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ABSTRACT

Electrostatic discharge (ESD) is one of the most important reliability issues in the integrated
circuit (IC) industry and it is known that nearly 40% of all IC failures are associated with
ESD/EOS (electrical overstress) related modes. Therefore, controlling ESD is indispensable for
achieving higher quality and reliability standards of IC chips.

As VLSI technology continues to scale, new processes and materials can have profound
effect on the ESD performance of sub-150 nm CMOS devices. Hence, characterization and
modeling of ESD phenomenon for these technology nodes become necessary to comprehend the
physical aspect of the ESD phenomenon and to consequently propose suitable protection
schemes.

In this thesis, by investigating various aspects of ESD behavior involved in advanced 0.13
um CMOS technology, it is identified that the non-uniform bipolar conduction phenomenon
during ESD events results in a severe reduction in ESD protection strength. This non-uniform
bipolar conduction becomes more serious with silicided protection devices, compared with non-
silicided devices.

Using experiments and device simulations, it is inferred that the root cause of this non-
uniform conduction is likely related to the intrinsic process defects that lock-in the bipolar
conduction to a local area along the finger width. Furthermore, an extensive investigation into
the impact of the substrate-bias and gate-bias on ESD performance has been carried out to
provide new insight into the bias effect involved in the non-uniform conduction process.

The improvement of ESD failure threshold with the gate-to-contact spacing for fully silicided
NMOS transistors has also been investigated. Results from this work suggest that even for
silicided processes, the gate-to-contact spacing should be carefully engineered to achieve efficient
and robust ESD protection designs.

Along with the non-uniform bipolar conduction and the relevant gate-to-contact spacing

effects, it is also identified that for deep submicron devices an observed unusual reverse channel



length dependence of ESD performance is due to the reduction of thermal capacity arising from
the reduced effective device width associated with severe non-uniform bipolar conduction.

Finally, to further enhance the understanding of the impact of silicided process on ESD
hardness, an analytic silicide contact resistance model that can describe high-temperature and
high-current behavior of the silicided contact system was formatted using physical models. The
model shows how the current can be localized under ESD conditions and thus it extends the
design capability of ESD protection providing information relevant to ESD failure limit.

Results from this work can be used to construct suitable design windows for efficient and
robust ESD on-chip protection and have been demonstrated at Texas Instruments Inc., in practical
ESD protection designs. These results can also be used to establish design guidelines for use in

high performance 0.13 um technology.
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CHAPTER 1
INTRODUCTION

1. 1 Motivation

Electrostatic discharge (ESD) is a charge re-balancing process between two adjacent objects,
which involves a rapid discharge of accumulated static electricity. It is one of the most important
quality and reliability concerns in the integrated circuit (IC) industry since a substantial number
of IC failures (either catastrophic or latent failures) result from ESD/EOS' related modes [1-3].
According to the failure analysis results by R. Merrill et al. [2], ESD/EOS related causes are
responsible for nearly 40 % of the failures of IC customer returns.

Therefore, to achieve higher quality and reliability standards for IC products and to reduce
the IC product loss due to such ESD/EOS failure mechanisms, ESD phenomenon should be well
controlled and corrective actions should also be taken through all phases of IC device’s life. In
order to obtain higher ESD robustness of IC chips, significant progress has been made in
understanding the implications of different types of ESD events on the design of on-chip
protection circuits, and in implementing highly effective ESD protection circuits at each device
technology node.

However, the advent of new generation of device technology always leads to new challenges
to higher ESD reliability and more efficient on-chip ESD protection circuits [4, 5]. Under ESD
stress, the typical failure threshold current’ [mA/um] of ESD protection devices for industry
standard process conditions and technology nodes is shown in Fig. 1.1. As can be seen, ESD
protection levels of the devices are strongly process and technology dependent. This shows how
ESD performance of protection devices has varied as the CMOS technology evolves across the
nodes. For a certain ESD protection device, as a new process technology is introduced, the ESD
level of the devices improves since ESD protection circuit design matures. However, with the
introduction of each new process technology, ESD performance of the protection devices
degrades since the past protection scheme is no longer valid for the new process technology. The
same trend in variability of the ESD strength of the protection devices has been repeated through

device technology generations and as a result, the design scheme of ESD protection has not

! Electrical Overstress.
2 In the context, the failure threshold current means the second breakdown triggering current I, which is
discussed later.



simply transferred across the technology nodes. In a word, there is no universal protection

strategy against ESD that transcends technology generations.
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Figure 1.1: Reported typical failure threshold current of ESD protection devices (NMOS
transistors) for various process conditions and technology nodes (data from Philips, TI, IBM
and IMEC).

Therefore, as technology advances, new ESD protection designs are always necessary to
restore the ESD levels to their previous performance level. Furthermore, the International
Technology Roadmap for Semiconductor (ITRS) [6] predicts that the ESD performance of the
protection devices for future IC chips should improve with the advancement of very-large-scale-
integration (VLSI) technology. However, as can be seen, ESD performance data of the recent
technologies in Fig. 1.1, in particular for the ESD level of a 0.13 wum advanced CMOS
technology, show that there is a substantial gap between the required ESD levels from the ITRS?
and the typical performance for an advanced CMOS technology (i.e., the 0.13 um technology).
This implies that as VLSI technology enters the nano-scale regime, associated technology

features such as shallower junctions, thinner gate oxides, higher complexity of doping profiles,

3 ESD levels were computed based on the human body model (HBM) ESD voltage values in the ITRS.

2



narrower width of metal lines and vias, and higher levels of interconnects [7] make the protection
devices more vulnerable to ESD induced damage since the ESD stress does not scale
independently from the device scaling. Furthermore, the ESD levels required for future VLSI
applications look even more challenging, considering the ESD protection levels achieved at the
current technology node.

Although significant progress has been made in understanding ESD and solving ESD related
problems [4, 8-19], there are still knowledge voids in ESD phenomena observed in advanced
technologies. Therefore, there is a growing need to comprehend ESD behavior of individual
protection elements, in particular the NMOS transistor*, and to develop the physical base
modeling for ESD phenomenon in order to improve design guidelines and to develop effective

protection strategies for higher ESD reliability in advanced CMOS technologies.

1. 2 What Is ESD?

In order to investigate implications of ESD events in IC technologies, it is also important to
review the fundamental aspects of ESD phenomena. ESD is a subclass of the failure causes
known as EOS’. The ESD events happen everywhere, in areas including: home environment,
office, laboratories, wafer fabrication facilities, and assembly/test sites. ESD is the transfer of
electrical charge between two bodies at different potentials, either through direct contact or
through an induced electric field, so it is a charge driven physical mechanism resulting from a
charge imbalance.

Electrostatic generation can occur due to friction between different materials, which is called
a triboelectric charging and the potential induced by charges depends on the triboelectric property
of materials. Therefore, people as well as equipment are able to easily generate ESD events
during all stages of device manufacturing. For instance, the simple act of walking across a vinyl
floor can generate up to 12000 V of static electricity depending on the relative humidity (RH)
[20]. The accumulated charge due to ESD is discharged in typically 0.2 to 200 ns when the object
contacts an effectively grounded object. ESD is an extremely fast event, and occurs from various
sources, including human beings, machines, electromagnetic, nuclear and other harsh

environments.

* An NMOS transistor is the commonly used protection element and can be used as a technology monitor
of ESD performance in advanced CMOS technology.
> Electrical overstress typically lasts longer than 1us.



Hence, depending on the source of the ESD event, various stress modes have been developed
and routinely used for testing in IC industry. The discharge of the static electricity gives a
harmless shock to human but is lethal to ESD sensitive microelectronic components since the
associated current level with discharge event reaches up to 10 A. Such high ESD currents can
easily cause a thermal failure of devices and have threatened reliability of operation for IC chips

in numerous applications.

1. 3 On-Chip ESD Protection

It has been reported that ESD costs the microelectronics industry billions of dollars each year
in damaged components, non-functional circuit boards and loss of information. As demands for
higher performance and levels of integration on the IC chips increase, the minimum feature size
of the devices in IC chips has to shrink. This device scaling also drives the development of new
process technologies and a reduction of device size making the IC chips more susceptible to ESD
induced failures.

Along with the issues of device miniaturization as well as new process technology, ESD
concerns are critically important to meet reliability criteria. The ESD related reliability problems
can encounter during the manufacturing, shipping, receiving, and field handling of integrated
circuits or computer boards. A malfunction caused by ESD stress in these components may be
immediately noted or undetected for even years with causing an unpredictable field failure.
Therefore, ESD is one of the most serious threats to realize higher reliability in microelectronics.

To increase manufacturing yields, reduce overall cost and improve the quality and reliability
of IC products, ESD events should be avoided or protected against. Although the cost of
implementing an effective design of ESD protection is not trivial, the costs incurred by IC
product failures and customer dissatisfaction can be far more difficult and costly to deal with after
beginning manufacturing.

The solutions for avoiding or reducing ESD failures include: 1) identifying and rectifying
possible ESD sources, 2) identifying and undertaking adequate prevention measures while
handling the ESD sensitive devices, 3) incorporating built-in ESD protection networks in devices
and 4) providing awareness and training to users at all levels.

In general, there are two ways to reduce IC failures under ESD conditions: reducing the

likelihood of the ESD event occurring and improving the robustness of the device against ESD.



The first approach focuses on reducing the amount of ESD induced charges and redistributing
them through proper handling of devices and controlling the handling environments. The second
approach is to implement on-chip protection circuits in order to improve the circuit robustness
against ESD events by improving ESD performance of the individual circuit components.

As shown in Fig. 1.2, the generic ESD protection configuration for a bi-directional I/O circuit
is illustrated, which is composed of the primary protection, secondary protection and power ESD
clamp. In the process of designing ESD protection, it is important that the functional requirements
of the particular I/O should be satisfied while providing ESD immunity to the necessary level.

The function of the primary ESD clamp is to protect the driver by limiting the I/O pad voltage
below the failure level of the output driver through bypassing most of the ESD stress current to
the power rail. Devices such as p-n diodes, well resistors, transistors, and silicon controlled
rectifiers (SCR’s) can be used as efficient voltage clamps in ESD protection circuits. The
secondary ESD clamp is for auxiliary protection and the series resistors, R and R;,, can lower the
drain voltage of the output NMOS transistor and gate voltage of the input receivers. Finally, the
power ESD clamp network can absorb the ESD energy, protecting the devices in the I/O circuits

from ESD induced damage.

Vad
Primary Secondary
ESD :l F— ESD
I/O pad
/\/\/\/ ZS Power
ESD Clamp
R, Ri, Input
receiver
Primary :l I— Secondary
ESD ESD
| |
VSS

Figure 1.2: The generic configuration of the ESD protection circuit in a bi-directional I/O
circuit. The diode from Vg to V44 represents the p-substrate to n-well diode inherent in any
CMOS process.



Therefore, it is essential to understand the ESD phenomenon and its impact on ESD
reliability of protection devices. Furthermore, it is also necessary to provide an insight into the

design options in order to develop improved ESD levels of IC chips.

1. 4 ESD Protection Devices: Physics and Operation

For successful on-chip ESD protection design, it is crucial to choose a proper protection
element. A good protection device should be capable of handling multiple ESD events without
itself being damaged. In addition, it should not interfere with the operation of the protected
circuits. Therefore, there are several requirements for an ideal protection device along with the

above discussion [5, 21].

e Zero on-resistance; allows the device to shunt large amount of ESD current with no
ohmic voltage drop.

¢ Finite clamping voltage; to avoid unintentional triggering of the protection device, the
sustaining voltage of the protection device has to be higher than the supply voltage (Vq)
with a safety margin.

e Instantaneous turn-on time and infinite energy absorption; before the IC chip fails,
protection device has to absorb full ESD induced energy as soon as ESD event occurs.

e Transparent to circuit operation (i.e., no parasitics); the protection device should activate

only under ESD conditions and cause no parasitic effects on the functioning of IC chip.

As effective protection elements, resistors, diodes, NMOS transistors and silicon-controlled
rectifiers (SCRs) are frequently used in standard CMOS technology [4]. The typical operating
principles and characteristics of the protection devices in an ESD protection network are

reviewed.

1. 4. 1 Resistor

A resistor is typically used to drop voltage or as an isolation mechanism in ESD protection
networks as shown in Fig. 1.2. In addition, it can be sometimes used to add series resistance in

order to ensure simultaneous triggering of multi-finger structures used for protection devices [8,



22]. Thin film resistors and diffused resistors are typical options available in standard CMOS
processes. In general, the thin film resistors are made from polysilicon or alloys of NiCr or SiCr
and fail primarily by fusing open. The ESD induced energy melts a region, causing a physical
separation of the resistor terminating the current flow. The diffused resistors, which are made of a
lightly doped diffusion region in the substrate, can handle large amounts of current. In this regard,
the high current behavior of the diffused resistors has been investigated [23] and the typical [-V
characteristics of the diffused resistors are shown in Fig. 1.3.

In resistors at low injection current levels, the current density is given by
J =N,qv, (1.1)

where Np is the background doping concentration and vy is the drift velocity. As shown, the
diffused resistor has a region of the velocity saturation and the breakdown as the current level
increases. With high electric field, the current density saturates and the saturation current density

can be written by

']sat = Nqusat (1 2)

where vy, is the saturation velocity (= 10’ cm/s).
The high current behavior of diffused resistors in view of ESD reliability has also been

investigated [22]. With higher ESD currents, the resistor eventually enters permanent thermal

failure.
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Figure 1.3: Typical I-V characteristics of a diffused resistor.
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Figure 1.4: A typical diode ESD protection scheme.

1. 4. 2 Diode

The p-n diode or zener diode is the simplest voltage clamping device with minimum required
area and is commonly implemented using reverse connections to I/O pad as shown in Fig. 1.4.
The diode has a good power handling capability in the forward bias, but is a poor clamp with a
high on-resistance in the reverse bias. One main disadvantage is the constant diode forward turn-
on voltage that limits its applications to special circuit configurations and high V44 cases. Multiple
diode strings can also solve the problems of high voltage, but the current handling capability

degrades due to increases in the on-resistance.

1. 4. 3 NMOS Transistor

In CMOS technology, NMOS transistor has a parasitic n-p-n lateral bipolar transistor buried
within it as shown in Fig. 1.5 (a). Since the inherent parasitic bipolar transistor has a large
current handling capability, NMOS transistor can bypass a significant amount of the ESD current
in the snapback conduction mode. Using different bias conditions for better protection
efficiency®, NMOS protection devices can be implemented in the protection circuits with several
configurations such as the gate-grounded NMOS (ggNMOS), the gate-coupled NMOS
(gcNMOS) [24, 25], and the substrate-triggered NMOS (stNMOS) [26-28]. The ggNMOS is the

most basic configuration among them and it has a self-protection capability against ESD.

® In general, ESD protection structure is composed of multi-fingers. Here, the protection efficiency means
how the multi-fingers uniformly turn on under ESD stress.
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Figure 1.5: Typical operation of the gate-grounded NMOS (ggNMOS) (a) and I-V
characteristics (b) under ESD conditions where I, is the avalanche generation current, Iy, is the
substrate current, L. is the collector current, I, is the base current (i.e., Iy=Igen-Lsub), Vi (It1) is the
triggering voltage (current), Vy (I) is the holding voltage (current), and Vy, (I) is the second
breakdown triggering voltage (current).

The operation of ggNMOS under ESD is shown in Fig. 1.5. Once the ESD event occurs, the
ESD induced current is injected into the drain terminal of the ggNMOS. Then, a high electric
field builds up across substrate to drain junction due to the associated reverse bias, resulting in an
avalanche multiplication process. The avalanche generation current Iy, in the high field region

due to an incident collector current I is modeled by:
I, =M-1)-1, (1.3)

where M is an empirically determined multiplication factor. Avalanche generated electrons flow
towards the drain contact while holes flow towards the substrate (i.e., ly,,) resulting in a voltage
drop across the effective substrate resistance, Ryyp.

As the substrate current, I, increases with increased drain current, the voltage drop across
Ry (i.e., Vo) eventually reaches ~ 0.7 V, which is the turn-on voltage of the emitter-base (i.e.,

source-substrate) junction. The substrate voltage Vy,, at this condition is given by

7 Loen=lsub before the transistor triggers and Io.,=lsw+1, after the transistor triggers.



Vuh = Isub R

K sub O7V (14)
Finally, once the voltage drop Vg, reaches the turn-on voltage of the lateral n-p-n transistor,
the transistor triggers and operates in a self-biasing mode. At this condition (i.e., V), ESD
current flows through the substrate bulk and the current driving capability of the ggNMOS is
significantly increased compared to that for surface channel conduction. The regenerative

condition for snapback to occur is given by [9]

B-(M-1)>1 (1.5)

where [ is the current gain of the parasitic lateral bipolar n-p-n transistor.

However, with further increases in the drain current, the ggNMOS enters the thermal
breakdown regime at Vi, (1), which is called second breakdown. Second breakdown is generally
considered to be caused by current localization due to the negative resistance coefficient of
silicon beyond a critical temperature, T, at which the thermally generated carrier concentration is
equal to the background doping concentration. It is also shown that second breakdown occurs
when the heat produced by an increase in current generates the exact amount of minority carriers
required to support the increase in current without raising the electric field [29]. The second
breakdown results in the irreversible thermal damage to the device giving rise to a large junction

leakage current.

