/N+ SCR. The width of diode path (T) is defined as the sum of all segments
of t in Fig. 3.3, and the width of SCR path (W) is the sum of all segments of w; and w,. The
SCR device has been reported to be useful for ESD protection with low turn-on resistance,
low parasitic effects, and high ESD robustness. However, the stand-alone SCR device has
drawbacks of high turn-on voltage and low turn-on speed. To improve the turn-on speed and
reduce the turn-on voltage, the trigger current sent into the base terminal of the PNP and NPN
is need. In this design, the diode path also plays the role of trigger circuit of SCR to enhance
its turn-on speed [9], [17]. In the beginning of ESD stress, the diode path ((1)-(1")) will turn
on first to discharge the initial current, and then the SCR path ((2)-(2")) take over to discharge
the main current. Since the primary ESD current is discharged through the SCR path, the
distance from anode to cathode of SCR (D) is wished to be minimized to reduce the turn-on

resistance.
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Fig. 3.3. Layout top view of type A novel stacked diodes.
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Fig. 3.4. Cross-sectional view of novel stacked diodes type A along (a) (1)-(1") and (b) (2)-

).

For comparison purpose, two different layout structures which called type B and type C
are also implemented in the same CMOS process. The layout top view and cross-sectional

view of these two structures are illustrated in Fig. 3.5 and Fig. 3.6.
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Fig. 3.5. (a) Layout top view and cross-sectional view (b) (1)-(1") and (c) (2)-(2") of novel

stacked diodes type B.
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Fig. 3.6. (a) Layout top view and cross-sectional view (b) (1)-(1") and (c) (2)-(2") of novel

stacked diodes type C.
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3.3 Experimental Results

3.3.1 Test Devices

These test devices have been fabricated in a 65-nm salicided CMOS process without
using the silicide-blocking mask. The chip photograph of test devices is shown in Fig. 3.7.
These test devices are arranged with ground-signal-ground (G-S-G) style in layout to facilitate
the on-wafer RF measurement. The widths of the test circuits (W) are arranged as 20um,
30um, and 40um. The widths of diode path (T) of type A are equal to W/2, W/4, or W/8. The
widths of diode path (T) of type B and C are selected to be W/4 or W. The distance from
anode to cathode of SCR (D) is 0.32um.

For comparison purpose, the stand-al P diode, N diode, P stacked diodes, and N

stacked diodes with W=40um are 65-nm CMOS process. All these

dimensions of test devices are lis

Test Devices

1000pm

2600pm

Fig. 3.7. The chip photograph of test devices.
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3.3.2 Measured Parasitic Capacitance

With the on-wafer measurement, the two-port S-parameters of the test devices were
measured by using the vector network analyzer. The source and load resistances to the test
devices are kept at 50 Q. In order to extract the intrinsic characteristics of the test devices in
high frequencies, the parasitic effects of the G-S-G pads have been removed by using the
de-embedding technique [20]. The test patterns, one including the DUT and the other
excluding the DUT, as shown in Fig. 3.8, were fabricated in the same experimental test chip.
The measured Y-parameter of the including-DUT pattern is labeled as Y11 mes, and the
measured Y-parameter of the excluding-DUT pattern is labeled as Y11 pad. The intrinsic
device characteristics (Y11 pur) can be obtained by subtracting Y11 pad from Y11 mess. The
parasitic capacitance (Cgsp) of each test device can be extracted from the S-parameters by
using

Im (Y11_ DUT )

27 f 1)

CESD -

where f is the operating frequency. In fact, the parasitic effects consist of capacitances and
resistances. As shown in Fig. 3.9(a), the capacitances exist at P+/N-well (Cs;) and N+/P-well
(Cs2) junctions. The resistances exist in N-well (Rs;) and P-well (Rs;). Since the capacitances
(Cs1 and Csp) and the resistances (Rsi and Rsy) are in series, the series capacitance (Cs) can be
expressed as (Cs;*Csy)/(Cs1+Csy), and the series resistance (Rs) can be expressed as Rs;+Rs;.

The parasitic capacitance (Cgsp), as defined in Fig. 3.9(b), can be calculated by

1

=————C 3.2
1+(27RCy )" (3.2)

CESD

The parasitic capacitance (Cesp) slightly decreased with the increased frequency due to the
series parasitic resistance (Rs). Fig. 3.10~13 shows the extracted parasitic capacitances of the
test devices from 1 to 30 GHz.

The parasitic capacitances of the novel stacked diodes with w=20um/30um/40pm are about

20fF/30fF/40fF. As the Fig. 10 shown, the parasitic capacitances of novel device type A are
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slightly increased with the narrower T, which is identical to the narrowed w, and the widened
w;i. This is perhaps because the total capacitance is dominated by P+/N-well and N+/P-well

between two terminals. The source and load resistances to the test circuits were kept at 50 Q.
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Fig. 3.8. The layout top view with ground-signal-ground (G-S-G) pads and the equivalent

model of (a) including-DUT pattern and (b) excluding-DUT pattern.