1. 4. 4 Silicon Controlled Rectifier (SCR)

The silicon controlled rectifier (SCR) can serve as an excellent ESD protection device since it
has a very high current handling capability arising from the combination of two bipolar transistors
in a self-regenerative on condition. Fig. 1.6 shows the cross sectional view of SCR and its typical
high current [-V characteristics. As can be seen, the SCR is a combination of the vertical p-n-p
and lateral n-p-n bipolar transistors. When used as a protection device, it is configured as a two-
terminal device; the cathode and p-well are tied together and the anode and n-well are also tied
together as shown in the inset of Fig. 1.5 (b). The I-V curve of the two-terminal SCR shows a
behavior similar to that of the ggNMOS. When ESD stress is applied to the anode, the n-well/p-
well junction is forced into reverse bias until it reaches breakdown. As discussed for the
ggNMOS, avalanche generated hole current flows toward the p-well contact which also forward

biases the base of the lateral n-p-n transistor, eventually reaching its turn-on point.
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Figure 1.6: (a) Cross section of a lateral SCR in a CMOS process showing the parasitic p-n-p

and n-p-n transistors. (b) High current I-V curve for an SCR (the inset shows the equivalent
circuit schematic of the SCR).
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At this point, the base of the vertical p-n-p transistor is also biased by the current of the n-p-n
from the n-well to the cathode and the anode voltage begins to decrease resulting in a negative
differential resistance region (NDR). When the SCR is in the latched mode (regeneratively held

in the “on” state), the required condition for sustaining this condition is given by [4]
B By 21 (1.6)

The holding voltage, V), is the minimum voltage required for this conduction state and the
SCR is operating with extremely low power consumption leading to a very high ESD robustness.
However, despite of the excellent ESD performance, one major drawback of the SCR protection
is that a large triggering voltage is needed in advanced CMOS processes; the breakdown voltage
of the well-substrate junction is about 20 V, depending on the well doping profile and substrate
doping level.

Therefore, this large triggering voltage should be lowered to provide good protection
capabilities. Inserting an additional device structure between the n-well and p-well, reduction of
the breakdown voltage of n/p-well can be achieved [4], but it is generally difficult to obtain the
triggering voltage (V) below 10 V in typical advanced CMOS technology.
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1. 5 Thesis Outline

This thesis is designed to provide detailed insight into ESD behavior involved in advanced
technologies and to develop design guidelines for deep submicron ESD protection based on both
device simulation and intensive experimental studies of the protection NMOS transistors used at
Texas Instruments Inc. ESD behavior has been investigated using single finger NMOS test
structures, which were manufactured by an advanced 0.13 um CMOS technology®, under various
bias conditions as well as variations of design parameters. The organization of the thesis is as

follows:

Chapter 2 presents a general overview of the characterization of the ESD phenomena as
preliminary information for better understanding of the dissertation. The types of ESD events,
ESD related failure modes, and analysis techniques for ESD behavior are discussed. Finally, ESD

related process information is also provided.

Chapter 3 presents a detailed study of the non-uniform bipolar conduction phenomenon under
electrostatic discharge (ESD) events in single finger NMOS transistors and analyses implications
for the design of ESD protection for deep submicron CMOS technologies. It is shown that the
uniformity of the bipolar current distribution under ESD conditions is severely degraded and is
identified as a root cause of the severe reduction in ESD performance for advanced silicided

technologies.

Chapter 4 investigates the substrate and gate bias dependencies of ESD robustness of
advanced NMOS transistors. It is shown that the substrate bias can alleviate the non-uniform
conduction so that it makes the design of ESD protection more practical by enlarging the
effective turned-on width of the device. Also, it is presented that the gate bias induced heating is a

root cause of the degradation of ESD performance for strongly gate-coupled protection devices.

Chapter 5 presents a detailed investigation of the influence of gate-to-source and gate-to-
drain contact spacings for the salicided 0.13 wum CMOS technology. It is shown that the reduction
in current localization and the increase in the power dissipating volume with increase in the gate-
to-contact spacings are primary causes of the improvement of ESD immunity even for the devices

with silicided diffusion.

¥ The information of process technology is given in Chapter 2.
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Chapter 6 introduces the reverse channel length dependence of ESD performance for
advanced silicided NMOS transistors. It is shown that the reverse channel length dependence of
ESD performance is mainly due to severe non-uniform lateral bipolar conduction, which reduces
the effective device width. Furthermore, it is demonstrated that substrate bias can be effective in

controlling this reverse channel length effect.

Chapter 7 presents a model of the temperature dependent specific contact resistance that can
be employed for analyzing the impact of silicide diffusion on ESD hardness. It is shown that the
specific contact resistance for the silicide-silicon contact system strongly depends on temperature
and thus the variation of the specific contact resistance value has significant implications for ESD
reliability through localized heating by current crowding effects since the effective volume for

power dissipation is reduced with the extent of the current localization for a given ESD stress.

Finally, Chapter 8 summarizes the contributions of the dissertation and discusses

recommended researches for future generations of IC technologies.
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CHAPTER 2

CHARACTERIZATION OF ESD
PHENOMENA

2.1 Types of ESD Events

According to the source of the ESD stress condition, the IC industry has standardized on
three basic models related to ESD phenomenon. The ESD stress models are intended to reproduce
typical discharge pulses to which the IC chips may be exposed during manufacturing or handling.
In general, ESD induced damage is caused by one of three ESD events: direct electrostatic
discharge to the device, direct electrostatic discharge from the device, or field induced discharges.

The equivalent circuit for each ESD event can be represented by modeling the discharge
current waveforms using RLC elements shown in Fig. 2.1 [30], and idealized current waveforms
for each ESD event are also shown in Fig. 2.2 [31]. In practice, using the models based on the
real-world ESD events, ESD robustness of devices under different discharge processes can be

systematically characterized.

2. 1. 1 Discharge to the Device

An ESD event can occur when any charged conductor (including the human body) discharges
to an ESD sensitive device. The most common cause of electrostatic damage is the direct transfer
of electrostatic charge from the human body or a charged material to the electrostatic discharge
sensitive device due to improper handling of IC devices. When one walks across a floor, an
electrostatic charge accumulates on the body. Simple contact of a finger to the leads of an ESD
sensitive device or assembly allows the body to discharge, possibly causing device damage. The
model used to simulate this event is the Human Body Model (HBM). This HBM is the most
common industrial test method to measure ESD robustness and consists of a charging capacitor,
and a discharging capacitor through a finger resistor (~ 1.5 k€2) into an I/O or a supply pin of a
packaged IC chip with another pin grounded and all other pins floating [Fig. 2.1 (a)]. The

capacitor and resistor values are selected to create a pulse similar to that occurring due to an
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electrostatically charged human digit. The HBM current waveform has a rise time of a few
nanoseconds and a decay time of about 150 ns.

As a HBM event, a similar discharge can occur from a charged conductive object, such as a
metallic tool or fixture. The model used to characterize this event is known as the Machine Model
(MM). In the MM, a capacitor is charged up to a high voltage and then discharged through the
pins of an IC chip, resulting in an oscillatory current waveform as shown in Fig. 2.2. Since in the
case of MM, the parasitic series resistance is very small, the parasitic inductance and capacitors
of test equipment as well as the dynamic impedance of the device under test have a significant
impact on shaping the current pulse.

Therefore, unlike the HBM, the standardization of MM is more difficult. But the failure
signature is generally the same for HBM and MM since discharge occurs through the devices.
Due to the similarity of discharge process, MM ESD robustness could be guaranteed by HBM test
in some cases. For instance, 100 V MM is generally equivalent to 2 kV HBM in IC chips [32].

2. 1. 2 Discharge from the Device

The transfer of charge from another device can also result in an ESD event. Static charge may
accumulate on the device itself through handling or contact with packaging materials, work
surfaces, or machine surfaces. This frequently occurs when a device moves across a surface or
vibrates in a package. The model used to simulate the transfer of charge from a device is referred
to as the Charged Device Model (CDM). The capacitance and energies involved in this

phenomenon are different from those of a discharge to the device.

1.5kQ 8.5Q 0.5nH <10Q <10nH
L
—— 100pF DUT —— 200pF DUT DUT ——
v v v v l
(@) (b) (©

Figure 2.1: Simplified typical ESD stress models (after [30]). (a) Human Body Model (HBM),
(b) Machine Model (MM), and (c) Charged Device Model (CDM)
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While thermal destruction is the primary failure mechanism in the HBM and MM, dielectric
failure is the typical failure mode in the CDM type ESD. Since as shown in Fig. 2.2, CDM event
is so fast that the protection device may not be able to turn on or clamp the input voltage to a safe
level during such a short time period (i.e., < 1 ns) without dielectric damage having already
occurred.

Although having an automated assembly system would seem to solve the problems of HBM
ESD events, it has been shown that components may be more sensitive to ESD related damage
when assembled by automated equipment. Therefore, significant work still needs to be done to

understand the mechanisms of the CDM and to prevent the CDM related ESD failures.
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Figure 2.2: RLC discharge current waveforms of the three basic ESD stress modes (after [31]).

2. 1. 3 Field Induced Discharge

Any charged object can generate electrostatic fields. If a device is placed in that electrostatic
field, charge may be induced on the device. As a CDM event, discharge occurs from the device
when it is temporarily grounded in the field. This type of ESD event also can directly or indirectly

cause damage to devices.
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2.2 ESD Related Failures

Electrostatic discharge can cause damage to microelectronic devices at any stage from
manufacturing to field application. The damage to devices results from handling the devices in
inappropriately ESD controlled environments. The damage to the devices by an ESD event is
determined by the device’s ability to dissipate the energy of the discharge or withstand the
voltage levels involved. The currents induced by ESD events are extremely high. The HBM-
generated current peaks, for example, are in excess of 2 A and the MM and CDM-generated
current peaks are even higher than this. Since these current levels are in excess of the normal
operating currents’ for the circuits, the currents can directly or indirectly cause physical damage
observed in ESD failures.

In order to design IC chips with robust ESD strength, it is important that the main design and
process parameters, which influence the functions of IC chips under ESD stress, should be
known. Therefore, the electrical and physical failure modes caused by ESD as well as underlying
failure mechanisms should be fully analyzed [33-38]. In general, device failures under ESD
conditions are classified as either causing a catastrophic failure or creating latent defects that

impair functionality of the devices.

2. 2. 1 Catastrophic Failure

When an electronic device is exposed to an ESD event, the device may no longer operate
properly. The ESD event may have caused a metal melt, junction breakdown, or oxide failure. In
this case, the on-chip device is permanently damaged due to power dissipation during the ESD
event. Such failures can be electrically sorted when the device is tested before shipment.
However, ESD damage that occurs after test goes undetected until the device fails during field
operation. The failure mechanisms are either current- or voltage-induced damage mechanisms.
These mechanisms are illustrated schematically in Figs 2.3 and 2.4.

Current-induced damage result in thin film resistor burnout, junction filamentation and
junction spiking. The temperature rise by Joule heating under ESD condition can melt and
damage the thin film resistor; at this point the resistor exhibits a permanent failure. Filamented
junction damage can be observed based on the degraded current-voltage characteristics, which

show an abnormal increase in leakage current across the junction. In the extreme case of junction

’ The normal operating currents refer to ones used for analog or digital applications.

18



filamentation, junction spiking occurs with a melted metal flow as a result of ESD-induced power
dissipation. On the other hand, ESD induced voltage can cause either charge injection or
rupturing of the oxide. The device failure due to charge injection cannot be observable by typical
de-processing techniques since the charge state of dielectric materials change with the charge

injection.

{ fused site

metal metal

metal filament

intersects junction p
(b)
v
n p
/ — damage site

depletion /7 . e

region e
(c)

Figure 2.3: Current induced damage mechanisms under ESD conditions (after [5]). (a) Thin
film fuse, (b) Junction filamentation, and (c) Junction spiking

19



Trapped charges are reversible, using either an unbiased bake or high energy ultraviolet light
irradiation. The junction associated with trapped charge also shows leaky current-voltage
characteristics, but it differs from junction filamentation since the junction damage cannot be
recovered by baking. With increased amounts of charge, the dielectric material ruptures and

forms a resistive current path.

2. 2.2 Latent Damage

On the other hand, the latent damage due to ESD stress is more difficult to identify since a
device can continue to perform its intended function independent of partial or subtle degradation.
However, a product containing such a device with latent damage may experience premature

failure or a malfunction.

ate electrode
| — g
. (Y
Injected charge A
avalanche N
n electrons

(a)
gate electrode
TR
gate oxide \4\
[
p n’
resistive short

Figure 2.4: Voltage induced damage mechanisms under ESD conditions (after [5]). (a)
Charge injection, and (b) Oxide rupture
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Compared to latent damage, it is a relatively easy task with an appropriate test equipment to
identify catastrophic failure of the protection device since the catastrophic damage can be
substantiated using basic performance tests such as leakage current measurements.

However, latent defects are extremely hard to detect, especially after the device is assembled
into a finished product. Although it is still debated whether any significant increase in the leakage
current should be considered as a failure or potential failure, in most cases, leakage current has
been attributed to more or less latent damage in p-n junctions or dielectric layers. Therefore, the
failure criterion based on the leakage current level is currently widely used depending on the
process technology. In this regard, it has been shown that the distribution of leakage current at a
given stress level is linked to the distribution of the ESD failure threshold and indications of

leakage current can be used to characterize the ESD behavior of an IC [4, 38, 39].

2. 3 Experimental Techniques

In order to investigate and characterize ESD behavior of protection devices, as well as the
impact on ESD hardness, the transmission line pulsing (TLP) [40] and photon emission

microscopy (EMMI) techniques have been used throughout this work.

2. 3.1 Transmission Line Pulsing (TLP)

Real-world ESD events occur within the time period of a few hundred nanoseconds.
Therefore, it is important to characterize behavior of devices in the ESD relevant times. Since DC
measurements generally cause strong self-heating for higher currents and do not address transient
characteristics of devices, pulsed measurement techniques are required for ESD characterization.
In this sense, the TLP measurement [40] is commonly used to monitor the ESD hardness and
provide dynamic and quasi-static high current behavior of protection elements.

The schematic of a TLP system and the principle of pulsed characterization are illustrated in
Fig. 2.5 (a). A transmission line is charged to given input voltage and then discharged through the
device under test when the switch closes. Duration of the discharged voltage pulse is proportional
to the length of the transmission line'®, and thus the pulse width as well as amplitude of input

voltage to the device can be simply controlled by the physical length of the transmission line and

' The duration of the discharging voltage pulse is 2L/v where L is the length of the transmission line and v
is the phase velocity of the line.
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the initial charging voltage. As shown in Fig. 2.5 (b), the automated TLP system is more
commonly used in the IC industry, which is more efficient in measurement as well as analysis of
data.

The I-V snapback curves and waveforms of the ggNMOS from TLP measurements are also
shown in Fig. 2.6. Using a pulse generator, increased voltage pulse trains are applied to the drain
of the ggNMOS transistor. At each voltage pulse (i.e., during t4), using an oscilloscope, the drain
current and drain voltage waveforms are measured. After each I-V measurement (i.e., during the
off time), using the HP4156', leakage current is measured to see whether the device under test is
failed. After complete the I-V measurements and recorded the I-V data, high current I-V
snapback curves can be reconstructed as illustrated in Fig. 2.6 (a). As briefly discussed in Chapter
1, the TLP test [Fig. 2.6 (a)] clearly shows the typical I-V snapback curve of ggNMOS.

Before triggering of the ggNMOS, only the voltage waveform (with minor current leakage)
can be observed [Fig.2.6 (b)]. However, after triggering, the voltage and current waveforms
clearly show the triggering (Vy, ;1) and holding points (Vy, 1) [Fig. 2.6 (c¢)] with observation of
appreciable current values. With further increases in the voltage pulse to the drain, ggNMOS
finally goes into the second (thermal) breakdown regime [Fig. 2.7 (d)]. This can be clearly seen
from the abrupt changes in the voltage and current waveforms.

Second breakdown triggering current I, from TLP test can generally be used as a technology
monitor of ESD robustness for a given technology although the correlation between data from
TLP measurement and results for the HBM, MM, and CDM tests are still under discussion [38,
39]. However, recent work [37] also shows that there is a good correlation as long as the device is
damaged in the hard failure mode.

Based on the high current snapback curves of the protection device, the ESD design window
for the protection device [21, 41, 42] can be obtained as shown in Fig. 2.7. The triggering
voltages (Vi and Vy,) of the protection device must be kept lower than the gate oxide breakdown
voltage (BVx), which is dependent on the thickness of the gate oxide as well as the duration of
the ESD stress, in order to avoid dielectric failures. On the other hand, to avoid unintentional
triggering of the protection elements, the holding voltage (Vi) must be higher than the supply

voltage (V4q) plus a safety margin due to noise or voltage overshoot.

" The HP4156 is a typical semiconductor parameter analyzer.
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Figure 2.5: Schematic of a TLP setup. (a) Circuit representation of the TLP and principle of
pulsed characterization. (b) ESD test setup of the automated TLP.
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Figure 2.6: (a) High current snapback curves from the TLP measurement. The drain voltage
and current waveforms (b) before triggering, (c) after triggering, and (d) at failure.
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Figure 2.7: ESD design window for an ESD protection element.

2. 3. 2 Emission Microscopy (EMMI)

Photon emission microscopy is widely used as a failure and reliability analysis technique for
semiconductor devices. Sensing photon emission during current conduction, the location of
defects and failure sites in IC chips can be observed. These analyses have typically been
performed by collecting visible and near infrared (390 ~ 1000 nm) photons emitted under device
operation.

The general mechanisms of photon emission in devices are electron-hole recombination,
intraband transition, thermal radiation and tunneling currents in the oxide. For MOS transistors,
the radiative intraband transition is the predominant emission mechanism under high electric
fields and currents. Thereby, generated photons, transmitted through relatively transparent
dielectric layers, passing between or scattered around the patterned, and opaque metal
interconnections, are detected. The analysis based on the photons emerging from these overlying
layers is referred to as frontside light emission microscopy analysis. Correspondingly, imaging
light passing through the silicon substrate and emerging from the bottom is referred to as
backside light emission analysis.

Therefore, under ESD conditions the spatial distribution of current, which is commensurate
with the intensity of emitted photons, can be also observed. In addition to high current behavior

of devices, it is possible to use EMMI to pinpoint failure location of devices. In this sense,
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investigations of ESD behavior using EMMI analysis are available [43-46] and it should be
emphasized that EMMI is an invaluable tool in the study of ESD phenomenon in IC chips and in
the design debugging process for IC chips [46].

Commercial EMMI systems are normally used for ESD reliability analysis in IC industry. In
this work, the FA-1000 model EMMI tool, manufactured by Alpha Innotech Corporation, was
used and the equipment setup is shown in Fig 2.8.

For analyzing ESD behavior with EMMI, it is important to use a pulsed bias since the real-
world ESD phenomenon is a very short time event'?. Therefore, the EMMI analysis with DC bias
conditions cannot provide reasonable indications of ESD behavior of semiconductor devices and

it should be only used for detecting the failure location of damaged IC chips.

FA-1000

detector

HP 8114A Pulse Generator V-probe Microscope

50Q

Vma"T TDS784A

" T;=300ns I |

Digital Oscilloscope L ]

Figure 2.8: EMMI setup used in this work for observing ESD behavior.

"2 In general, an ESD event lasts less than a few hundred nanoseconds.
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2. 4 Technology under Investigation

Analysis of ESD performance for NMOS transistors presented in this thesis are carried out

using the 0.13 pm mixed voltage CMOS technology '’ for high performance logic circuits,

developed by Texas Instruments Inc.

Summary of ESD related process information of the technology under investigation is

documented in Table 2.1. In addition, the TEM'* image of the 1.5 V NMOS transistor fabricated

using the 0.13 um technology is shown in Fig. 2.9.

Table 2.1: Summary of ESD related process information of the technology under investigation.

Technology node

0.13 pm mixed-voltage technology

Supply voltage

15V

33V

Starting material

3.5 um thick p-type epi layer on p-type substrate (100)

Device isolation

Shallow trench isolation (STI)

Well process

Retrograded n-well and p-well are implanted and followed by

RTA" process

Gate oxide thickness

27A

70 A

Source/Drain
engineering

Highly doped drain (HDD)
Pocket implantation

Lightly doped drain (LDD)
No pocket implantation

Junction breakdown voltage

~6V

~9V

Silicide

CoSi, salicide'®

" The 1.5 V and 3.3 V NMOS transistors are investigated.
' Transmission Electron Microscopy.

!> Rapid Thermal Anneal.
1 Self-aligned silicide.
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Figure 2.9: TEM image of the low voltage (1.5 V) NMOS transistor using the 0.13 um CMOS
technology.

The test structures used in this study are single finger NMOS transistors although the multi-
finger NMOS studructures are generally used as protection elements in practice. Since the multi-
finger structure experiences non-uniform triggering under ESD stress, for estimating ESD
performance of a given process technology and design, analysis of the single finger structure is
more informative. Varying layout parameters of the single finger structures as well as silicide
process, ESD robustness of the devices are analyzed through this thesis and the layout dimensions

of the test structure are given later.
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CHAPTER 3

NON-UNIFORM BIPOLAR CONDUCTION
UNDER ESD CONDITIONS

This chapter presents a detailed study of the non-uniform bipolar conduction phenomenon
under electrostatic discharge (ESD) events in single finger NMOS transistors and analyzes its
implications for the design of ESD protection for deep submicron CMOS technologies [47, 48]. It
is shown that the uniformity of the bipolar current distribution under ESD conditions is severely
degraded depending on device finger width (W) as well as silicide processing. This non-uniform
current distribution is identified as a root cause of the severe reduction in ESD failure threshold

current for the devices with advanced silicided processes.

3. 1 Introduction

For on-chip ESD protection circuits, the first requirement for achieving good protection
structures is to provide a low-impedance discharging current path to shunt ESD currents and
clamp the I/O pad voltage to a safe level without causing damage to internal circuits. The size of
protection devices is mainly determined based on the current handling capability required in the
ESD protection circuits. The multi-finger structures are the most common way of designing the
protection devices in various sizes due to layout efficiency.

In multi-finger structures, uniform triggering across all the fingers is important to achieve
maximum current handling capabilities. This requires that the single fingers in the multi-finger
structures are fully turned on under ESD conditions. Typically, multi-finger gate-grounded
NMOS (ggNMOS) devices are widely used as protection structures owing to the effectiveness of
parasitic lateral n-p-n bipolar transistors in handling high ESD currents.

Non-uniform triggering behavior of lateral n-p-n transistors was first reported by Scott et al.
for silicided single finger NMOS devices under ESD stress [49], and subsequently the
phenomenon of non-uniform triggering in multi-finger NMOS transistors and the implications for

the design of ESD protection was discussed by Polgreen et al. [8]. The simultaneous triggering of
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the multi-finger NMOS protection structures has been considered as a critical aspect for the
effectiveness of ESD protection designs [24-26].

However, in recent years the dependence of the second breakdown triggering current (Iy),
which is widely used as the figure-of-merit of ESD robustness of a protection structure, on the
single finger device width (W) has become quite an important criterion for optimum design of
ESD protection circuits, since under ESD events current localization occurs in advanced silicided
single finger transistors [44, 45].

We have recently addressed this issue for the designs of protection devices involving
advanced submicron technologies [47, 48]. In this study, detailed experimental investigations into
the non-uniform current conduction phenomenon have been performed including transmission
line pulsing (TLP) measurements and emission microscopy (EMMI) analysis for various silicided
and non-silicided test structures. Moreover, the impact of both substrate and gate bias conditions'’
on this non-uniform current distribution and their implications for the design of ESD protection
have been discussed in detail, which provides new physical insight into the ESD behavior of
advanced protection devices and useful basis for constructing efficient design windows for robust

ESD protection design to overcome early ESD failures in advanced deep submicron technologies.

3. 2 Experimental Evidence of Non-Uniform Bipolar Conduction

In order to investigate the spatial current distribution of a single finger protection device
under ESD conditions, various test structures including 1.5V and 3.3V NMOS transistors with
shallow trench isolation (STI) in a 0.13 um CMOS technology were investigated. Both silicided'®
(CoSi,) and non-silicided devices, which were formed on a 3.5 um thick epi layer, were also
explored for comparison. The layout of the single finger NMOS transistor is illustrated as shown
in Fig. 3.1. The drawn poly gate length (L) was 0.175 um and 0.5 um for the low voltage and
high voltage transistor, respectively, and the substrate contact was located parallel to the source

contact to keep the substrate resistance constant along the finger width direction.

' Impact of bias conditions on ESD is discussed in Chapter 4.

'® The source/drain and gate are silicided.
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Figure 3.1: The layout of the single finger NMOS transistor. The contact opening (CNT) is
0.15 um for both 1.5 V and 3.3 V devices. The gate to source/drain contact spacings (SS/DS)
are 0.1 um and 0.225 um, and n+ overlaps of source/drain contact (Sor/Dor) are 0.4 um and
0.125 um for the 1.5 V and 3.3 V transistors, respectively. Also the body space (BS) from the
source diffusion to the substrate diffusion is the same as the finger width (W).

3.2.1 Transmission Line Pulsing (TLP) Tests

As discussed in Chapter 2, the high current behavior of protection devices can be analyzed by
applying a short time-scale constant-current pulse, generated using a transmission line, to
protection structures with increased pulse magnitude at each step [40]. Using the TLP system (as
also shown in Chapter 2), I, measurements were performed with a 200 ns long voltage pulse for
various test structures, and sampled high current I-V snapback curves for the 3.3 V silicided and
non-silicided devices are shown in Fig. 3.2.

As can be seen, the single finger device shows a significant width dependence of I, as
measured in [mA/um], and the effect becomes more apparent with silicide process. According to
the I-V curves, the application of silicided technology shows no significant differences in the n-p-
n transistor triggering voltage (Vy;), since the triggering voltage Vy; is dominantly determined by
the avalanche multiplication process across the drain-substrate junction and both devices were

drain engineered in the same manner.
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Figure 3.2: Sample high current I-V curves for 3.3 V NMOS transistors with different finger
widths for (a) non-silicided, and (b) silicided processes where L,y = 0.5 um. The current per
unit finger width at second breakdown I, [mA/um] strongly depends on the finger width
(W), which illustrates non-uniform bipolar currents flow under ESD conditions.
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Figure 3.3: Silicide process dependent I, with the single finger width for (a) thel.5 V and (b)
3.3 V NMOS transistors. The Iy, roll-off with W indicates that the failure current essentially
remains constant as W is further increased beyond this roll-off point.

In addition, the snapback holding voltage V}, of both the silicided and non-silicided transistors
is nearly the same, which implies that the presence of silicide diffusion over the source/drain has
no observable impact until the parasitic lateral n-p-n transistor snaps back.

However, the series resistance Ry [Q2-um] in the high current regime for silicided and non-
silicided devices shows considerable differences as expected. The high current I-V curves indicate
that the current flows non-uniformly along the finger width (W) after the lateral n-p-n transistor
snaps back. For both the low and high voltage (the 1.5 V and 3.3 V) devices, only a limited
portion of the finger is effective for ESD current conduction beyond the I, roll-off points as is
apparent from the channel width dependence shown in Fig. 3.3. The width dependence of I, gives
clear evidence of the strong non-uniformity of bipolar conduction under ESD stress, even in
single finger NMOS transistors. Moreover, for advanced silicided technologies, the degree of
severity of this geometry dependence is even more significant in the effective design of on-chip

ESD protection circuits.
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3. 2. 2 Emission Microscopy (EMMI) Analysis

In order to visualize the strong non-uniformity of lateral n-p-n bipolar current conduction
inferred from the I, data for the single finger NMOS transistors, the spatial distribution of ESD
current was directly observed using EMMI for the silicided and non-silicided, 20 pm and 80 um
wide finger, high voltage (3.3 V) NMOS transistors. In this work, the commercial EMMI system
was utilized, and a pulsed bias with duration (T,) of 300 ns was applied at a frequency of 400 Hz

to avoid any thermal failure due to self-heating during the exposure.

(a) silicided device (b) non-silicided device

Figure 3.4: EMMI images showing spatial extent of lateral current conduction at different
current levels for 3.3 V (W/L,,y,=20/0.5 um) (a) silicided, and (b) non-silicided single finger
NMOS devices. (T,=300 ns, f=400 Hz, and Ty, = 6 min)

The emitted photons during each voltage pulse were integrated over the exposure time (Teyp)
of 6 min. In Fig. 3.4, the observed current distributions are shown at current levels of 20 mA and
40 mA for the 20 wm wide transistors with silicided and non-silicided processes.

Despite the symmetrical layout of the substrate contacts [Fig. 3.1] with respect to the source
contacts, at 20 mA of current stress, only a small section of the finger is turned on for both

silicided and non-silicided devices. The turned-on location for each test structure is observed to be
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randomly positioned along the channel width, which is believed to result from the
inhomogeneities in process conditions resulting in statistical random distribution of defects or
dopant fluctuations, which causes different device behavior. The turned-on width expands with
increased drain current and it is observed that most of the finger width is eventually turned on at a
current of 40 mA. The same phenomenon has also been reported in the literature from
observations using an infrared laser interferometric technique for the ggNMOS in a 0.35 um
technology [50].

The EMMI results show strong qualitative correlation with the I, data for high voltage devices
where the normalized failure currents (I;) are almost constant up to a finger width of 20 um for
both processes [Fig. 3.3 (b)]. For the 80 um wide devices as shown in Fig. 3.5, the initial turned-
on location is also randomly placed as observed for the 20 um wide device.

However, both silicided and non-silicided devices failed with permanent or partial damage
resulting in high drain junction leakage current, before the bipolar current conduction width
extended to the entire 80 wm finger width, at 40 mA and 60 mA, respectively. Throughout the
repetitive tests, full triggering of the 80 um wide transistors was not observed for either the
silicided or the non-silicided processes. This observation implies that severe degradation of I
with increase in (single) finger width results from inhomogeneous bipolar triggering
phenomenon, and as shown in Fig. 3.3, the maximum turned-on width (W ,.,) of the lateral n-p-n
transistor under ESD events can be regarded as the roll-off point in the data of I, vs. W. This
qualitatively correlates with the results of the EMMI analysis to the TLP measurements.

According to the data shown in Fig. 3.3 (a), for low voltage transistors, the estimated W,
value for non-silicided devices seems to be about 30 wm, and for silicided devices, W .« seems to
be smaller than 5 um. Moreover, for high voltage transistors, W .« for non-silicided devices and
silicided devices are about 35 um and 20 um, respectively.

Hence, in practice, designed finger widths greater than Wy, cause no improvement in Iy,.
Thus, the obvious way of improving ESD strength is to expand the turned-on width, W, for any

given NMOS structures.

35



I=60mA

(b) non-silicided device

Figure 3.5: Emission microscopy images showing spatial extent of lateral current
conduction at different current levels for 3.3 V (W/L,,,= 80/0.5 um) (a) silicided (b) non-
silicided single finger NMOS devices. (T, = 300 ns, f = 400 Hz, Ty, = 6 min). The small
bright spot indicates a failure or a partial failure of the devices. The discontinuity of the
conduction region in (b) was not observed in the EMMI images at the lower current level
than the 60 mA and the two spots were included within the conduction region.
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3. 3. Physical Modeling of Non-Uniform Bipolar Conduction

For greater insight into the experimental results, a simple physical model for describing the
non-uniform bipolar conduction is proposed. As the experimental results show, the spatial extent
of bipolar conduction is determined by the triggered portion of the finger width. The single finger
transistor can be considered as a parallel-connected network of narrow (segmented) n-p-n
transistors as shown in Fig. 3.6. Since each segmented n-p-n transistor has slightly different
intrinsic characteristics, which stems from the inherent statistical variations, the location of the
triggered segmented n-p-n transistor (or transistors) is expected to be uncertain in this sense.
According to the study by Russ et al. [45], avalanche multiplication starts at the corner of the
drain structure where the field is highest due to the spherical junction curvature and the avalanche
current is rather uniformly distributed along the channel width before the snapback of the lateral

n-p-n transistor occurs.

Drain (Collector)

Rdl Rd2
Raubi Rounz
Substrate Rs R Ro Ros

Source (Emitter)

Figure 3.6: Schematic of the segmented n-p-n transistors for a gate-grounded single finger
NMOS transistor. Each n-p-n transistor has different intrinsic characteristics due to the statistical
variations. R, Ry, Ryp, and Ry, denote the parasitic resistance in the source, the drain, the
substrate, and the intrinsic base, respectively.



However, for the devices with STI used in this study, the initially turned-on location along the
finger width has been observed to be random. Moreover, the avalanche region does not seem to
be spread out enough to trigger the entire n-p-n transistor structure for 80 wm wide single finger
devices. The parasitic bipolar triggering mechanism has been described in [51] in terms of three
main device parameters - the current gain B, the substrate resistance Ry, and the avalanche
multiplication factor M. The substrate hole current (for NMOS) is strongly influenced by the
electric field distribution of the drain junction, which depends on the doping profile and drain
engineering of the structures. The resulting effective forward bias to the source-substrate junction,
imposed by the local substrate potential for each segmented n-p-n transistor is unlikely to be equal
due to local variations in substrate current (I,,) and substrate resistance (Rgyp).

Assuming that a small portion of the finger width (source-substrate junction) is sufficiently
forward biased (i.e., Vg = 0.8 V) because of the rather strong impact ionization process, the
segmented transistors within this portion can be immediately triggered while the transistors along
the rest of the finger width still remain off. This model agrees well with the EMMI observation
that the location of initially turned-on segment is random over the finger width. Once the n-p-n
transistors turn on, to maintain the on-state of the transistors, the snapback condition of 3-(M-1) >
1 [52] should be satisfied. However, both 3 and M are also functions of the injected drain current
[51]. Therefore, the location of turned-on segmented n-p-n transistor should be strongly
influenced by the drain current. With increased drain current, the number of turned-on segmented
transistors should increase because the maximum current capability for each segmented transistor
is limited. This is in agreement with EMMI analysis which showed that the turned-on width
spreads out with increase in the injection current.

However, even with increased injection current, lateral bipolar conduction currents tend to
flow through the portion of the finger width where impact ionization occurs most strongly. The
rest of the finger width, where the impact ionization is relatively small, hardly turns on. This
happens because the drain voltage drops to the holding voltage Vy, after a part of bipolar
transistor structure triggers at V. This non-isotropic device behavior along the width is
technology dependent, and furthermore, even small asymmetric device properties can easily
induce this non-uniform current conduction, which can be supported by 2D electro-thermal
transient device simulations.

As shown in Fig. 3.7 (a), two NMOS structures, M1 and M2, are tied together to represent
each half of a single finger transistor. For simplicity, non-isotropic properties of devices are

represented by a parasitic resistance (r) between the two drains, which represents variations in
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drain series resistance. This affects the strength of impact ionization through electric field

reduction and also changes the effective series resistance for the two NMOS transistors.
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Figure 3.7: Non-uniform current conduction with a mixed mode transient simulation for M1
and M2 (W/Lyoy=1/0.5 um). (a) the schematic of simulation. (R = 500  and r = 0.81 ), (b)
drain current and voltage with elapsed time for M1 and M2, and (c) the current flowlines at the
two different time conditions, A and B.

The increase in the injection current (with elapsed time) triggers both the transistors, M1 and
M2, at t = 0.09 ns. After the snapback, the current for the two transistors increase together up to
0.5 mA/um as shown in Fig. 3.7 (b). However, as the current increases for the transistor (M2), the
increase in voltage drop across the parasitic resistance can reduce the strength of avalanche
multiplication of M2. In that case, M2 turns off. This can be observed from the current flowlines
shown in Fig. 3.7 (c). The simulation results confirm that the inequality of intrinsic characteristics
of each segmented transistor causes asymmetry in current conduction, and subsequently results in

current localization which becomes dependent on the injected drain current level.
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3. 4 Implications for the Design of ESD Protection

As is well known, the ESD strength of silicided technology is lower than that of non-silicided
devices due to either the reduction in emitter efficiency [26] or early current localization
associated with the reduced series resistance [14], which has also been verified in this work.
EMMI analysis shows that different bipolar turned-on widths can be obtained depending on
silicide process. Therefore, these facts indicate that wider current conduction is associated with a
higher ESD failure threshold for a given protection structure.