(Vss) o)

|
|
(1) (1) c
P+ N+ P+ N+ S
STl [—4—{sT 1! sTi4—| sm
c .
” Cas —> Cesp & g Rp
Re: __J __ RszL
N-Well P-Well N- Rs
|

( Deep N-Well )
P-Substrate

(a) (b)
Fig. 3.9. (a) The schematic diagram of parasitic capacitances (Cs; and Cs; ) and parasitic

resistances (Rs; and Rs,) and (b) the equivalent model of measured capacitance Cgsp.
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Fig. 3.11. Measured parasitic capacitances of device type B with (a) W=20um, (b) W=30um,

and (c) W=40um.
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3.3.3 Measured ESD Robustness

To investigate the turn-on behavior and the I-V characteristics in high-current regions of
the ESD protection circuits, the transmission-line-pulsing (TLP) system with 10-ns rise time
and 100-ns pulse width is used [21]. The TLP-measured IV characteristics are shown in Fig.
3.14~17. The trigger voltages (Vi) of test devices type A are about 1.3V, type B are about
1.6V, and type C are about 1.5V. Due to the assistance of embedded SCR, the turn-on
resistances are significantly reduced. The TLP-measured current compression point (Icp),
which is defined as the current level deviates from the linearly extrapolated low-current curve
by 20% [22], of the proposed designs type A with w=20um/30um/40um are about
0.7A/1.1A/1.3A. The Icp of the proposed designs are improved, as compared with those of the
traditional diode and stacked diodes. To evaluate the -effectiveness of the proposed ESD
protection circuit in faster ESD-transient events, a very-fast-TLP (VFTLP) system with 0.2-ns
rise time and 1-ns pulse width is used in this study. The VFTLP system can be used to capture
the transient behavior of ESD protection-circuits in-the time domain of charged-device-model
(CDM) ESD event [23]. The VFTLP measured 1-V characteristics of the proposed devices
type A are shown in Fig. 3.18. As the width of diode path (T) increased, the turn-on speed of

embedded SCR decreased.
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The human-body-model (HBM) ESD robustness of the all test devices are evaluated by
the ESD tester. For the proposed design A, the test device A40 with W=40pm and T=5um can
pass 3.5kV HBM ESD robustness. For the proposed design B, the test device B40 with
W=40um and T=10um can achieve 2kV HBM ESD robustness. For the proposed design C,
the test device C40 with W=40um and T=10um can achieve 2kV HBM ESD robustness.
While the P diode or N diode with the same width can achieve 2.25kV and 2kV HBM ESD
robustness, respectively. The P stacked diodes or N stacked diodes with the same width has

only 1.5kV HBM ESD robustness. All these measured ESD robustness are listed in Table I.

3.4 Summary

Among the splits of the proposed designs type A, B and C, the test device A40 can
achieve 3.5-kV . HBM ESD robustness with, W=40pum and T=5um. Since the parasitic
capacitance of type B is a little smaller than that-of type A, type A can achieve higher ESD
robustness. Although the turn-on resistance of type C is a little smaller than that of type A, the
parasitic capacitance of type A is a little.smaller than that of type C. The ratio of HBM ESD
robustness and parasitic capacitance of the test devices are compared in Table I. The novel
stacked diodes type A with W=40um and T=5um has the best ratio (HBM/C) of 75.4, while
the P stacked diodes and N stacked diodes with the same width has only 51.9 and 41.3,
respectively.

Therefore, the compact ESD protection circuit for RF circuits can be realized by using the
test device type A. The proposed design can easily be used for RF circuits. The novel stacked
diodes with embedded SCR has been designed, fabricated, and characterized in a 65-nm
CMOS process. The optimization on layout style of stacked diodes with embedded SCR is
more suitable for on-chip ESD protection due to its low turn-on resistance, low parasitic
capacitance, and high ESD robustness. This layout style can be further extended to the

stacked diodes with more diodes.
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Table |

Comparisons of Experimental Results Among ESD Protection Devices in Silicon

Test Device Type w T D c@24 | HBM | TLPVy | TLPRw | TLPIe | HBMIC@24
@ | @m | @m ez | @) | ™ @ ) GHz(VIF)
25 236 175 1.29 119 072 742
A20 5 0.32 23 15 13 1.24 0.67 65.2
10 212 1.25 162 162 06 59
20 5 17.9 1 165 29 0.66 55.9
B20 1.02
20 18.7 1 164 36 0.68 535
5 201 1 13 12 0.66 498
C20 0.32
20 20 1 16 152 0.69 50
3.75 35.1 25 13 1.02 12 712
A30 75 | 032 34.4 2.25 13 117 116 65.4
15 324 2 16 135 116 617
Pg’pf’sed 30 75 27.3 15 1.63 22 0.95 54.9
B30 esign 1.02
30 286 15 162 26 1 52.4
75 301 15 13 115 1.03 498
C30 0.32
30 30 15 162 22 0.96 50
5 46.4 35 13 0.66 1.66 75.4
A40 10 | o032 455 3.25 13 076 1.62 714
20 429 275 158 112 145 64.1
40 10 362 2 162 12 1.35 55.2
B40 1.02
40 37.8 162 15 1.26 529
10 40.2 2 13 075 1.37 498
C40 0.32
40 40.1 2 164 1.06 127 49.9
P40 P Diode 40.8 15 08 1.08 1.05 36.8
N40 N Diode 41.4 15 0.86 14 0.92 36.2
SP40 PStacked | 40 | NA | NA 28.9 15 161 3.02 0.91 51.9
Diodes
SN40 N Stacked 363 15 161 3.14 0.9 413
Diodes
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Chapter 4
Design of ESD Protection Circuit for Differential RF

Circuits

4.1 Traditional ESD Protection Design for Differential RF LNA

In an RF receiver, the low-noise amplifier (LNA) plays a very important role because it is
the first stage in the RF receiver. A differential configuration is used for LNA design because
the advantages of common-mode noise-rejection, less sensitivity to substrate noise, supply
noise, and bond-wire inductance variation, [24]-[26]. In addition, the differential output
signals of the differential LNA can be directly. connected to the differential inputs of the
double balanced mixer [27].

The LNA is usually connected to the external-of the RF receiver chip. Therefore, on-chip
ESD protection circuits must be added:at.the first stage of RF receiver. As shown in Fig. 4.1,
the ESD protection circuits are added to the input (RF\) pads of the LNA against ESD
damages. Parasitic capacitance of the ESD protection device is one of the most important

design considerations for gigahertz differential LNA.
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Signal CI:CUH A pife tial l Clrfull Signal
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RFn1 g_ '_\ G & RFIN2
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A
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Fig. 4.1. Differential LNA with ESD protection devices.
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Fig. 4.2. Differential LNA with conventional ESD protection design of (a) dual diodes, (b)

stacked diodes, and (c) cross-coupled SCR.
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In the ESD-test standards, there are several ESD-test pin combinations. In addition to the
positive-to-Vpp (PD), positive-to-Vss (PS), negative-to-Vpp (ND), and negative-to-Vss (NS)
ESD tests, the pin-to-pin ESD test is also specified to evaluate ESD robustness of the
differential input pads. Under the pin-to-pin ESD test, one input pad is stressed with the other
input pad relatively grounded, while all the other pads including all Vpp and Vss pads are
floating [28]. The conventional ESD protection design with dual diodes has been generally
used for gigahertz differential LNA [25], as shown in Fig. 4.2(a). The ESD current will be
discharged through Dp;, Vpp bus, power-rail ESD clamp circuit, Vss bus, and Dy, under
pinl-to-pin2 ESD stresses. Since the pin-to-pin ESD current path is longer than PD, PS, ND,
or NS ESD current path, the pin-to-pin ESD stress was the most critical ESD events for the
differential input pads. To adapt some applications, the ESD protection design with stacked
diodes has also been used [19], as shown in.Fig. 4.2(b): As the Fig. 4.2 (a) and Fig. 4.2 (b)
shown, the voltage drop across the ESD current path.ef LNAs with ESD protection can be

calculated as

VESD,DuaI Diodes =VDP1 +VVDDfBus +VPower7CIamp +VVSS _Bus +VDN2 (41)
VESD,Stacked Diodes =VDPl +VDP3 +VVDDfBus +VPowerfcIamp +Vvsszus +VDN2 +VDN4 (42)

Since the pin-to-pin ESD current path is even longer in the stacked diodes, the ESD
protection design with dual silicon-controlled rectifier (SCR) has been presented to improve
the pin-to-pin ESD robustness [29], because the clamping voltage of SCR is much lower than
that of diode under ESD stress. To further reduce the voltage drop under pin-to-pin ESD
stress, the ESD protection design with cross-coupled SCR has been presented [30], as shown
in Fig. 4.2(c). Under pin-to-pin ESD stresses, the ESD current will be discharged through

SCR; or SCR,. The voltage drop across the ESD current path of LNAs with cross-coupled
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SCR can be calculated as
VESD,CrossfcoupIe SCR =VSCR1 OrVSCR2 (43)

However, in this design, the trigger circuit of SCR is needed to enhance the turn-on
speed of SCR under ESD stress. The cross-coupled SCR and power-rail ESD clamp circuit
need to be co-designed; therefore, this ESD protection design may be hard for RF circuit
designer to apply ESD protection in the gigahertz differential LNA.