For advanced silicided NMOS transistors, I, drops off rapidly beyond W,.x. This obviously
places a severe restriction on determining the useful width of a single finger for multi-finger
structures used in ESD protection. From a practical design point of view, the minimum value for
Wiax should be at least 30 um with a minimum I, (at T, = 200 ns) of ~ 4 mA/um. This will
ensure that > 8 V/um for HBM is available for the design of multi-finger protection devices.

The aforementioned I, degradation with finger width, which is very serious for devices with
silicide diffusion, is related to the current crowding effect that allows only a portion of the finger
to conduct the ESD current. This implies that total failure threshold current (i.e., IT, = I,"W)
under ESD stress is effectively reduced, and further implies that the ESD performance of the
protection NMOS transistors cannot be increased by merely increasing the designed finger width
in advanced silicided CMOS technology. Therefore, the width of a single finger in multi-finger
protection devices should be determined within the maximum turned on width W,,,x. This also
places some restrictions on how to efficiently layout multi-finger structures since the single finger
width available is limited to W pax.

Therefore, it is proposed that during process and design characterization the ESD performance
(i.e., I) of the protection elements should be evaluated at the same conditions as the protection

device itself.
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3.5 Summary

In summary, it is shown that non-uniform bipolar conduction phenomenon in advanced
single finger NMOS transistors results in severe reduction in ESD protection strength depending
on the device finger width. This non-uniform bipolar conduction becomes more serious with
silicided protection devices and this can explain abnormal decrease in ESD performance of the
silicided devices, compared with non-silicided devices.

The reason for this non-uniform conduction could be related to the intrinsic process defects
that effectively lock in the bipolar conduction to a local area in the finger width. The results from
experiments and 2D device simulations in this work provide improved understanding of ESD
behavior and new physical insight into the current localization effects involved in advanced ESD
protection devices.

Results from this work can be used to construct suitable design windows for efficient and
robust ESD on-chip protection to overcome early ESD failures in advanced deep submicron

CMOS technologies.
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CHAPTER 4

BIAS DEPENDENCIES OF ESD
ROBUSTNESS

In addition to the detailed study of the non-uniform bipolar conduction phenomenon, the
substrate and gate bias dependencies of ESD robustness of advanced NMOS transistors are
investigated. It is shown that the uniformity of the bipolar current distribution under ESD
conditions, which is known to be a primary cause of the degradation of ESD performance, is
significantly influenced by the substrate and gate bias conditions. In this regard, as a means of
improving the uniformity of ESD current distribution, the substrate triggering and the gate
coupling techniques have been proposed [25, 26, 28]. It is shown that the substrate bias can
alleviate the non-uniform conduction so that it makes the design of ESD protection more practical
by enlarging the effective turned on width of the device.

However, contrary to general understanding, it has been recently reported that the ESD
strength with high gate bias is degraded depending on the finger width for deep submicron
salicided ESD protection NMOS transistors [53, 54] and this observation also requires the
identification of the underlying physical mechanism involved in the degradation.

Additionally, the concept of an intrinsic second breakdown triggering current (lp;) is
introduced, which is substrate bias independent and represents the maximum achievable ESD
failure strength for a given technology. With improved understanding of ESD behavior of
protection devices under bias conditions, an efficient design window with extended design
capabilities can be constructed and the on-chip protection design can be more practical for robust

deep submicron ESD protection.
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4. 1 Substrate Bias Effect

For comprehensive understanding of the influence of substrate bias on ESD robustness,
EMMI has been performed with an external forward substrate bias (V) to the emitter and base
(the source and substrate) junction of the NMOS transistor [Fig. 4.1]. With increase in substrate
bias, the local substrate potential can be sufficiently raised to trigger the parasitic lateral n-p-n
transistor without relying on the self-biasing mode. The influence of the substrate bias on the
spatial current distribution is apparent as shown in Fig. 4.2. It can be observed that the transistor
turned-on width spreads out with increase in Vg, (from 0 V to 1 V) for both silicided and non-
silicided devices at the constant drain current of 30 mA.

In fact, the total turned-on width is enlarged by 3 to 4 times with Vg, = 1 V regardless of the
silicide process. However, even with the substrate bias, full n-p-n transistor triggering was not
observed for the 80 wm wide transistors. Nevertheless, EMMI images clearly illustrate that the
substrate bias can increase the effective finger width by extending the lateral bipolar conduction
width, which can lead to the improvement of I, as shown in Fig. 4.3.

It is important to note that while this positive impact of substrate bias on I, has been reported
before for a 0.35 wm process [26], the physical mechanism responsible for the I, improvement
with Vg, has not been adequately explored. It can be observed from Fig. 4.3 that despite the
difference in substrate resistance'’ (Rsuwb), the substrate bias is effective, and it also implies that the
improvement of the ESD performance can be realized without changes in the process or structure

of the devices.

Vpulse

IESD

A% sub

Figure 4.1: Schematic of the biasing scheme for investigating impact of substrate bias on ESD
performance.

1% Resistivity of epi layer is different for the two devices under test.
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(a) silicided device (b) non-silicided device

Figure 4.2: Emission microscopy images that show the spatial extent of lateral current
conduction with different Vg, for 3.3 V (W/L,qy= 80/0.5 um) (a) silicided and (b) non-
silicided single finger NMOS devices. (T,= 300 ns, f= 400 Hz, T.y,= 6 min)

4. 1. 1 Intrinsic Second breakdown Triggering Current, lLi;

As the forward substrate bias increases, the n-p-n bipolar triggering voltage (V) reduces and
eventually the bipolar device turns on without snapback when the effective emitter-base (source-
substrate) junction bias reaches ~ 0.8 V. From Fig. 4.3, at Vg, = 1 V, it can be inferred that weak
avalanche generation is adequate to supply the required substrate current for triggering the lateral
n-p-n transistor. For higher Vg, (=1 V), I, values tend to saturate. This means that the effective
bipolar conduction width gets pinned and the local substrate potential near emitter-base junction
cannot be altered by applying additional substrate bias. The associated I, at this substrate bias
will be the maximum achievable value for both high and low substrate resistance devices. This
current is substrate bias independent as shown in Fig. 4.3 and can be called as the intrinsic second

breakdown triggering current, l; [47] for a given technology.
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Figure 4.3: Second breakdown triggering current I, with Vg, for the 3.3 V silicided devices
with two different Ry, (6300 Q-um and 4800 Q-um) where W/L= 20/0.5 um. I, approaches
its intrinsic value I,; as the substrate bias is increased.

In addition, the non-uniform triggering that arises from the inhomogeneity of local substrate
potential (along the width of NMOS) can be alleviated by applying a Vg, since the effective
finger width can be increased by enhanced bipolar current uniformity. For the test structures with
various finger widths, I, values are shown as a function of V;, in Fig. 4.4.

It can be observed that W, where I, rolls off, increases with substrate bias and the I, values
for silicided devices approach that of non-silicided devices with substrate bias. However, it can
also be observed that the values of I, for W < W,,,x remain almost independent of the substrate
bias within the scatter among the data.

Hence, this value of I, for finger widths less than W, can be thought of as the maximum
obtainable I, (defined as I; earlier) under uniform bipolar conduction for a given process
technology, and ranges from 6 to 7.2 mA/um for both the processes, which is solely determined
by process effects such as silicide/non-silicide process, gate-to-contact spacing, source/drain

engineering and substrate resistance.
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Figure 4.4: 1, as a function of transistor width for different substrate bias Vg, for (a) non
silicided, and (b) silicided 3.3 V NMOS transistors.
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4. 1. 2 Device Simulation Study: Principle of Operation with Vg,

Aside from three-dimensional effects on ESD current distribution, insight concerning the
substrate bias effect can be attained by 2D device simulations. In Fig. 4.5, static high current
characteristics of a gate-grounded NMOS transistor with L,,y, = 0.5 wm is simulated for two
different substrate bias conditions, Vg, = 0 V and Vg, = 0.75 V. The high current I-V curves
show the same physical trends as the measured data. At a drain current (Ip) of 500 pA/um after n-
p-n transistor triggering, the current flowlines are compared for the two substrate bias conditions,
which shows that the current flows more deeply into the substrate with a substrate bias. The
altered local substrate potential changes the snapback triggering voltage, V [Fig. 4.5 (a)] and
eventually turns on the n-p-n transistor without snapback. However, the I-V curves at high current
levels show no significant differences between the two substrate bias conditions since any three-
dimensional behavior cannot be taken into account.

The second snapback at the drain current of ~ 5 mA/um in the [-V curves is attributed to a
rapid increase in the base current resulting from a significant increase in the current component
due to thermally generated carriers although the carriers generated by impact ionization decrease
slightly with temperature rise [29]. In the case of the self-biasing mode, sufficient substrate
current due to impact ionization is required to maintain the forward bias to the emitter and base
junction (source and substrate) and the base current is also supplied by impact ionization. Hence,
rather strong avalanche multiplication is required for triggering the lateral n-p-n transistor.

On the other hand, under adequate external substrate bias, the lateral n-p-n transistor operates
in a normal biasing mode (common-emitter). Even in the absence of the drain current, the source-
substrate and the drain-substrate junctions are fully turned on. However, since both the parasitic
diodes® in an NMOS transistor have a relatively long base, most of the injected carriers from the
source and drain to the substrate recombine resulting in small diffusion currents. As the drain
current and the associated drain bias increase, the drain-substrate junction is eventually reversed
biased and thus the lateral n-p-n transistor operates under normal bias conditions.

However, the bipolar conduction current increases very slowly with the increase in the drain

current (the associated drain bias) until the impact ionization is initiated.

2% The source-substrate and drain-substrate junction diodes.
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Figure 4.5: Static I-V characteristics for the ggNMOS with L,,,=0.5 um. (a) High current I-V
curve, and (b) current flowlines at the drain current (Ip) of 500 pA/um with V4,=0 V and
Vsup=0.75 V. The current flows more deeply into the substrate with V.
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Before the avalanche multiplication occurs, most of the drain current, I is supported by
electrons injected from the source (emitter), but these injected carriers mainly contribute to the
source-substrate diode current rather than to the drain (collector) current due to the low current
gain P of the lateral n-p-n transistor arising from the significant electron-hole recombination in the
base region. A further increase in the drain current induces impact ionization and eventually the
avalanche multiplication process becomes regenerative as in the self-biasing mode. Since the
emitter base junction is already fully turned on, small values of the avalanche-generation current,
Ien, are sufficient to initiate the regenerative process and accordingly the corresponding threshold
value of M should be lower than the value needed in a self-biasing mode. As a result, the drain
current flows through the low field area in the drain-substrate junction. Fig. 4.5 (b) clearly shows
that relatively wider area of the drain junction is utilized for the same current conduction (i.e.,
[p=500 uA/um) with Vg, because less impact ionization current is required. Therefore 2D device
simulation results suggest that the bipolar conduction could take place over a wider area of the

drain and substrate junction under sufficient substrate bias.

4. 1. 3 Effective Finger Width under ESD Stress

As discussed previously, the turned-on width of the silicided wider finger devices is not the
same as the designed finger width under ESD stress. Therefore, when determining the width of a
single finger of a multi-finger structure, the effective finger width needs to be considered to
design on-chip protection circuits more efficiently.

Based on the value of I; for each technology, the effective finger width W, for bipolar

conduction can be determined from the following simple relation.

Wy=U,/ 1,)W 4.1)

Since the total failure threshold current (i.e., IT,= Io'W) is constant independent of the current
uniformity for a given technology, the effective finger width W can be directly obtained from
the extracted Ip; and the plots of Weg vs. W for the high voltage (3.3 V) NMOS transistors are
shown in Fig. 4.6.

As can be seen, at Vgp=1 V, W is 50 um and 35 um for the non-silicided and silicided
technologies respectively, showing significant improvement over the W, values for the zero

substrate bias case. Therefore, the use of substrate bias can extend ESD design capabilities
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beyond present design and technology limits, and one potential application has recently been

implemented [28, 55].
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Figure 4.6: Effective finger widths (W.g) vs. designed finger widths (W) for 3.3 V NMOS
transistors with different substrate bias (a) non-silicided devices, and (b) silicided devices.
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4. 2 Gate Bias Effect

For multi-finger NMOS protection, it has been recognized that the gate coupling technique is
efficient since it ensures uniform triggering of the lateral n-p-n bipolar transistors [24, 46].
However, its effectiveness is dubious in silicided processes [56]. Additionally, it is also well
known that excess gate coupling degrades the second breakdown triggering current (I;) of NMOS
devices [8, 25] and thus design techniques have been used to limit the gate coupling.

Even with controlled gate coupling on the protection device, under ESD stress, high gate
coupling on the output NMOS transistor causes human body model (HBM) or charged device
model (CDM) failures in output buffer protection, thereby placing some restrictions on the design
of ESD protection. This phenomenon of degradation of I, is technology dependent and its impact
on the advanced protection design has not been fully explored before. Moreover, for advanced
salicided technologies, the severity of this effect has been shown to be dependent on the finger
width and the extent of lateral uniformity of ESD current conduction [53, 54].

In this section, we identify the root cause of this degradation of I, with high gate bias for the
0.13 um technology, and also investigate the impact of substrate bias on the gate coupling effect.
Accounting for this ESD behavior involved in advanced salicided devices, design guidelines

useful for designing protection structures are also presented.

4. 2. 1 Output NMOS Failure

A typical output buffer protection scheme with different protection device options is shown
in Fig. 4.7. In ESD protection circuits, as briefly discussed in Chapter 1, there are several NMOS
protection structures available such as the gate grounded NMOS (ggNMOS), the gate coupled
NMOS (gcNMOS), and the substrate pump NMOS (stNMOS) structures. Especially, both the
gcNMOS and stNMOS have been proposed to ensure uniform lateral bipolar current conduction
[25, 28].

Under ESD stress from the I/O pad to ground, the ESD current is shared by the several
different competing current paths, mostly through the NMOS protection structures, and partially
through the lateral V44 diode and the output NMOS transistor itself. During such conditions, the
potential of the I/O pad reaches a voltage level sufficient to trigger the NMOS protection
structure and finally the voltage of I/O pad remains near the holding voltage (V,) depending on
the NMOS protection options. The ESD current through the lateral diode to V44 node charges up
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the Vy4q capacitance up to about Vy,- 0.7 V. It should be noted that the maximum voltage of the

V44 node is also limited by the presence of V44 clamp.

As a result, depending on the pre-drive circuit conditions, this voltage (at V44 node) can be

fed into the gate of the output NMOS transistor through internal circuit blocks, which can

influence the effectiveness of the ESD protection design.
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Figure 4.7: Simplified output buffer protection scheme with various protection NMOS
transistor options. Irrespective of protection transistor options, under ESD conditions, high
ESD voltage can be fed into the gate of the output NMOS transistor, which could lead to
early ESD failures. (The gray arrows indicate the ESD current paths.) (a) gate-grounded
NMOS (ggNMOS), (b) gate-coupled NMOS (gcNMOS), (c) substrate pump NMOS
(stNMOS), and (d) generalized high current [-V characteristics of ggNMOS.
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Figure 4.8: The schematic of the standard 2 kV Human Body Model (HBM) tests for simple
output buffer protection circuit.

By using HSPICE, 2kV HBM test mode was reproduced for a simplified output buffer
protection scheme in Fig. 4.8 [57]. A 3.3 V NMOS transistor model was used, which has a
holding voltage (Vy) of ~ 5.3 V. Initially, all the nodes are floating, and then voltages at the 1/O
pad and Vg line start to increase with the injection of the standard 2 kV HBM current. The gate
voltage of the output NMOS transistor is determined depending on the condition of the pre-drive
circuits of the output devices. Typically, the pre-drive circuits can have the logic value of either
high (i.e., 1) or low (i.e., 0). Since the pre-drive circuit condition is unpredictable at the ESD
event, by assuming different conditions of the pre-drive circuits, the gate potential of the output
NMOS and protection NMOS transistors was investigated.

As shown in Fig. 4.9, with the conditions of (a) and (b), the gate voltage (V,) of the output
NMOS transistor increases with a slight delay, and finally goes higher than that (V,) of the
protection NMOS device, which can lead to a reduction in the ESD strength relative to the
protection device. On the other hand, for conditions (c¢) and (d), the gate potential of the output
NMOS stays below 0.5 V and thus, no severe I, degradation is expected. For the simulation, the
gate voltage of the output NMOS transistor ranges from ground to the voltage at Vg (~ 4.8 V)
depending on the conditions of pre-drive circuits and similar effects can take place for any other

potential values induced at V44 node.
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Therefore, the gate bias effect for the output NMOS transistor has significant implications for

the overall design of ESD protection. In Fig. 4.10, the early ESD failure of the output NMOS

transistor has been shown for the HBM test due to the high gate coupling induced I, degradation,

regardless of the ESD strength of the protection device itself. The same failure mode has also

been observed for the CDM tests.
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Figure 4.9: Simulated voltage waveforms of each node of the output buffer protection under
2kV HBM stress with the four different pre-drive circuit conditions where (a) p; = p, = low
and n; = n, = high, (b) p; = p, = n; = n, = low, (¢) p; = p» = high and n; = n, = low, and (d) p;

=p,=n; =n, = high.
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Figure 4.10: Failure image of the output NMOS transistor in HBM test mode. Since increased
gate voltage of the device due to high gate coupling lowers its ESD strength, the device fails
earlier than the protection devices.