In this work, a novel ESD protection design by using ESD protection diodes with
embedded SCR is proposed for effective ESD protection in the gigahertz differential LNA.
All the components used in the proposed design are embedded in a compact cell. The
proposed ESD protection design is suitable for RF circuit designer for them to easily apply

ESD protection in the gigahertz differential LNA.

4.2 Novel ESD Protection Design for Differential RF LNA

The new proposed ESD protection —circuit utilizes stacked diodes embedded
silicon-controlled rectifier (SCR) as main ESD-current-discharging paths. The proposed ESD
protection circuit is shown in Fig. 4.3. The power-rail ESD clamp circuit is also used to

provide the ESD paths between Vpp and Vss.
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Fig. 4.3. Proposed ESD protection design.
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Similar to the ESD protection design with stacked diodes in Fig. 4.2(b), 8 diodes are used
in the proposed design. Without adding extra device, the proposed design combines
P+/N-well diodes (Dp1, Dp2, Dn1, and Dyp) and P-well/N+ diodes (Dps, Dps, Dn3, and Dyg) to
form the embedded P+/N-well/P-well/N+ SCR paths (SCR3, SCR4, SCRs, and SCRg) by
using layout skill.

Besides, by putting Dp; and Dng (Dp2 and Dys) together in layout, another embedded
SCR; (SCRy) exists. To implement this design, the layout top view and the device
cross-sectional view of the proposed ESD protection design are shown in Figs. 4.4 and Figs.
4.5. The ESD current paths along (1)-(1") direction include Dp3, Dp1, Dns, Dn2, and the
parasitic stacked diodes from RFn; to RFn2. The ESD current paths along (2)-(2") direction
include SCRs, SCRy, and SCRy. Similarly, .the. ESD current paths along (3)-(3") direction
include D1, Dns, Dpo, Dps, and the parasitic-stacked diodes from RFy, to RFn1, and those
along (4)-(4") direction include SCR3;SCR3, and SCRe.

The width of diode path (T) is equal to twice the width of t in Fig. 4.4, and the width of
SCR path (W) is the sum of all segments of w; and w. In the beginning of ESD stress, the
diode paths will turn on to discharge the initial currents, and then the SCR paths will take over
to discharge the primary currents. The diode path also plays the role of trigger circuit of SCR
device to enhance its turn-on speed [9], [17] . Since the primary ESD currents are designed to
be discharged through the SCR paths, the distance from anode to cathode of SCR (D) is
wished to be minimized. The turn-on resistance of SCR can be lowered by using this layout
style.

As positive-to-Vpp-mode (PD-mode) ESD stress on RFn; pad, ESD current will be
discharged by the forward-biased stacked diodes (Dp; and Dp3) with embedded SCRs. During
positive-to-Vss-mode (PS-mode) ESD stress on RFn: pad, ESD current will be discharged
through the Dp; and Dpz with embedded SCRs and the power-rail ESD clamp circuit. As

negative-to-Vss-mode (NS-mode) ESD stress on RFn; pad, ESD current will be discharged
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by the Dn; and Dz with embedded SCR3. During negative-to-Vpp-mode (ND-mode) ESD
stress on RFn1 pad, ESD current will be discharged through the power-rail ESD clamp circuit
and the Dy; and Dys with embedded SCR3. As pin-to-pin ESD stress from RFn; to RF 2, the
ESD current can be discharged by the parasitic stacked diodes with embedded SCR;. During
pin-to-pin ESD stress from RF\, to RFy1, the ESD current can be discharged by the other
parasitic stacked diodes with embedded SCR,. As the Fig. 4.3 shown, the voltage drop across

the ESD current path of LNAs with ESD protection can be calculated as

VESD,Proposed Design ZVSCR1 OFVS(:R2 (4-4)

Comparing with the conventional ESD protection designs, the proposed ESD protection
design provides the whole chip ESD protection for all ESD-test pin combinations with lowest
clamping voltage without extra trigger circuit. Therefore, the proposed ESD protection design

is expected to have better ESD robustness.
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Fig. 4.4. Layout top view of proposed ESD protection design.
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4.3 Experimental Results
4.3.1 Test Circuits

To verify the proposed design in silicon chip, a 65-nm CMOS process is used in this work.
The width of SCR path (W) is selected to be 40um, which is estimated to pass 2-kV HBM
ESD tests. The widths of diode path (T) of are selected to be W/2, W/4, or W/8. The distance
from anode to cathode of SCR (D) is 0.32um. For comparison purpose, the ESD protection
designs with dual diodes and stacked diodes are also implemented in the same 65-nm CMOS
process. In each test circuit, the dimensions of diodes and power-rail ESD protection circuits
are all identical. The effective circuit of power-rail ESD protection circuit is shown in Fig.4.6.
All these dimensions of test circuits are listed in Table I. These test circuits have been
fabricated in a 65-nm salicided ‘CMQOS process without using the silicide-blocking mask.
These test circuits are arranged with ground-signal-ground-signal-ground (G-S-G-S-G) style
in layout to facilitate the on-wafer RF measurement. The chip photo of test circuits is shown

in Fig. 4.7.
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Fig. 4.6. The equivalent circuit of power-rail ESD protection circuit.
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Fig. 4.7. The chip photograph of test circuits.

4.3.2 Measured Parasitic Capacit

With the on-wafer measurem yrameters of the test devices were

measured by using the vector netwér e source and load resistances to the test
devices are kept at 50 Q. In order to extract the intrinsic characteristics of the test devices in
high frequencies, the parasitic effects of the G-S-G-S-G pads have been removed by using the
de-embedding technique [20]. The parasitic capacitance of each test device can be extracted
from the S-parameters.

The intrinsic parasitic capacitance of the proposed design seen at RFy; or RF; is about
120 fF at 24 GHz, as listed in Table 1. With the narrower T, which is identical to the narrowed
w, and the widened w;, the parasitic capacitances are slightly increased. The parasitic
capacitances of the dual diodes and stacked diodes are 122.9 fF and 83.4 fF, respectively. The

parasitic capacitance of the proposed design is lower than 200 fF, and the proposed ESD

protection design is expected to have much better ESD robustness.
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4.3.3 Measured ESD Robustness

To investigate the turn-on behavior and the I-V curve in high-current region of the ESD
protection circuit, the transmission-line-pulsing (TLP) system with 10-ns rise time and 100-ns
pulse width is used [21]. The TLP-measured I-V characteristics of the ESD protection circuit
under pin-to-pin stress are shown in Fig. 4.8. The trigger voltages (V) of the proposed
designs are 1.3~1.6 V, while those of the dual diodes and stacked diodes are 2.0 V and 2.8 V,
respectively. The holding voltage (Vhoig) Of the proposed designs are 1.1~1.4 V, while those of
the dual diodes and stacked diodes are 2.4 V and 4.5 V, respectively. Besides, the current
compression point (Icp), which is defined as the current level deviates from the linearly
extrapolated low-current curve by 20% [22],.0f the test circuits are also measured. The ICP of
the proposed designs are 1.0~1.1 A, while those of the dual diodes and stacked diodes are 0.8
A and 0.9 A, respectively. All TLRP-measured 1-\ characteristics are listed in Table 1. The
proposed ESD protection design with lower Vi, lower Vg, and higher Icp is more suitable
for ESD protection. Moreover, the proposed ESD protection design has the lower clamping
voltage which can provide effective ESD protection on the gigahertz differential LNA.

The HBM ESD robustness of the test circuits have been evaluated by the ESD tester. The
HBM ESD pulses are stressed to each test circuit under PD, PS, ND, NS, and pin-to-pin ESD
stress conditions. The failure criterion is defined as the I-V curve seen between test pads
shifting over 30% from its original curve after ESD stressed at every ESD test level. All these
measured ESD robustness are listed in Table 1. According to the measurement results, the
proposed design with W=40um and T=5um can pass 2.75kV pin-to-pin HBM ESD test, while
the dual diodes and stacked diodes with the same W=40um can only pass 1.75kV pin-to-pin

HBM ESD test.
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Fig. 4.8. TLP I-V curves of (a) proposed design and (b) conventional designs, under

pin-to-pin stress
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Table |
Design Parameters and Measurement Results of Test Circuits

W T D cC@24 PD PS ND NS Pin-to-Pin Pin-to-Pin Pin-to-Pin Pin-to-Pin
Structure GHz (F) | HBM | HBM | HBM | HBM HBM TLP Vu TLP Vhoid TLP Iep
(m) | (wm) - (um) &) | @ | @ | kv kV) v) v) (A)
5 1215 3 3 3 3 2.75 13 1.1 1.1
Proposed [, 10 0.32 120.6 25 2.75 25 2.5 2.5 1.3 1.2 1.0
Design
20 113.6 225 | 225 | 225 | 2.25 2 16 1.4 1.0
Dual
. 40 NA | NIA 122.9 2 2 2 2 1.75 2.0 2.4 0.8
Diodes
Stacked {0 f \ya | n/A 83.4 25 2 2 2 1.75 2.8 45 0.9
Diodes

4.4 Summary

The proposed ESD protection stacked diodes with embedded SCR has been developed

for the gigahertz differential LNA. Without adding extra device, this design also includes the

trigger circuit of SCR to enhance the turn-on speed. The Icp of the proposed designs are

1.0~1.1 A, while those of the dual-diodes and stacked diodes are 0.8 Aand 0.9 A, respectively.