4. 2.2 Experiments and Analysis

In order to observe early ESD failure with excess gate coupling, involving various gate bias
conditions, I, was measured with the transmission line pulsing (TLP) method with a 200 ns

voltage pulse. In Fig. 4.11, the I, values with gate bias are shown for a 0.35 um technology.
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Figure 4.11: Second breakdown triggering current (I;;) vs. gate voltage for a salicided (TiSi,)
0.35 wm technology node. The dotted line is the well-known substrate current (in arbitrary unit)
for conventional NMOS transistor, which shows that the degradation of I, is not due to the
substrate current behavior as a function of gate bias, and further suggests that the turn-on
efficiency of the parasitic n-p-n transistor is not the primary cause of this phenomenon.
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As can be seen, contrary to the conventional belief, the phenomenon of degradation of I,
does not follow the substrate current behavior with gate bias. This implies that the parasitic
bipolar turn-on efficiency cannot be the primary cause of the I, degradation, and furthermore,

that there is a new physical mechanism governing this phenomenon.
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Figure 4.12: Second breakdown triggering current (I,) with gate bias for the two different
NMOS transistors for the 0.13 um technology. The dependence of I, on gate bias is influenced
by the finger widths. Gate bias improves I, for wide finger-width NMOS transistors, but
degrades I, of narrow finger-width devices. (a) 1.5 V NMOS and (b) 3.3 V NMOS
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In addition, it has been recently reported that ESD current distributes non-uniformly
depending on the finger width, and under ESD conditions the effective width of devices is limited
by the extent of the non-uniformity of the bipolar current distribution [47, 48], which throws new

light on the gate bias induced phenomenon.

® 1.5V NMOS
B, 03.3VNMOS

(b)

Figure 4.13: (a) I, for the output NMOS transistors (both of 1.5 V and 3.3 V transistors) with
Vo = 0V for different finger widths and (b) EMMI image of the spatial distribution of ESD
current (Igsp) of 30 mA for the 3.3 V NMOS transistor. They both show that strong non-
uniform conduction occurs in salicided NMOS transistors for the 0.13 pm technology. For the
EMMI analysis, a pulsed bias with duration (T,) of 300 ns was applied at a frequency of 400
Hz for the exposure time (Tey,) of 6 min.
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For advanced salicided devices in the 0.13 um technology under investigation, the impact of
gate bias on I, can be clearly observed in Fig. 4.12, and which is also finger width dependent for
both low and high voltage NMOS transistors. The I, dependence on the gate bias is no longer
consistent with Fig. 4.11 for the W=20 um and W=40 um devices of the 0.13 um technology
node. Contrary to the dependence observed in the 0.35 wm technology node, opposite trends
appear depending on the gate finger width of the NMOS transistor. This implies that the gate bias
can result in two different competing physical mechanisms depending on the finger width for a
given structure.

As shown in Fig. 4.13 (a), the I, values of the advanced salicided transistors are severely
degraded with increasing finger widths. The ESD current distribution is uniform within a very
narrow finger width such as W < 5 um for the low voltage (1.5 V) transistors and W < 10 um for
the high voltage (3.3 V) transistors. In addition, the emission microscopy (EMMI) images with a
pulsed bias condition show that only a small part of the finger width is effective for the ESD
current conduction in the 80 um wide salicided NMOS devices [Fig. 4.13 (b)].

Further increase in the drain current level caused thermal damage without full triggering of
the NMOS transistor. This strong width dependence of I, for advanced technologies is attributed
to the localized (non-uniform) bipolar conduction. As discussed in [47, 48], this non-uniform
bipolar conduction becomes more serious for devices with low resistance substrates and silicided
diffusions. Considering the results in Fig. 4.12 and Fig. 4.13, it can be inferred that gate bias can
improve I, of the wide finger devices (W=20 um and W=40 um) where the ESD currents are
non-uniform.

On the other hand, I, of the narrow finger device (W=5 um for the 1.5 V NMOS and W=10
wm for 3.3 V NMOS) where ESD current is known to conduct almost uniformly, is degraded with

gate bias.

4. 2. 3 Simulations and Discussion

As is well known, boosting of the substrate current with gate bias can minimize the current
localization under ESD conditions. This mechanism seems to work for the wide finger 1.5 V
NMOS devices [Fig. 4.12 (a)] with considerable improvement of I,, while the improvement of I,
for the 3.3 V devices is less apparent [Fig. 4.12 (b)]. However, the severe reduction in I, with
gate bias for the narrow transistors cannot be described by this mechanism involved in the

efficiency of the lateral n-p-n structure. Hence, to comprehend the underlying physical
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mechanism that leads to early ESD failure, electro-thermal transient simulations have been
performed for a structure that was devised using TSUPREM-4 [58]. Due to the relatively lower
thermal conductivity of the passivation layers and shallow trench isolation (STI) structures, all the
generated heat in the device is assumed to flow towards the substrate of NMOS structure, and the
temperature of the substrate is set to the ambient temperature. This thermal boundary condition
reasonably represents the actual wafer level test environment, and is verified by using the thermal
simulator, ANSYS [59].

As shown in Fig. 4.14, the current density within the source/drain extension junction depth is
strongly modulated by gate bias. This implies that the distribution of the local temperature rise in
the drain extension and the channel area (indicated by the rectangle in NMOS) can also be
influenced by the applied gate bias. At a given drain current of 10 mA/um (at t=10 ns), the local

temperature rise in the box, depending on the gate bias, is shown in Fig. 4.15.
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Figure 4.14: The current density at the edge of source (S_E) and drain (D_E) extension along
y-axis with gate bias (see the x and y axis in the rectangle underneath the gate) and the
schematic of the transient simulation circuit is shown in the inset.
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Figure 4.15: The local temperature rises with (a) V=0 V and V=3 V, and temperature
contours with (b) V=0 V and (c) V=3 V. The simulations indicate that the channel and drain
extension area undergo more heating and that the temperature distribution is more localized

with gate bias.
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The simulation results show that the distribution of the local temperature near the channel
area as well as the peak temperature increases as gate bias increases. Also, the isothermal line of
550 K shows that the temperature distribution becomes more localized with the gate bias. In
addition, as shown in Fig. 4.16, the location of the maximum temperature has been simulated
with gate bias. For the negative gate bias, the location of the peak temperature does not change at
all. This simulation result suggests that I, remains the same with the negative gate bias. This
observation agrees well with the measured data in Fig. 4.12.

However, the surface heating becomes stronger with the gate bias since the location of the
peak temperature approaches the Si/SiO, interface. The overall simulation results indicate that
more heat can be accumulated within a smaller volume near the surface with gate bias, and the
device tends to be more vulnerable to thermal failures at the surface. Hence this gate bias induced
heating effect can lead to I, degradation in devices where the lateral ESD currents flow
uniformly. At this point, it is instructive to note that a recent work has reported that for sub-180
nm devices heat diffusion equation underestimates the maximum device temperature compared to

the one based on phonon Boltzmann transport equation [60].
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Figure 4.16: The location of peak temperature and the peak temperature value with gate bias.
With increase in gate bias, Y ..« moves closer to the surface and the peak temperature, Tpea also

increases moderately.
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Therefore, the temperature value from the device simulation (MEDICI [61]) may not be
accurate enough to predict the exact failure threshold of the device, but it provides a relative
dependence of thermal effects on the bias conditions for a structure of interest.

To verify this heating effect, I, was also measured with both the gate and the substrate bias.
As shown in Fig. 4.17, with substrate bias, I, increases since the maximum turned on width of the
NMOS device is increased. Also, with substrate bias, the ESD currents spread out deeper into the
silicon substrate despite the presence of gate bias as shown in Fig. 4.18.

As a result, the effective volume for power dissipation can be augmented. This suggests that
the reduction in I, with gate bias could be alleviated by applying appropriate substrate bias, since
the lateral ESD currents conduct more deeply into the silicon substrate with reduced current
density near the surface, and in turn the heating is reduced as shown in Fig. 4.19. The
experimental I, values confirm our argument as shown in Fig. 4.20. Despite high gate bias, the

degradation of I, for both low and high voltage transistors is mitigated with substrate bias.
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Figure 4.17: Impact of substrate bias on the I, with finger widths.
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Figure 4.18: Simulated current flowlines in the presence of gate bias with (a) V4,=0 V and
(b) Vaw=1 V. With substrate bias, the current flows more deeply into substrate and this leads
to increase in effective volume for power dissipation.

Hence, using the insightful results from device simulation and experimental data, it can be
concluded that gate bias induced heating effect primarily accounts for the reduction in I, for
devices with uniform lateral ESD current conduction. Based on these results, useful design
consideration can be drawn for advanced salicided ESD protection. Hence for the substrate
trigger protection [28, 47], I, roll-off with gate bias is not important. In fact, protection can be
designed with the gate grounded NMOS structures as long as substrate bias is supplied for an
efficient multi-finger n-p-n. On the other hand, for the design of the gate coupled ESD protection
devices without substrate bias, the gate of the protection device should be designed with
appropriate values of R and C [Fig. 4.7 (b)] to maintain the gate bias below the level above which
Ix begins to roll-off with the gate bias. Finally, for the output transistor, since the substrate bias is
not available and the gate coupling is unpredictable, the buffer size should be designed based on
the failure current component that it can handle, which depends on its gate coupling level.

For the above described ESD protection design, the gate coupling level and the optimum size
of devices can be determined with high current ESD circuit simulations, which show the primary

ESD current paths as well as the weak points for ESD [9].
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Figure 4.19: Temperature distribution with substrate bias in the presence of gate bias. (a)
temperature distribution along the x-axis and (b) temperature distribution along y-axis where
Tpeax=775 K for Vy;,=0 V and Tpea=760 K for V=1 V.
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Figure 4.20: Effect of substrate bias on the I, degradation for high voltage (3.3 V) NMOS
transistors with different finger width and gate bias, which shows that I, degradation is
alleviated with substrate bias. The inset also shows the impact of substrate bias on I
degradation for narrow finger, high and low voltage transistors.

4. 3. Design Window for Advanced ESD Protection

EMMI analysis and TLP measurements show that different bipolar turned-on widths can be
obtained depending on the substrate and gate bias conditions at a given ESD current level.
Therefore, these facts indicate that a higher ESD failure threshold for a given protection structure
can be realized by wider current conduction under ESD stress using appropriate biasing scheme.

As investigated previously, the substrate triggered protection is highly effective in overcoming
non-uniform bipolar conduction, which is turned out to be a root cause of severe degradation of

ESD performance in advanced silicided technology. In addition to the impact of substrate bias,
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the gate bias dependence has been more clearly quantified with the experimental results for 3.3 V
NMOS transistor in Fig. 4.21. Depending on the finger width, two competing trends of the gate
bias effect are clearly observed. As can be seen, the gate bias is only effective in raising ESD
hardness where ESD current is non-uniformly distributed (i.e., for the device with wider finger
width). Otherwise, the gate bias even degrades the ESD strength by increasing the local
temperature rise.

Therefore, combining the overall results and considering both the impact of the gate bias and
the substrate bias, a design window for advanced protection devices can be presented as shown in
Fig. 4.22. It should be noted that for substrate trigger protection [28, 47], the I, roll-off with gate
bias is less important. Since the substrate bias can compensate for the adverse effects of gate bias,
protection devices can be designed with either the gate grounded or gate coupled configurations,
as long as the substrate bias is efficiently supplied for multi-finger n-p-n structures.

On the other hand, for the design of gate coupled ESD protection devices without substrate
bias, the gate potential of the protection device should be controlled with reasonable values of
coupling resistance and capacitance to maintain its value below the level above which I, begins to

roll-off with the gate bias.

4. 4. Summary

An extensive investigation into impact of the substrate bias and gate bias has been carried out
to provide improved understanding of ESD behavior and new insight into the bias effect involved
in advanced salicided NMOS devices.

It is shown that ESD performance can be improved with the substrate bias by enlarging the
effective turned-on device width. Additionally, the concept of an intrinsic second breakdown
triggering current (Ip;) is introduced, which is substrate bias independent and represents the
maximum achievable ESD failure strength for a given technology.

It is also shown that gate bias induced heating near the drain extension region close to the
Si/Si0, surface is the primary cause of the degradation of ESD performance for the devices with
uniform bipolar conduction. Moreover, it is established that substrate biasing can help eliminate
the negative impact of the gate bias effect. Results from this work can be used to construct
suitable design windows for efficient and robust ESD protection design to overcome ESD failures

in advanced deep submicron CMOS technologies.
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Figure 4.21: I, of the high voltage (3.3 V) NMOS transistor with finger widths for the various
gate voltages. Two competing trends are clearly shown.
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Figure 4.22: Design window for optimizing the performance of deep submicron ESD
protection.

68



CHAPTER 5

IMPACT OF GATE-TO-CONTACT SPACING

ESD failure threshold of NMOS transistors is known to degrade with the use of silicided
diffusions owing to insufficient ballast resistance, making them susceptible to current
localization, which leads to early ESD failure. In general, the gate-to-contact spacing of salicided
devices is known to have little impact on their ESD strength. However, experimental results
presented in this chapter show that the ESD strength depends on the gate-to-contact spacing
independent of the silicided process. Subsequently, a detailed investigation of the influence of
gate-to-source and gate-to-drain contact spacings is carried out for the salicided 0.13 um CMOS
technology that provides new insight into the behavior of deep submicron ESD protection
devices. It is shown that the reduction in current localization and increase in the power dissipating
volume with increase in the gate-to-contact spacings are the primary causes of this improvement,
which implies that even for silicided processes, the gate-to-contact spacing should be carefully

engineered for efficient and reliable ESD protection designs.
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5. 1 Introduction

NMOS transistors are widely used as protection devices against electrostatic discharge
(ESD), which is a major reliability concern for all categories of integrated circuits [57]. It is well
known that for non-silicided or silicide-blocked NMOS protection transistors, the second
breakdown triggering current (I;), which is widely used to monitor the ESD strength, can be
increased with larger drain contact spacing because of more uniform triggering of the lateral n-p-
n structure obtained with ballast resistance® effects [57]. In addition, it is also well established
that effectiveness against ESD is reduced in the case of devices with silicided diffusions [14, 47,
57] since the ballast resistance is negligible and even zero ESD performance is reported for
standard silicide devices [62].

In silicided CMOS processes, as discussed so far, the primary cause of the degradation of
ESD failure threshold is known to be non-uniform lateral bipolar conduction, which is attributed
to insufficient ballasting resistance in the fully silicided source/drain structures [47, 48]. This
decrease in ESD strength imposes severe restrictions on the efficient design of ESD protection.
Therefore, to avoid localized current conduction and improve Iy, device structures with sufficient
ballasting resistance are realized by introducing the silicide blocking option, or by implementing
well resistors on the drain side, or by inserting local interconnect layers [14, 33, 63].

However, these options either require an extra mask or more process complexity and result in
increased process cost and chip area. Hence, use of salicided devices is often preferred for cost
effectiveness in providing advanced ESD protections. The Iy, of the silicided devices is generally
believed to be independent of the gate-to-contact spacing parameter. The MM and HBM tests of a
salicided 0.18 um CMOS technology have also shown that the gate-to-drain contact spacing has
negligible impact on ESD hardness [64]. Therefore, the impact of the gate-to-contact spacing of a
salicided NMOS transistor on the ESD failure strength has been overlooked.

However, contrary to conventional understanding, for advanced deep submicron salicided
technologies with shallow trench isolation (STI) structures, we have recently reported that the
gate-to-drain contact spacing (GDCS) has an impact on I, [65, 66]. Moreover, the gate-to-source
contact spacing (GSCS) has also been observed to affect I, [65, 66].

This chapter investigates the above new phenomenon in advanced salicided transistors and
describes the different mechanisms that are observed at the source and drain sides, respectively.

The physical mechanism causing unexpected I, improvement in silicided devices with increased

2! Ballast resistance effect makes the ESD currents flow more uniformly in the drain diffusion region.
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gate-to-contact spacing is identified. Furthermore, it is shown that the ESD strength of the
protection device becomes independent of the gate-to-contact spacing when adequate substrate
bias is applied. These observations have significant implications for ESD performance
improvement simply through optimization of the device layout, even without introducing

expensive process options.
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Figure 5.1: The schematic of a silicided NMOS transistor indicating the gate to source/drain
contact spacing (GSCS/GDCS) and the n" overlap of the source/drain contact (S_o1/D o). For
the 1.5 V NMOS, the S/D contact opening (S/D)=0.15 umand S o =D o= 0.1 um. For the
3.3 V NMOS, the S/D contact opening (S/D) =0.15 pm and S o, =D _ o= 0.125um. In the test
structures, the S/D contact opening and n' overlap of S/D contact (S /D oL) remain
unchanged despite the variations of GSCS/GDCS.

5. 2 Experiments

5.2.1 I;; Dependence on Contact Spacing
In this work, the dependence of the second breakdown triggering current, I, [mA/um], is

investigated as a function of the gate-to-source/drain salicided (CoSi,) contact spacing

(GSCS/GDCS) for various test structures with grounded gates.
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Test structures were fabricated using the 0.13 um mixed-voltage CMOS technology and the
low (1.5 V) and high (3.3 V) voltage NMOS transistors are investigated. The 1.5 V NMOS
transistor has a 27 A thick gate oxide and 0.175 um long gate poly, while the 3.3 V NMOS
transistor has a 70 A gate oxide and 0.5 um long gate poly. However, the finger width for both
transistors is 20 wm. Fig. 5.1 shows the schematic cross section of the ESD NMOS transistor used
in this study.

The contact spacing is measured from the gate poly edge to the near edge of contact opening
and the contact opening width is fixed at 0.15 um for all the test structures. Since the test
structure uses a shallow trench isolation (STI) with constant n" overlap with the source and drain
contact (S_o1/D_op) for a given device rating, the total size of the source and drain structures are

changed proportional to the variation of the GSCS and GDCS.
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Figure 5.2: The measured drive currents (I4v.) for the 1.5 V NMOS transistors with different
gate-to-contact spacings show no apparent differences, where V,=V4=1.5 V. The inset shows
high current TLP curves for the 1.5 V NMOS transistor, which clearly show the impact of the
gate-to-contact spacings on Iy, despite the silicided diffusion.
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The second breakdown triggering current (I,) was measured using the transmission line
pulsing (TLP) method for a voltage pulse width of 200 ns. As expected, since the resistance of
silicided region is relatively small compared to other parasitic resistances in the source/drain
structure, a change in resistance proportional to the GDCS/GSCS is not apparent from the DC I-V
measurements. The drive current (Igi.) of the 1.5 V NMOS transistor was tested with
GDCS/GSCS variations.