The proposed ESD protection design has been verified.in a 65-nm CMOS process with low

parasitic capacitance, low clamping voltage, and high ESD robustness by TLP tests. The

HBM ESD robustness of the test circuits have been evaluated by the ESD tester. According to

the measurement results, the proposed design with W=40um and T=5um can pass 2.75kV

pin-to-pin HBM ESD test, while the dual diodes and stacked diodes with the same W=40um

can only pass 1.75kV pin-to-pin HBM ESD test.
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Chapter 5
Application of Novel ESD Protection Design to
24-GHz Differential LNA

5.1 Differential LNA

The differential LNA is designed to operate at 24 GHz with Vpp supply of 1.2 V. The
circuit schematic of the reference LNA without ESD protection is shown in Fig. 5.1. The
architecture of common-source inductive degeneration is applied to match the source
impedance (50Q) at resonance. Using, the cascode’ configuration can achieve good isolation
between the input and output. Moreover,-cascode configuration reduces the Miller effect and
provides good stability [31]. The-dimensions of the input-NMOS transistors were designed
according to the compromise between noise figure and power consumption. In order to verify
the intrinsic ESD protection capability ‘of the-on=chip ESD protection circuits at the input pads,
the ac coupling capacitor between the input pad and the gate inductor is not realized in the test
chip because the ac coupling capacitor connected to the input pad can block some ESD energy
when the input pad is stressed by ESD. The off-chip bias tee is needed to combine the RF
input signal and dc bias at the input node during RF performance measurement.

With the deep N-well structure, the P-well (bulk) region of each NMOS transistor can be
fully isolated from the common P-substrate, so the source and bulk terminals are connected
together to eliminate the body effect. All of the inductors are the on-chip spiral inductors
implemented by the top metal layer. The active and passive devices are fully integrated in the

silicon chip in 65-nm CMOS process.
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Fig. 5.1. Differential LNA without ESD protection.

The LNA with and without ESD protection circuits have been fabricated in the same
65-nm CMOS process. The proposed ESD protection design with W=40um and T=10um is
used to protect the RF\n1 and RFyp pads of the differential LNA, as the Fig. 5.2 shown. For
comparison purpose, the ESD protection designs with dual diodes and stacked diodes are also
used to protect the RF 1 and RFy, pads of‘the ‘other test LNA, as the Fig. 5.3 and Fig. 5.4
shown. Fig. 5.5 shows the chip photograph of the ESD-protected LNA. The area of each LNA

is 750pm x 800um, including all pads.

VDD
N —
QO
. . [1°]
RF'E Differential E s
LNA gg
..................... s
Vss

Fig. 5.2. Differential LNA with proposed ESD protection design.
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Fig. 5.3. Differential LNA with conventional ESD protection design of dual diodes.
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Fig. 5.4. Differential LNA with conventional ESD protection design of stacked diodes.
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5.2 Experimental Results

To measure the S — parameters i A , on-wafer four-port S — parameters
measurement with an Agilent E8361A analyzer performed. The noise figures were
measured by using an Agilent N8975A noise figure analyzer with an Agilent 346C noise
source.

It is not easy to estimate the RF performance degradation of LNA circuit caused by ESD
protection device by purely measuring the parasitic capacitance or S-parameters of ESD
protection device. Therefore, full-functional RF testing is needed for ESD-protected LNA
circuits to verify the effect caused by ESD protection device before being zapped by ESD
stress. To verify the ESD level of ESD-protected LNA circuits, RF function failure, has been
demonstrated in [32] that are more suitable and accurate for RF circuits.

RF characteristics are measured on wafer through G-S-G-S-G microwave probes. Each

LNA operates with the 1.2-V Vpp supply and draws a total current of 18 mA. The used bias
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voltage driven through the external bias tee is 0.65 V. The RF performances of all LNA are
measured before and after ESD stress. The measured S,; parameters and noise figures (NF) of
all LNA are shown in Figs. 5.6 ~5.13. The peak gain frequency of the LNA is shifted to about
21 GHz. Before ESD stress, the S;; at 21 GHz of LNA without ESD protection, LNA with
dual diodes, LNA with stacked diodes, and LNA with proposed design are 12.3 dB, 11.3 dB,
11.1 dB, and 11.5 dB, respectively, and the NF at 21 GHz are 3.1 dB, 3.8 dB, 4.0 dB, and 4.3
dB, respectively.

To verify the ESD protection ability, the RF performances of all LNA after ESD tests are
re-measured. All PD, PS, ND, NS, and pin-to-pin modes of HBM ESD stresses are performed
to the LNA. The RF performances of the LNA without ESD protection are severely degraded
after 500-V pin-to-pin HBM ESD tests, as .shown in Figs. 5.6 and Fig. 5.7. The RF
performances of the LNA with dual-diode and.stacked-diode ESD protections are degraded
after 2-kV and 1-kV pin-to-pin HBM:ESD tests, respectively, as shown in Figs. 5.8~5.11. In
contrast, the RF performances of-the LNA with_proposed ESD protection design are still
excellent matching after 2-kV pin-to-pin.HBM ESD<stress, as shown in Figs. 5.12 and Fig.

5.13.

16

E 0 | | LNA without ESD Protection
o] . |—0— Before HBM Test

— -5} —o— After 500V HBM Test
™~

N

15}
-20 L
0 5

Frequency (GHz)

Fig. 5.6. Measured S,; of LNA without ESD protection.
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Fig. 5.7. Measured NF of LNA without ESD protection.
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Fig. 5.8. Measured S;; of LNA with dual-diode ESD protection.
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Fig. 5.9. Measured NF of LNA with dual-diode ESD protection.
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Fig. 5.10. Measured Sy; of LNA with stacked-diode ESD protection.
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Fig. 5.11. Measured NF of LNA with stacked-diode ESD protection.
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Fig. 5.12. Measured Sy; of LNA with proposed ESD protection.
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Fig. 5.13. Measured NF of LNA with proposed ESD protection.

5.3 Failure Analysis

After ESD tests, the LNA with-and without ESD protection circuits are analyzed. To
investigate the failure mechanism, emission microscope (EMMI) and scanning electron
microscope (SEM) can be utilized to find the failure location. The SEM photograph of the
LNA without ESD protection after 500-V pin-to-pin HBM ESD tests is shown in Fig. 5.14.
The failure points are located at the gates of M; and Ms. Fig. 5.15 and Fig. 5.16 show the
EMMI pictures of the LNA with dual-diode and stacked-diode ESD protection after 2-kV
pin-to-pin HBM ESD tests. Furthermore, the SEM photographs of the LNA with dual-diode
and stacked-diode ESD protections after 2-kV pin-to-pin HBM ESD tests are shown in Figs.
5.17 and Fig. 5.18, respectively. The failure points are still located at the gates of M1 or M3.
The failure mechanism indicates that the conventional ESD protection design can not
effectively clamp the overshooting voltage to protect the gate oxide from damage. This failure

mechanism indicates that overshooting voltage across the gate oxide causes damage because
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the gate- oxide breakdown voltage is decreasing as the CMOS technology is scaled down.

The SEM photographs of the LNA with proposed ESD protection design after 2-kV
pin-to-pin HBM ESD tests is shown in Fig. 5.19. There is no failure found in the LNA with
proposed ESD protection design after 3-kV pin-to-pin HBM ESD tests. The EMMI and SEM
photographs of the LNA with proposed ESD protection design after 3-kV pin-to-pin HBM
ESD test are shown in Fig. 5.20 and Fig. 5.21. After 3-kV pin-to-pin HBM ESD tests, the
failure point is located at the embedded SCR;. This failure mechanism indicates that the failed
function of LNA after HBM ESD zapping is caused by the damaged proposed ESD protection
design. Since the proposed ESD protection design is damaged earlier than the MOS transistor
used in LNA, trigger speed and clamp voltage of the proposed ESD protection design is
tolerable to the used MOS transistor when proposed ESD protection design is applied to LNA.
Therefore, the proposed ESD protection design-has been verified to protect the LNA from
ESD damage with 2-kV HBM ESD robustness.

The ESD level of proposed protection design. itself becomes crucial. If the ESD level of
proposed ESD protection design can be boosted, the ESD level of ESD-protected LNA with
proposed ESD protection design would further enhance. One method is to enlarge the width

of proposed ESD protection design.
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Fig. 5.14. SEM photo of (a) M1 and (b) M3, in LNA without ESD protection after 500-

V HBM ESD tests.
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EMMI photo of LNA with dual-diode ESD protection after 2-kV pin-to-pin

Fig. 5.16. EMMI photo LNA with stacked-diode ESD protection after 2-kV pin-to-pin

HBM ESD tests.
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Fig. 5.17. SEM photo of M; in LNA with dual-diode ESD protection after 2-kV

pin-to-pin HBM ESD tests.

Fig. 5.18. SEM photo of M3 in LNA with stacked-diode ESD protection after 2-kV

pin-to-pin HBM ESD tests.
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Fig. 5.19. SEM photo of My in LNA with proposed ESD protection after 3-kV pin-to-pin

HBM ESD tests.

0.146 [mA]
1.00 [V]
o ) .

Fig. 5.20. EMMI photo of LNA with proposed ESD protection after 3-kV pin-to-pin

HBM ESD tests.
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Fig. 5.21. SEM photo of proposed ESD protection design after 3-kV pin-to-pin HBM

ESD tests.