As shown in Fig. 5.2, the measured drive currents show that the difference in the resistance
due to increased gate-to-contact spacing with the salicided diffusion is hardly apparent. In
addition, the inset in Fig. 5.2 shows a sample of TLP curves for the 1.5 V transistor with two
different GDCS and GSCS. It can be clearly seen that the I, value is about doubled with an
increase in GDCS/GSCS from 0.1 um to 0.5 um. However, the slope of the high current regions
is almost identical for the two different test structures, which implies that the on-resistance of the

test structures is nearly the same despite the different gate-to-contact spacings.
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Figure 5.3: The second breakdown triggering current (I,) with the gate-to-source/drain
contact spacing for two different silicided NMOS transistors. The two dotted circles indicate
Iy, for each device with minimum contact spacing: 0.1 wm and 0.225 um for the 1.5 V NMOS
(W/Lpoly=20/0.175 pm) and 3.3 V NMOS (W/L,0y = 20/0.5 um), respectively.
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For the TLP measurements of the 1.5 V and 3.3 V transistors as shown in Fig. 5.3, I;, of both
the devices surprisingly improves with the GSCS/GDCS. Compared with I, values of the
transistor with the minimum gate-to-contact spacing (0.1 um for 1.5 V NMOS and 0.225 um for
3.3 V NMOS), the improvement of I, is approximately 100 % and 40 % for the low voltage and
high voltage transistors, respectively. This implies that the gate-to-contact spacing is an important
design parameter determining ESD strength for the gate grounded ESD protection devices. It also
suggests the possibility of achieving increased ESD robustness through optimizing the layout of
the silicided protection devices without any extra processing steps or structure options.

However, the primary cause of this improvement of I, has not been explored and needs
comprehensive modeling and analysis in order to improve understanding of the device physics
involved in this effect. This will also enable the establishment of robust ESD protection design
approaches through proper design of the devices.

As shown in Fig. 5.3, for the 1.5 V NMOS transistors, the I, dependence on the gate-to-
contact spacing is more apparent than that for the 3.3 V devices. In general, for advanced devices
with salicided diffusion, the improvement of I, is not easily achieved due to early failure caused
by current localization. In this regard, any amount of improvement in I, for salicided technology

with no process changes has significant implications.
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Figure 5.4: 1, values for the 1.5 V NMOS transistors with various GDCS and GSCS. I
depends on both GDCS and GSCS within the scatter of data. W= 20 pum.
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As can be seen in Fig. 5.4, I, values are influenced by both GDCS and GSCS within the
scatter of data. Despite the salicided process, the increasing trend of I, is obvious as GDCS and
GSCS increase. For the minimum gate-to-contact spacing of 0.1 um, I, ranges from 1 to 1.5
mA/um. However, with the increased GDCS=1 um and GSCS=0.5 um, I, values are clustered
around 3.5 mA/um. The data clearly show that for a given spacing (GDCS), increases in GSCS
strongly affect the ESD hardness. This experimental result implies that the impact of gate-to-
source contact spacing is as significant as that of the gate-to-drain contact spacing for a salicided

technology.

5. 2. 2 Effect of Substrate Bias

For silicided devices, it has been reported that I, improves with a forward substrate bias by
enlarging the turn-on finger width of the devices [47]. With sufficient external substrate bias (Vg
> (0.7 V), the It, dependence on the gate-to-contact spacing disappears as the emitter-base junction
of the lateral bipolar transistor fully turns on [Fig. 5.5].

As shown in [47], the phenomenon of I, improvement is associated with the extent of
uniformity of the lateral current distribution, since the ESD current becomes more uniform along
the channel width with increased external substrate bias. In addition, it should be noted that the I,
dependence on the gate-to-contact spacing for the 1.5 V transistor is stronger, since the extent of
uniformity of the lateral current distribution of the two devices varies [Fig. 5.6]. It is believed that
the devices with shorter channel length and shallower junction depth experience non-uniform
bipolar conduction more strongly since the relative sensitivity to the statistical random variation
is higher for given process conditions.

In order to identify the underlying physical mechanisms for the drain side and source side

contact spacing effects respectively, the following effects were investigated:
1) the influence of the ballasting ESD current distribution.
2) the improvement of the current driving capability of the lateral n-p-n transistor.
3) the increase in thermal capacity due to the enlargement of power dissipating volume along

with the increase in GSCS/GDCS.

Each of these effects has been investigated in detail in the next section.
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Figure 5.5: (a) I, of the 1.5 V NMOS transistors is dependent on GSCS and GDCS with an
external substrate bias of 0.7 V, and is nearly independent of GSCS and GDCS with sufficient
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Figure 5.6: Total failure threshold current (IT,) with the finger width for (a) 1.5 V NMOS
transistors and (b) 3.3 V NMOS transistors where GDCS/GSCS= 0.1 um; the total failure
current can be scaled with finger width within only a limited finger width (W < 20 um) and
the inset shows that the 3.3 V device (W= 20 pum and GSCS= 0.225 um) with nearly uniform
current conduction shows negligible dependence of I, on GDCS.
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5. 3 Analysis and Discussion

5. 3. 1 Ballasting Current Distribution

As shown in Fig 5.2, from the DC and TLP measurements for 1.5 V NMOS transistors, the
drive current and the on-resistance show no differences between the structures with the minimum
gate-to-contact spacing and the ones with increased gate-to-contact spacing as expected. First, to
analyze the impact of the GDCS, for a fixed GSCS of 0.1 um, I,, was measured for the structures
with GDCS of 0.1 um and 1 um, respectively. As can be observed from Fig. 5.7, consistent with
Fig. 5.2 (inset), even with further increase in GDCS, the on-resistance remains unaffected.

However, I, is nearly doubled with GDCS=1 um. It is instructive to note that, contrary to the
experimental results presented in this work, it has been reported in the past that the on-resistance

is changed depending on the silicide thickness and junction depth [14].
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Figure 5.7: High current TLP curves for the 1.5 V NMOS transistor with two different GDCS

of 0.1 um and 1 um where GSCS is 0.1 um. The slope of high current regions is almost
identical, but Iy, is nearly doubled with the increased GDCS.
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Since it is well known that the silicide contact resistance is a strong function of interfacial
doping concentration (Silicide/Si), the silicide contact resistance is influenced by the variation of
the silicide thickness [67]. Moreover, the junction depth can also affect the drain diffusion
resistance. Therefore, it is likely that the impact of these factors was observed as slight changes in
the on-resistance in [14], even with silicided structures.

Nevertheless, based on the empirical results presented in this work, it can be conjectured that
the increase of GDCS alleviates the current localization problem by further expanding the turned
on portion of the finger width, which appears only for devices with strongly non-uniform current
distributions under ESD stress. For devices with various finger widths, total failure threshold
currents, IT, [mA], were measured for the low and high voltage transistors. As can be seen in Fig.
5.6, the total failure threshold current does not scale with the drawn finger width for the 1.5 V
transistor. For the 3.3 V transistor, [T, scales only for a limited range of widths. This implies that
the ESD current distribution for 1.5 V NMOS devices is highly non-uniform while it is nearly
uniform for the narrow 3.3 V NMOS transistors (W < 20 wm).

The Iy, data shown in Fig. 5.6 (b) support the observation that only devices with uniform ESD
current distribution do not show dependence on GDCS. Thus, it can be concluded that the
increase in GDCS helps spread out the ESD current more uniformly along the finger width, which
leads to improvement in the effective value of Iy, though the increase in the ballasting resistance
with the GDCS is hardly noticeable.

This is apparent from Fig. 5.3 and from the total failure threshold current (IT,) data in Fig.
5.6 (a) for the 1.5 V NMOS devices where the ESD current distribution is strongly non-uniform.
In addition, for low voltage transistors, with adequate external substrate bias, the dependence of
I, on GDCS disappears as shown in Fig. 5.5. This result also supports the argument that the
increase in GDCS alleviates current localization for low voltage transistors. In other words, it
seems that for the salicided devices, the shorter the gate-to-drain contact spacing is, the stronger
the current localization. Therefore for the devices requiring higher ESD strength, minimum gate-
to-contact spacing should be avoided unless substrate bias can be used in the protection circuit

design [28].
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5. 3. 2 Characteristics of the Lateral n-p-n Transistor

In general, the ESD hardness of NMOS devices can be described in terms of the primary
device parameters of the parasitic lateral n-p-n transistors, such as the current gain (), avalanche
multiplication factor (M), and effective substrate resistance (Ryy) [9, 10, 11]. When the lateral n-

p-n turns on [Fig. 5.8], the M, B, and Ry, are given by [68]

(DI,
T B, -1,,) -1
1
B = 5.2
(M—l)—M(’;’jj) G2
2 .08 (5.3)
sub Isub

Despite variation of the GSCS/GDCS, Ry can be assumed to remain constant, since the
substrate doping concentration remains unchanged. In addition, the substrate contact is designed
20 wm away from the STI boundary at the source side and the maximum variation in the distance
of substrate contact from the gate poly edge can be 0.65 um due to increase in GSCS. This 0.65
wm variation in the distance of substrate contact will have a negligible impact on the effective

substrate resistance value.

ID = IDS + Ic + Igen

SUB

Figure 5.8: Equivalent circuit of the NMOS including the parasitic lateral n-p-n bipolar
transistor when the lateral n-p-n is on. Ipg is the channel current, Ly, is the avalanche-generated
current, and Iy, is the substrate current.
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Therefore, the current gain and avalanche multiplication are of primary interest for studying
the impact of variations of gate-to-contact spacing on I,. The lateral n-p-n operation depends on a
combination of M, B, and Ry, for a given power dissipation. For a given ESD current, less
avalanche multiplication and higher current gain is preferable for higher ESD strength, since
strong avalanche multiplication results from high fields, which in turn, leads to locally higher

temperatures.
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Figure 5.9: The avalanche-generation current (I,,) and multiplication factor (M) for the
variation of (a) the GDCS and (b) GSCS.
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The variation of the avalanche multiplication for the test structures can be observed by
employing 2D device (MEDICI) simulation. It should be noted that in the test structures used in
this study, as the contact spacing is increased, the source or drain area did not remain constant
since the distance from the edge of the gate poly to the STI boundary on the source and drain side
also simultaneously increased [Fig. 5.1]. In addition, in the simulations, the silicide layers are
treated as virtual electrodes and the effective substrate resistance of 5 k€/um is attached to the
bottom substrate contact.

For the thermal boundary conditions, a thermal electrode is defined at the bottom of the
substrate and the temperature of this thermal electrode is assumed to be the same as the ambient
temperature. It is important to note that we assume the simple thermal boundary conditions for
the simulations since the results of the thermal simulations are intended to provide only a relative
comparison between different structures for a given thermal boundary condition. Furthermore,
from the thermal point of view, the size of the simulation structure should be fixed, otherwise the
thermal boundary conditions change.

Using the DC current sweep simulation mode, high current characteristics were reproduced
for the structures with minimum gate-to-contact spacings (GSCS/GDCS= 0.1 um) and also for
longer GDCS (= 0.5 um) or GSCS (= 0.5 um). As shown in Fig. 5.9, the avalanche-generated
current (Ig,) and multiplication factor (M) are compared for the three cases. As the drain current
increases the generation current increases while the multiplication factor decreases rapidly,
regardless of the gate-to-contact spacing. Based on the simulation results, variations of the gate-
to-contact spacing appear to have no impact on the avalanche process.

The increase in the current gain of the lateral n-p-n transistor can result in an improvement of
I, by conducting more current for a given ESD stress. In order to track the current gain of a
lateral n-p-n transistor with the variation of GSCS and GDCS, the ratio of the triggering voltage
(Vu) and holding voltage (V}) is monitored for various test structures as shown in Fig. 5.10, since
the current gain of a lateral n-p-n transistor (for a gate-grounded NMOS) in a self-biasing mode is

proportional to the V;/Vj, ratio [69],

1

- BVeso V
1+ B)" = ~—1 5.4
(+5) BVeeo W, >4

where BV po is the common-base breakdown voltage (with emitter open-circuited), BV g is the
breakdown voltage for the common-emitter configuration (with base open-circuited), and n is a

constant. For a constant GDCS of both the low and high voltage devices, the ratio of Vy; and V
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decreases with increase in GSCS. However, compared with the V/V, values for GSCS

variations, the V;/Vy values are nearly independent of the GDCS variations.
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Figure 5.10: To track the current gain of a lateral n-p-n transistor, the triggering voltage (V)
and holding voltage (V}) are measured for the 1.5 V and 3.3 V NMOS transistors. The data
clearly show that the current gain is reduced by increase in GSCS (a), while remains nearly
constant with GDCS (b).
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As described earlier, for the test structures, size of the source/drain is increased as the
GSCS/GDCS increases. Therefore, the effective area of the emitter (source) of the lateral n-p-n is
enlarged with increase in the GSCS, and in turn, the effective current path is also increased. As
shown in Figs. 5.11 and 5.12, for a given collector current, with the increased effective size of the
emitter, more base current (hole current component) flows into the emitter for a given generation
current [Fig. 5.11], which results in a slight decrease in the current gain [Fig. 5.12].

However, despite the decreased current gain with GSCS, improvement in I, is observed with
GSCS. Consequently, the increase of I, with the GSCS is not attributed to the lateral n-p-n
current gain. These results suggest that the mechanism for improvement of I, with the gate-to-
source contact spacing variations is not dependent on the efficiency of lateral parasitic n-p-n

transistor.
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Figure 5.11: The base current (hole current) density vector at Ip = 1mA/um for the device
with (a) minimum gate to contact spacing, GSCS/GDCS=0.1 um and (b) increased gate to
source contact spacing, GSCS=0.5 um. As GSCS increases, wider emitter and base junction is
utilized for the current conduction and this results in a drop in the current gain due to increase
in base current for a given collector current. The dashed arrow is the schematic of base
current.
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In fact, the efficiency of the lateral n-p-n for conducting ESD current seems to be degraded or
unchanged with increases in gate-to-source contact spacing. Therefore the main cause of the
improvement in I, due to increase in GSCS is still unclear. Hence, to gain better insight into the
physical behavior we next explored possible thermal effects involved in the gate-to-source

contact spacing by performing electro-thermal simulations.
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Figure 5.12: (a) The current gain (B) vs. the drain current (Ip), and (b) the base current (I;,)
vs. the generation current (I4,) for the device with different gate-to-contact spacings.
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5. 3. 3 Thermal Effects

Before investigating any thermal effects involved in the mechanism of I, improvement with
gate-to-source contact spacings, it is important to discern any possible role of the uniformity of
current distribution (arising solely due to increase in GSCS or the effective emitter area of the
lateral n-p-n transistor) as the primary physical mechanism responsible for the improvement. As
shown in Fig. 5.6 (b), the current distribution is nearly uniform for the 20 um wide high voltage
(3.3 V) transistors and increase in GDCS has no impact on Iy, since the current is already
uniformly distributed.

Using the same argument, increase in GSCS should also have little impact on the uniformity
and on I,. Nevertheless, the I, data for high voltage devices in Fig. 5.3 clearly show the impact
of GSCS even though the current is already uniform (since W=20 pum). Hence, it can be
concluded that the observed improvement of I, with GSCS is not primarily due to any improved
uniformity of current distribution. The above arguments are particularly valid for the high-voltage
transistors.

In order to investigate any increase in thermal capacity due to enlargement of power
dissipating volume along with the increase in GSCS/GDCS, the temperature distributions in the
device have been compared using electro-thermal simulations. Current flowlines and temperature
distribution contours for a drain current (Ip) of 1 mA/um in the three different structures are
shown in Fig. 5.13. According to the simulation results, the location of the maximum temperature
in the device remains the same, despite differences in the maximum temperature value itself. Due
to the higher thermal resistance of STI structures and reduced thermal conductivity of upper
passivation layers, the heat™ generated in the device under the ESD stress is confined and mostly
dissipated through the substrate. Therefore, changes in the STI boundary associated with
variations of GSCS/GDCS influence the overall temperature distribution and the peak
temperature in the device as well.

In Fig. 5.14, we show the effect of the gate-to-contact spacings on the temperature
distribution. The temperature for the device with longer GSCS (= 0.5 um) is significantly lower
than that of the two other structures with GDCS of 0.1 wm and 0.5 wm. The augmented power
dissipating volume for larger GSCS results in a lower peak temperature for a given drain current.
Thus for the device with larger GSCS, a higher ESD failure threshold can be obtained due to a

reduction in the peak temperature. Therefore, under ESD conditions, the maximum temperature

22 Joule heating is the main source of heat generation.
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of the device for a given drain current is higher due to reduction in the effective source size

resulting from smaller GSCS.
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Figure 5.13: The current flowlines and temperature distribution contours at the drain current of
1 mA/um for the three different structures are shown. (a) GSCS=0.1 um and GDCS=0.1 pum,
(b) GSCS=0.1 pm and GDCS=0.5 um, and (c) GSCS=0.5 um and GDCS=0.1 pm

87



410

| |

< 400 o GRG0 Sum |

‘6‘ 390 4 —1— GSCS=0.5um

5

T 380

‘é’ 370

& 360 1 t—p

) - \ﬁ\u

© 340 \D\T
330 ‘ |

0 0.2 0.4 0.6 0.8 1
vertical distance (Y) [um]

(a)

420

400

380

360

lattice temperature [K]

340 : :
lateral distance (X) [um]

(b)

Figure 5.14: The temperature distribution along the x and y direction [as indicated in Fig. 13
(a)] at the drain current of 1 mA/um for the three different structures: (a) vertical temperature
distribution and (b) lateral temperature distribution
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The simulated maximum temperature with the drain current is also plotted in Fig. 5.15. The
maximum temperature increases more rapidly with the drain current as the power dissipating
volume decreases for the shorter gate-to-source contact spacing. Note that a significant difference
in the maximum temperature can be expected at higher drain currents. To provide further support
for the thermal effect involved in the gate-to-contact spacing, the total failure threshold currents
(IT,) of the 1.5 V test devices having two different power dissipating volumes (arising due to
increased n" overlap length of S/D contacts) are shown in Fig. 5.16. It clearly indicates the
dependence of IT, on the size of the power dissipating volume. For the device with S /D ¢ of
0.1 um, the total failure current IT, is less than 25 mA.