5.4 Summary

The proposed ESD protection design with W=40um, T=10um, 120.6-fF parasitic
capacitance, and 2.5-kV HBM ESD robustness has been applied to a differential LNA.
According to the measurement results, the RF performance of the LNA with dual-diode and
with stacked-diode ESD protections are degraded after 2-kV and 1-kV pin-to-pin HBM ESD
tests, respectively. The RF performances of the LNA with proposed ESD protection design

are still excellent matching after 2-kV pin-to-pin HBM ESD stress.
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The failure mechanism indicates that the failed function of LNA after HBM ESD zapping
is caused by the damaged proposed ESD protection design. The trigger speed and clamp
voltage of the proposed ESD protection design is tolerable to the used MOS transistor because
the proposed ESD protection design is damaged earlier than the MOS transistor. The failure
analyze results verify the RF performances and confirm the ESD protection ability of the
proposed ESD protection design. The experimental results reveal the truth that the proposed

ESD protection circuit indeed done its work with 2-kV HBM ESD robustness.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

In this thesis, the issues of RF ESD protection design have been presented. The parasitic
effects of ESD protection devices may cause signal loss, change input matching conditions,
and induce other undesired RF performance degradation. Designing RF ESD protection
devices or circuits with good ESD level and less influence on RF performance is quite a
challenge. The novel RF ESD protection_device and circuit design have been proposed to
advance this goal.

The novel ESD protection design of stacked diodes has been designed, fabricated, and
characterized in a 65-nm CMOS process. The new. proposed ESD protection device utilizes
stacked diodes embedded silicon-controlled . rectifier (SDSCR) as main
ESD-current-discharging paths. According to the measurement results, the novel stacked
diodes type A40 with W=40um and T=5um has the best ratio of 75.4, while the P stacked
diodes and N stacked diodes with the same width has only 51.9 and 41.3, respectively.
Therefore, the optimization on layout style of stacked diodes is more suitable for on-chip ESD
protection due to its low turn-on resistance, low parasitic capacitance, and high ESD
robustness. This layout style can be further extended to the stacked diodes with more diodes.

The proposed ESD protection stacked diodes with embedded SCR has been developed
for the gigahertz differential LNA. Without adding extra device, the proposed circuit design
combines P+/N-well diodes and P-well/N+ diodes to form the embedded
P+/N-well/P-well/N+ SCR paths by using layout skill, and this design also includes the

trigger circuit of SCR to enhance the turn-on speed. The Icp of the proposed designs are
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1.0~1.1 A, while those of the dual diodes and stacked diodes are 0.8 A and 0.9 A, respectively.
The proposed ESD protection design has been verified in a 65-nm CMOS process with low
parasitic capacitance, low clamping voltage, and high ESD robustness by TLP tests. The
HBM ESD robustness of the test circuits have been evaluated by the ESD tester. The HBM
ESD pulses are stressed to each test circuit under PD, PS, ND, NS, and pin-to-pin ESD stress
conditions. According to the measurement results, the proposed design with W=40um and
T=5um can pass 2.75kV pin-to-pin HBM ESD test, while the dual diodes and stacked diodes
with the same W=40um can only pass 1.75kV pin-to-pin HBM ESD test.

Moreover, the proposed ESD protection design with W=40um, T=10um, 120.6-fF
parasitic capacitance, and 2.5-kV HBM ESD robustness has been successfully applied to a
differential LNA. Among the measurement. results, the RF performance of the LNA with
dual-diode and with stacked-diode 'ESD protections are degraded after 2-kV and 1-kV
pin-to-pin HBM ESD tests, respectively. In contrast, the RF performances of the LNA with
proposed ESD protection design are still excellent matching after 2-kV pin-to-pin HBM ESD
stress.

The failure mechanism indicates that the failed function of LNA after HBM ESD zapping
is caused by the damaged proposed ESD protection design. The proposed ESD protection
design with high trigger speed and low clamp voltage is suitable for differential LNA in
nanoscale CMOS process. The proposed ESD protection design has been verified to protect

the LNA from ESD damage with 2-kV HBM ESD robustness.
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6.2 Future Works

The RF circuits realized in CMOS technologies are susceptible to ESD events that may
damage the IC products. The ESD protection design for power amplifier (PA) has been
reported in [33]. In this thesis, the ESD protection design for LNA has been discussed. The
transmit/receive (T/R) switch in the RF front-end circuit, as shown in Fig. 1, may also be
stressed by ESD. As yet little is known about the ESD protection design for the T/R switch.

Thus, ESD protection design for T/R switch in RF circuits can be further studied in the

future.
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Fig. 6.1. Schematic diagram of T/R switch in RF front-end circuit.
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