However, with increase in the power dissipating volume due to the extension of S o1 /D o,
significant improvement in the failure current can be obtained. It should be noted that this
improvement of I, for low voltage transistors is not attributed to any improved uniformity of
current distribution since the gate-to-source/drain contact spacing is unchanged for both the test
structures in Fig. 5.16. The experimental result in Fig. 5.16 agrees with the predictions based on
electro-thermal simulations [Figs 5.13 to 5.15]; both sets of data suggest that the thermal effect is
the root cause of I, improvement with increase in GSCS. Therefore, it can be concluded that the
observed improvement of I, with GSCS for the low voltage transistors is also primarily due to

thermal effects.
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Figure 5.15: The simulated maximum temperature for the two different test structures with
injected drain current. The maximum temperature (Ty,,,) increases more rapidly as the power
dissipating volume decreases for the shorter gate-to-source contact spacing. GDCS = 0.1 um.
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shows the schematic of the test structure. GDCS/GSCS =0.1 um.

Also, it should be noted from Fig. 5.5 (b) and (c) that both GSCS and GDCS have little
impact on I, under substrate bias condition, which makes the current distribution more uniform
for the low voltage transistors. As shown in [47, 48], the current flowlines, with substrate bias,
spread out more uniformly and deeper into the substrate compared with the flowlines without
substrate bias. Hence, Fig. 5.5 implies that the volume associated with current (or temperature)
distribution is significantly increased by substrate bias and that this volume is substantially larger
than the one arising due to increase in GSCS. This is reflected in the dramatic improvement of I
in Fig. 5.5 (b) and (c) while showing almost no sensitivity to GSCS and GDCS.

Finally, the overall physical mechanisms involved in the gate-to-contact spacing can be
summarized. Although the changes in ballast resistance cannot be observed directly, increases in
the gate-to-drain contact spacing are effective in mitigating severe non-uniform ESD current
conduction. The increase in the GDCS improves I, for devices with non-uniform ESD current

distributions, primarily the low voltage (1.5 V) transistors used in this work. Despite reduction in
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current gain of the lateral n-p-n transistor, increases in GSCS lead to higher I, primarily due to
thermal effects arising from increase in the power dissipation volume. This implies that I, for
salicided deep submicron devices with STI is sensitive to the thermal capacity of the structures;
and that the lateral n-p-n model is not sufficient for describing the device behavior of these
devices under ESD conditions.

Therefore, analysis of ESD behavior of advanced devices should consider both thermal
effects and the non-uniform bipolar conduction. Based on this study, it is recommended that the
minimum gate-to-contact spacing should be avoided for the design of protection devices.
However, the minimum contact spacing can be used if sufficient substrate bias can be supplied to
the NMOS device under ESD conditions, because the substrate-triggered lateral n-p-n transistor is
independent of the gate-to-contact spacings as confirmed experimentally in this work.
Furthermore, on-going experimental work also show that the results obtained from the single
finger structure correlate very well with the results from multi-finger structures provided the

multi-fingers are uniformly triggered.
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5.4 Summary

The improvement of ESD failure threshold with the gate-to-contact spacing for fully silicided
NMOS transistors have been investigated; the results provide new insight into ESD design rules
for deep submicron technology, based on detailed experimental and simulation results. It has been
shown that the reduction in current localization and increase in the power dissipation volume with
increases in the gate-to-contact spacing are the primary factors influencing improvement of ESD
performance. It has also been established that substrate biasing can help eliminate the impact of
the gate-to-contact spacing on the ESD robustness. Results from this work suggest that even for
silicided processes, the gate-to-contact spacing should be carefully engineered to achieve efficient

and robust ESD protection designs.
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CHAPTER 6

REVERSE GATE LENGTH DEPENDENCE

Contrary to the general understanding, ESD performance of NMOS devices can degrade for
shorter channel length transistors in advanced silicided CMOS technologies. In this chapter, using
test structures in the 0.13 um CMOS process, detailed characterization has been carried out for
the first time to comprehend and model the physical mechanism causing this effect.

It is shown that the reverse channel length dependence of ESD performance is mainly due to
severe non-uniform lateral bipolar conduction, which reduces the effective device width.
Furthermore, it is demonstrated that substrate bias can be effective in controlling this reverse
channel length effect. The findings from this investigation will have significant implications for
designing ESD protection circuits in deep submicron silicided CMOS technologies with

minimum gate lengths.

6. 1 Introduction

In advanced CMOS technologies, the gate-grounded NMOS transistor is widely used as an
ESD protection device due to its effectiveness during ESD events. Based on the traditional
bipolar transistor model under ESD conditions [9, 68], it is generally believed that the shorter
channel length (L,y) devices with higher current gain (B)** will show better ESD performance
since the power dissipation of such devices is smaller for a given ESD stress.

However, recent experimental observations indicate that it is not always the case, and that the
dependence of ESD performance on the channel length of the device can become reversed. In this
regard, K. Bock et al. [70] qualitatively proposed that the trade-off between the power dissipation
and melt volume of the entire parasitic bipolar transistor determine the ESD performance, and not
just the parasitic bipolar triggering model.

However, along with the reverse channel length dependence, the new experimental results in

our work also show a strong non-uniformity in the lateral bipolar current conduction, which was

> B o coth(Lyly) [68, 69].
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not observed in the previous study [70]. This additional experimental observation has thrown new
light on the problem. Therefore, to gain a better understanding of the physical mechanism
responsible for this unusual ESD behavior involved in the advanced silicided technologies,

detailed characterization has been carried out using test structures in the 0.13 wum CMOS process.

6. 2 ESD Performance with Gate Length

As a monitor of ESD hardness, the transmission line pulsing (TLP) tests have been performed
for the various test structures with silcided (CoSi,) and non-silicided diffusions. Fig. 6.1 shows
the second breakdown triggering current (Ip) with L,y for the silicided devices, and the strong
degradation of I, can be observed for L,y < 1um. This is contradictory to the expectation from
the parasitic bipolar transistor model. However, as shown in Fig. 6.2, the same measurements for
the non-silicided devices show that I, values increase with decrease in L,y This implies that the
channel length dependence of I, is not always consistent for different technologies, and
furthermore the application of silicide diffusion strongly influences the ESD behavior of the
advanced NMOS transistors. The data in Fig. 6.2 also demonstrates that the model proposed in
[70] to account for the short channel length effect is not appropriate.

Also, in advanced CMOS technology, an effective channel length (L) of MOS transistors
can fluctuate due to statistical process variation, such as the line edge roughness effect® [71].
Therefore, the I, dependence on the effective channel length (not the drawn gate length, L) can
also be observed through the data of I, versus drive current (I4iv.) in Fig. 6.3, since the drive
current of a standard NMOS transistor is inversely proportional to the effective channel.

In addition, as shown in Fig. 6.4, despite the decrease in I, with lower Ly, the 3 of the
silicided devices increases with decreased L, as expected, since the ratio of triggering voltage
(Va) to holding voltage (Vy,) (i.e. Viu/Vy) is proportional to B [69]. Therefore, the results imply
that the degradation mechanism of I, with lower L., cannot be attributed to the operation of the
parasitic lateral n-p-n transistors. It further implies that the bipolar triggering model for ESD

performance analysis is not very reliable in advanced CMOS devices.

 Gate line edge roughness effects come from lithographic error during resist patterning and combined etch
process errors.
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Figure 6.1: I, dependence on the channel length (L) for the silicided 1.5 V NMOS
devices. I, drops rapidly as the channel lengths enter the submicron regime (Lyoy <1 um).
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Figure 6.2: I, dependence on the channel length for the non-silicided 1.5 V NMOS devices.
I, dependence on the channel length agrees with the conventional bipolar transistor
triggering model [9].
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gain (B) of both silicided and non-silicided devices increases with decrease in L.
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6. 3 Analysis and Discussion

In order to identify the root cause of the reverse channel length dependence, the I, has been
characterized for the devices with various finger widths (W) as shown in Fig. 6.5. Without
silicided diffusion, the test devices show the uniform ESD current distribution up to a finger
width of about 25 um. On the other hand, the silicided devices show a strong non-uniformity in
the ESD current, and this implies that the ESD behavior is strongly influenced by the 3-D current
conduction phenomenon. Although this behavior was not reported in the earlier work [70], the
non-uniform bipolar conduction effect has been predominantly observed for advanced silicided
devices [22, 28, 46, 47, 48].

Therefore, it is important to investigate whether this non-uniform current conduction has any
possible impact on I, degradation with decreasing L,,. It can be observed from Figs 6.1 and 6.5
that for the silicided devices, I, of the device with the narrow finger (W=5 um) is nearly the same
as the It, values of the devices for wider W (=20 um) with L, > 1 um. This also suggests that

the I, degradation with L, can be shown to be different according to the reference finger width.
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However, it has not been understood as to how the extent of the non-uniformity depends on
the L,qy. In order to investigate the dependency of the strength of this non-uniform conduction

effect on the Loy, I was tested for the devices with varying W and L.

7
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6 1 B 0L=0.18um
o L=0.35um
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Figure 6.6: I, with finger width for the silicided 1.5 V devices with different channel lengths
Lyory- For the smaller channel length devices, uniform conduction is not reached even at W=5
wm. This implies that the non-uniform conduction becomes more serious for shorter channel
devices.

As shown in Fig. 6.6, for the smaller channel length devices, uniform conduction is not
reached even at W=5 um. This implies that the non-uniform conduction seems to be stronger as
the gate length L, shrinks. Furthermore, since it is known that the substrate bias improves I, by
enlarging the turned-on finger width under ESD conditions [47]. The impact of substrate bias on
the reverse channel length effect was next explored.

Applying an external substrate bias, I, dependence on the L, for the 1.2 V devices” with
various process splits is shown in Fig. 6.7. As can be seen, with substrate bias, the I, degradation
with L,y disappears independent of the process variations considered. The above result also
suggests that the dominant cause of the reverse channel length effect is non-uniformity in ESD
current distribution, which appears strongly in the devices with silicided processes.

In addition, we have also carried out the detailed investigations into thermal effects that
might be involved in this reverse channel length phenomenon. Electrothermal simulations
(MEDICI) shown in Figs 6.8 and 6.9 indicate that the temperature distribution at thermal failure

changes significantly with the L.

> The 1.2 V NMOS transistors are additional test structures for investigating ESD behavior along with the
1.5V and 3.3 V devices.
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Figure 6.7: I, with L, for the fully silicided 1.2V devices (W=20 um) with process splits.

(a) baseline (b) 4s supplement source/drain implant, and (c) P supplement source/drain
implant.
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Figure 6.8: The temperature contours 3-D distribution (insets) just before thermal failure
(T=1680 K) for the devices with (a) Lyoiy= 0.175 um, (b) Lyoiy= 0. 25 um, and (c) L;01,=0.35 pm
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Figure 6.9: The temperature distribution along the channel (x-direction) for devices with
different channel length at thermal failure (at y=0.05 pm).
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Figure 6.10: The maximum temperature (T.x) with the power dissipation for the devices

with the different gate lengths. The Ty, increases with decrease in channel length for a given
power.
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As the L,y shortens, the temperature distribution seems to be more localized in accordance
with the model in [70]. Furthermore, for a given power dissipation, the maximum temperature
(Tmax) increases with decrease in L,y [see Fig. 6.10] since the power density in the shorter device
becomes higher. However, as shown in Fig. 6.11, the measured failure power’® (Py) for the non-
silicided devices still increases despite the decrease in L,y or the power dissipating volume,
which contradicts the observation from Figs 6.8 and 6.10.

In fact, Fig. 6.11 implies that the thermal effects resulting from the decreased L, are
negligible for the non-silicided devices, but apparent for the silicided devices since the CoSi,
layer is known to be more vulnerable to thermal damage (than non-silicided device) under high
current stress [72].

However, the trend in P¢ shown for the two technologies in Fig. 6.11 cannot both be explained
at the same time if thermal effect with L, reduction was the main cause of the reverse channel
length effect since the failure power Py increases for the shorter channel non-silicided devices.

To further justify the role of the non-uniformity mechanism in the reverse channel length
effect, consider a first-order model of the rectangular box heat source with dimensions a, b, and ¢
(a> b> ¢) at the second breakdown [Fig. 6.12 (a)]. The input power as a function of time is shown
in Fig. 6. 12 (b), which shows that the failure power decreases with increase in the stress time,
depending on the thermal diffusion time, t,, t,, and t, related to the heat source.

In general, the time scale of ESD (i.e., a few nanoseconds to a few hundred nanoseconds)
event ranges from t, to t,. Therefore, the Py, before the drain-substrate junction reaches thermal

equilibrium, is given by [16],

Adrwka AT
P, = (6.1)
log( t/t,)+2—c/b

where AT is temperature rise, k is the thermal conductivity, and t, (=b%4aD) is the thermal
diffusion time, particularly determined by b.

Using (1) and the measured P¢ data for silicided devices, the W (a in Eq. (6.1)) along with
L,y were calculated as shown in Fig. 6.13. It can be observed that the effective finger width W
decreases with decreasing L,.y. These results confirm that the reduction in effective finger width
arising from non-uniform ESD current distribution is the primary cause of reverse channel length

dependence of ESD performance in silicided devices.

2 Pr=Iy- Vi
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Figure 6.11: The failure power Py with L., for 1.5 V devices.

6. 4 Summary

In conclusion, through device simulations and experimental data, this work has clearly shown
that for deep submicron devices the unusual reverse channel degradation of It, is due to reduced
effective device width associated with severe non-uniform bipolar conduction. For ESD
applications, on the other hand, the protection design with minimum L,y is critical for achieving
efficient input gate oxide and internal core circuit reliability. This work has further shown that
with substrate bias the reverse channel effect can be overcome to make this possible. The concept
has been successfully tested for a multi-finger NMOS device with minimum channel length using

substrate bias.
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CHAPTER 7

MODELING OF CONTACT RESISTANCE

7. 1 Introduction

As CMOS technology advances, the junction depth of the source/drain and size of other
associated device features are aggressively decreased. Therefore, the impact of source/drain
parasitic resistances on device performance becomes more significant since the parasitic
resistance component is not scaled with device scaling and contributes an appreciable fraction of
channel resistance resulting in significant current degradation [74-78]. Hence, in advanced
technologies, accurate understanding of the physics involving parasitic resistance is required for
optimization of high performance devices used in various applications.

In particular, the contact resistance component of parasitic resistances is not scalable since it
simply increases with decrease in contact size commensurate with a device scaling. In this sense,
it is important to identify physical parameters determining the contact resistance value for
improved understanding its implications and for optimizing device performances. Furthermore,
the current flow or current distribution associated with the contact system is strongly influenced
by the contact resistance value itself [79, 80]. As a result, the impact of the contact resistance on
the current distribution also has important implications for ESD reliability through localized
heating by current crowding effects.

Nevertheless, the temperature dependence of contact resistance has not been fully
investigated. Thermal effects involved in the contact resistance become more important in the
deep submicron device regime, especially under high current stress conditions such as ESD.
Therefore, in this chapter we theoretically propose a temperature dependent specific contact
resistance model for generating high temperature contact resistance values and for predicting high
current behavior of silicided deep submicron devices, which is useful for analysis of ESD

reliability.
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7. 2 Temperature Dependent Specific Contact Resistance

For a metal semiconductor junction, the specific contact resistance p. is defined as

dv

E)V:O (7.1)

p.=(
where J is the current density of a metal semiconductor contact and V is the applied voltage.
Using the theoretical relation of current-voltage characteristics for a metal semiconductor
junction, p. can be expressed. In general, for a metal semiconductor contact, the carrier transport
mechanisms can be separated into three regions: field emission (FE) [69, 81, 82], thermionic-field
emission (TFE) [82, 83], and thermionic emission (TE) [69, 81, 82], depending on the doping
concentration of the semiconductor.
In advanced CMOS devices, the source and drain are formed with a high or moderate doping
concentration (i.e., typically, N > ~10'"® cm™). Therefore, the carrier transport mechanisms in the
source/drain region are limited to the thermionic field emission (TFE) or the field emission (FE).

For a metal semiconductor contact system with a higher doping concentration, p. can be written

by [82, 84]

A*Tr — A* - _
p =TTy =80y AT oy "1 g1 g2)
ky sin(zrck,T) E,, ck, E,,
where
1 4

c= In(24% (7.3)

2E,, E,

_gh | N
e, 0

A* (=4ngk’m*/h®) is the effective Richardson constant, T is the temperature, ¢y, is the barrier
height, Er is the Fermi energy with respect to the energy band edge in the semiconductor bulk,
and the quantity E, is a characteristic energy related to the tunneling probability, depending on
the doping concentration N, the tunneling effective mass mg,*, which is the effective mass

component of in the direction of current flow [85].
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As Ey increases with N, the barrier for the tunneling process becomes thinner, and in turn
results in increased tunneling carriers, since the carrier transmission rate P, is exponentially

increasing with Eqg as given by [69]

P ~exp(—q@,/ E,) (7.5)

Therefore, the ratio of kgT/Eg can be used as a measure indicating the relative significance of
the thermionic emission process with respect to the field emission (tunneling) process [82, 83]:
For a lightly doped semiconductor where kgT/Eoy >> 1, the TE dominates, and for a heavily
doped semiconductor where kgT/Eoy <<I, the FE dominates. Otherwise, for an intermediately
doped semiconductor where kgT/Ego = 1, the TFE dominates.

The above criterion also implies that the carrier transport mechanism can be determined by
the temperature rise for a given doping concentration. For a given high doping concentration, Eq.

(7.2) for where the FE dominates is valid if [82]

T< ! (7.6)

kyle+QEE,) 7]

The above condition also gives the lower limit of doping concentration for the field emission
process for a given temperature. At room temperature, the lower limit of doping concentration is
approximately N = 6.6x10" cm™ with q, =0.6eV and my,,*=0.19m, [84].

For a highly doped region where the field emission dominates, the approximate carrier
distribution by Boltzmann statistics is erroneous in determining the location of Eg. The position of
Fermi energy Er with respect to energy band edge should be estimated by more accurate

distribution model such as Joyce-Dixon approximation, which is given by [86],

1 N 3 3. N,

\/— N (———)(—) ] (7.7

=k T[l(

where N, is the effective density of states in the conduction band.
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Figure 7.1: The comparison of Boltzmann approximation and Joyce-Dixon approximation [86]
for determining the position of Fermi energy Er for various doping concentrations as a function
of temperature. The difference of Fermi energy between the two models increases as the doping
concentration increases.

For silicon, the density of states in the conduction and valence bands, N, and N, respectively,

can be expressed as a function of temperature by [87]

N, =2.86x10"(T /300)"**cm™ (7.8)

N, =3.10x10"(T /300)"* cm™> (7.9)
The intrinsic concentration n; is also given by

n, = NN, exp(—E (T)/2k,T) (7.10)

where E, (T) is the temperature dependent energy bandgap.

In Fig. 7.1, using the two different approximations, the theoretically estimated Fermi energy
is shown with the temperature for the various doping concentration. As the doping concentration
increases (i.e., N > N.), error arising from using the Boltzmann distribution becomes more

significant.
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For advanced CMOS technologies, the sheet resistivity of the source/drain junction typically
ranges from ~50 to ~500 /] [7], which corresponds to an effective doping concentration®’ in
the source/drain junction of 5.1x10%~ 3.8x10'"” cm™. Therefore, for analysis of contact resistance
in advanced technologies, the position of Eg based on Joyce-Dixon approximation should be used
for accuracy.

For an intermediate doping regime, the thermionic-field emission (TFE) is the dominant
mechanism for carrier transport. In this condition, the specific contact resistance, p. is also given

by [82]

cosh( I

2
p. =1 ky ] kT /coth( Eoo ) exp(E_F_E_F+%) (7.11)
qA* \/”(Q% +EL)E,, kyT E, kT E,

where

EOO

E,=E, coth(k T) (7.12)
B
The above Eq. (7.11) is valid if
coshz(&)
kT < 2(99,+ E;) (7.13)
sinh* (Lo 3B
k,T

and which also gives a lower bound on the doping concentration for needed thermionic-field
emission. Typically, the transition from the thermionic-field emission (TFE) to the thermionic
emission (TE) occurs at the doping concentration of 10'7 ~ 10" cm™ at room temperature.
Therefore, for advanced CMOS technology, the carrier transport in metal-silicon junction in
source/drain structure is governed by a combination of FE and TFE. In order to predict the
dependence of p. on the temperature, primary physical parameters should also be expressed as a
function of the temperature. In general, p. is exponentially dependent on the barrier height,

doping concentration, and tunneling effective mass (mg,,™*).

27 The effective doping concentration is calculated using the relation N=(pquu)'1 where x;=0.07 um is
assumed for advanced devices.
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For a metal-semiconductor junction, the barrier height is strongly dependent on the density of
surface states and properties of interfacial layer, which is strongly process dependent; The Fermi
energy level Er is known to be pinned roughly at about one third of band gap, E, [69, 88, 89].
Assuming that the temperature dependence of density of surface states is negligible, we can
express the temperature dependence of the barrier height to be approximately equal to that of

energy band gap E, [88]:

999, _ 9E, (7.14)
oT  oT

Using the empirical model of temperature dependent energy band gap E,(T), which given by
[90, 91],

42
E (T)=l.17—M (7.15)
¢ T+1108
the temperature dependence of the barrier height can be simply expressed by
OF,
q9,(T) = q¢,(T)) + —-(T - T;) (7.16)

oT

where T is the ambient temperature of interest.

As mentioned previously, the tunneling effective mass my,,* is also a critical parameter in the
field emission process [92]. Since a large value of tunneling effective mass gives rise to a small
transmission coefficient P [in Eq. (7.5)], the specific contact resistance is exponential with the

tunneling effective mass as shown in the equation given by

49N ) (7.17)

q
P, o< exp(
JN
For any particular ellipsoid on a constant energy surface in k-space, the my,,* is given by [85]

2 2
m

. l 2
m, = (—+ e ) (7.18)
mx my mz

where [, n, and m are the direction cosines of the ellipsoid relative to the principle axis, and m,
my, and m, are the tensor masses. Silicon has a total of six ellipsoids in the conduction band. For

N-type silicon on <100> surface, there are two tunneling effective masses associated with the
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transverse (m*) for four ellipsoids and the longitudinal effective mass (m;*) for two ellipsoids in
the ellipsoidal constant energy surfaces. Based on the low temperature cyclotron resonance
studies [87], the my,,* is given by 0.916m, (from m;*) and 0.19m, (from m*) where m, is the
electron mass in free space [92]. Since the tunneling process is exponential with mg,,*, the me,,*
from transverse m* will dominate.

The temperature dependence of m¢* is experimentally known to be relatively weak and that for
my* is theoretically considered to be even weaker. In this work, as used in [87], m/* is assumed to
be independent of temperature and my* is weakly temperature dependent as much as on

temperature dependent energy scaling factor, which is given by

. E,
m (T)=0.19m, —= (7.19)
E (T)

where E, is the value of energy band gap E4(T) at T=0 K. The effective mass m* in Richardson

constant A* is different from my,,* and is given by [92, 93]

m* = (lzmymz +m’mm, + nzmxmy)”2 (7.20)

For computing the Richardson constant, the number of equivalent ellipsoids corresponding to
the my,,*, M should be included (M = 4 from m/* and A*=M4nrn*qk32/h3).

Using the mg,,* values, m* for <100> Silicon is given by [92]

m' =\mm (7.21)

If the temperature dependence of m* is neglected, m* is calculated to be 0.417m,. K.
Varahramyan et al. [84] proposed unified model of specific contact resistance for the TFE and FE
based on the similarity of the functional forms of p. in the two different emission mechanisms,

and which is given by

kg q9,
=8 Cexp(LL 7.22
P A T_eXP( E, ) (7.22)

where C = 0.425 for n-type silicon and C = 0.335 for p-type silicon, for a wide range of doping

concentration (10'® cm™ < N < 10*' ecm™).
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Although the proposed model is valid at room temperature, it starts to deviate from the FE or
the TFE models as temperature increases. Since several primary physical parameters in the
specific contact resistance model are strong functions of temperature, the average value of C is no
longer constant with variations of temperature.

Fig. 7.2 clearly shows that the dominant carrier transport mechanism changes depending on
the temperature for a given doping condition. Furthermore, it also implies that for analysis of
device behavior at high temperatures the thermionic field emission process should be accounted
even for highly doped regions.

In order to demonstrate the proposed temperature dependent contact resistance model, CoSi,
silicide process is considered since CoSi, is currently very popular as a replacement of TiSi, for
advanced CMOS technologies. Also it does not suffer significantly from linewidth effects™. At
room temperature, the barrier height (qdy) of CoSip/N-type Silicon is reported to be 0.64 eV [69].
For doping concentrations ranging from 5x10' to 5x10* ¢cm™, which are practical values of
interest for advance technologies, theoretical p. curves are created as shown in Fig. 7.3. As can be
seen, the specific contact resistance dramatically decreases with increase in temperature. For
instance, the p. of 5%x10" ¢m™ at about 1000 K is almost the same as that of 2.5x10* ¢cm™ at
about 300 K. For the temperature range from 300 K to 1000 K, the specific contact resistance is at
least a factor of 10 reduced. In addition, it is shown that the carrier transport mechanism changes
from the TE to the TFE with increase in temperature as indicated by the thick arrows.

Since the theoretical p.(T) shows a considerable dependence on temperature, it is also
important to understand its impact on ESD performance. In the next section, implication of high
temperature behavior on ESD reliability is discussed in terms of temperature dependent current

localization effects.

%8 For TiSi,, thin Ti lines have higher resistance than other silicides.
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Figure 7.2: E(/E, and kgT/Ey versus doping concentration. It shows that the relative
importance of field emission (FT) with respect to thermionic field emission (TFE) decreases as
temperature increases for a given doping concentration.
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Figure 7.3: Theoretical curves for the specific contact resistance p. with temperature for CoSi,-
contact system varying background doping concentration. The thick arrows indicate that the
carrier transport mechanism changes from the TE to the TFE as temperature increases.
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7. 3 Implications on ESD Reliability

x=0

Gate <

STI
n+

Figure 7.4: Schematic of the contact of a MOS transistor for analyzing impact of the
temperature dependent p. on current localization effects where L, is the distance from the
spacer edge to contact hole, Ly, is the width of the contact hole and L. is the distance from the
edge of the contact hole to the STI boundary.

In order to investigate silicide effects on ESD reliability, the derived temperature dependent
specific contact resistance model is applied to the structure as shown in Fig. 7.4. The basic idea of
this work is to examine how severe the current localization effect is with temperature rise arising
from ESD stress.

For advanced devices, the parameter L,, L, and L. are generally comparable in the submicron
regime. Therefore, using a 1-D transmission line model, the total contact resistance Rt including

L., Ly and L. can be written by [80]

pspd Lu
R, = LsLi Za 4 p
Top o, W ‘ (7.23)
where
2 R/ 2 2
LsinhﬂLa+ c P (2+ps P cosh SL,)
_PBW Pit P, PP
R, = . — (7.24)
McoshﬂLu +—5 W sinh S L,
Py P
coshal, + pi"ﬁtanh BL.sinhal,
, tp,
R! = p;/ Ps T Pu 3 (7.25)
%" sinh al, + ~Pai P ann BL, coshal,
ps + pd 24
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pq is the sheet resistivity of the diffusion, psis the sheet resistivity of the silicide diffusion, W is

the diffusion width. Also, the parameter o and B are given by (p4 /ps)"* and [(pg +ps)/pe]”?

respectively. In Eq. (7.23), the first term is the geometrical line resistance and the second term is
the contact resistance. Since the sheet resistivity of the silicide diffusion ps is negligible compared
with the sheet resistivity of the diffusion py, it is assumed that p,~ 0 €/0J. Therefore, the total
resistance is approximately equal to the contact resistance R. itself [in Eq. (7.24)]. Also, the
temperature dependence of py is much less significant than that of p,, for simplicity in this work
pq is considered to be constant with temperature.

However, for increased accuracy, it is recommended to account for the temperature
dependence of pgy, which can be realized in terms of the temperature dependence of Silicon bulk

mobility [91, 94]. Another important parameter of the silicided contact system is the transfer

contact length L, which is given by

L.=\p./p, (7.26)

The contact transfer length Lt characterizes the distance over which the current moves from
the silicide into the diffusion. It simply means that the contact resistance abruptly increases if L,
<< Lt. Therefore, for previous technologies, L, was designed to be much longer than Lt. For
advanced technologies, using the p. at room temperature (~ 10° to ~10° Q-cm?) in Fig. 7.3,
however, Lt is estimated to be a few tenth nanometers to ~ 1 um. These values are roughly
comparable to the values of L,, L, and L. and thus it can be expected that the current distribution
in the silicide contact system is strongly influenced by such design parameters.

Using the derived temperature dependent p,, the current crowding effect has been investigated.
According to the 1-D transmission line model for contact resistance [80], the position (x)
dependent fraction of current in the diffusion Ip(x)/I for each segmented region can be expressed

based on Egs. (7.27) to (7.36).

]D(x)/I:—K[ﬂ(Aueﬂx—Bae'ﬂx)+Da] forx<L, (7.27)
pd pd + ps
where
_ PJAR p R pe e —(p +p ) p, (L BW)e ] (7.28)

’ (R p )W (e’ —e "N+ (p, +p,) | p, (e’ +e7P)
PR py + (R pe ™+ (p, 4 p,) ] o, - (L W )e ]

b= 7.29

R p)BW(E e )+ (p+ p,) o (€ e ) (7.29)
o PP

’ W(px + pd) (7.30)
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oW

I,(x)/I=———(A4,e" - B,e") for L,<x <L,tLy (7.31)
d
where
_ pd(l/aW_Rc//pd)[COSh(ﬁLa)_pd/ps]
b ’ BL —BL BL —BL (732)
(R p)BW (e —e )+ (p,+p) p,-(e7 +e ™)
B p,(1/aW + R’/ p,)lcosh(BL,)+ p, /! p,]
LR PO (P =)+ (P py) oy (M ) (7.33)
I,(x)/1= —K[ﬂmceﬂx ~Be?)+D.] for LitLy<x <L LytL, (7.34)
pd pd + ps
where
A, =(p+ P py (@] B)-[4,e™ = Bie ™ (1)) (7.33)
B =4 -e*f- (7.36)

Since temperature dependencies of other parameters except p. are ignored, thermal effect on
the current distribution can be seen directly from thermal behavior of p.. Fig. 7.5 clearly shows
how current flow under silicide contact is affected by temperature, depending on the sheet
resistivity of the diffusion. Compared to the current distribution at room temperature, the current
is severely localized with temperature since the most of current flows for the region of L, with
increase in temperature. Also, the impact of temperature is more prominent for the case of the
higher sheet resistivity [Fig. 7.5 (a)]. This implies that effective volume for power dissipation for
a given current stress (i.e., ESD current stress) is dramatically reduced as temperature increases.
Furthermore, it implies that the device with silicide diffusion could fail thermally at much lower
current levels than predicted when ignoring thermal effects because the temperature dependence
of the current localization is severe which in turn causes enhanced heating near the edge of

silicided contact (i.e., near the spacer edge).
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Figure 7.5: Fraction of the drain current as a function of the position from the edge of the
spacer x [Fig. 7.1] where L,=0.2 pym, L,=0.2 pm, L.=0.5 pm and W=1 pm. (a) highly doped
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117



7. 4 Summary

Based on theoretical approaches, a temperature dependent specific contact resistance model
has been derived. The specific contact resistance for CoSi,-Silicon dramatically decreases with
increase in temperature depending on the doping concentration in the diffusion. Also, it is shown
that variation of the specific contact resistance value has significant implications for ESD
reliability through localized heating by current crowding effects since the effective volume for
power dissipation is reduced with the extent of the current localization for a given ESD stress.

The theoretically proposed temperature dependent contact resistance model can generate
silicide contact resistance values at high temperature and it is capable of predicting high current

behavior of silicided deep submicron devices, which is useful for analysis of ESD reliability.
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CHAPTER 8

CONCLUSIONS

Electrostatic Discharge (ESD) is a common phenomenon arising from charge restoring
process in nature and the current and voltage levels associated with ESD events are up to several
amperes and k-volts. In the IC industry, it is known that ESD/EOS related damage is responsible
for nearly 40 % of IC failures from customer returns. Since microelectronic components are very
susceptible to ESD stress, the protection of IC chips against ESD has become a pacing factor in
developing new technologies. Given the major impact of ESD on reliability of IC chips, there is a
strong need of developing protection strategies.

Therefore, there have been ongoing efforts to improve design of on-chip ESD protection
while growing demands for new applications drive CMOS technology into nano-scale regime.
For technology scaling, earlier indications have been that the impact of technology scaling on
design of ESD protection may be positive rather than negative [13], but more recent work [70] as
well as this work have shown that some ESD performance limits may be approaching as CMOS
technology moves far below the sub-0.25 pm regime where it was observed that ESD hardness
begins to severely degrade for short channel NMOS transistors. In addition, other studies have
reported that dielectric damage is the primary failure mode with technology scaling [36, 68].

While circuit designers have successfully created robust ESD protection for past CMOS
technologies, a lack of understanding of the failure mechanisms underlying ESD damage
observed in advanced technologies limited the amount of transferable knowledge from one
technology node to the next.

Therefore, in order to improve understanding of ESD behavior involved in advanced
technology the focus of this thesis has been directly towards non-uniform conduction and relevant
issues during ESD events in single finger NMOS transistors. The investigation has considered
both experimental results and numerical simulations. The knowledge acquired on ESD
phenomena is fundamental to understand and predict the behavior of more complex and effective
protection networks. Moreover, it is essential to generate ESD device models that can be
implemented in compact model simulators to provide accurate and reliable simulations prior to
committing to final silicon implementation. This chapter reviews the contributions of this thesis

and proposes future work that is needed for developing high performance ESD protection.
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8. 1 Contributions

Investigating various aspects of ESD behavior involved in the advanced 0.13 pm CMOS
technology of Texas Instruments Inc., it is shown that the non-uniform bipolar conduction
phenomenon during ESD events result in a severe reduction in ESD protection strength
depending on the device finger width as well as silicide process. This non-uniform bipolar
conduction becomes more serious with silicided protection devices and thus is identified as a root
cause of the abnormal degradation of ESD hardness of the silicided device, compared with non-
silicided devices [47, 48].

Using experiments and device simulations, it is inferred that the root cause of this non-
uniform conduction could be related to the intrinsic process defects that lock in the bipolar
conduction to a local area in the finger width and it has also been provided improved
understanding of ESD behavior and new physical insight into the current localization effects.
Furthermore, an extensive investigation into impact of the substrate bias and gate bias on ESD
performance has been carried out to provide new insight into the bias effect involved [48, 53, 54].

It is shown that ESD performance can be improved with the substrate bias by enlarging the
effective turned-on device width. Additionally, the concept of the intrinsic second breakdown
triggering current (Ip;) is introduced, which is substrate bias independent and represents the
maximum achievable ESD failure strength for a given technology.

For devices with significant gate coupling, it is also shown that gate bias induced heating
near the drain extension region close to the Si/SiO, surface is the primary cause of the
degradation of ESD performance. Moreover, it is established that substrate biasing can help
eliminate the negative impact of the gate bias effect.

The improvement of ESD failure threshold with the gate-to-contact spacing for fully silicided
NMOS transistors have also been investigated; the results provide new ESD design rules for deep
submicron technology, based on detailed experimental and simulation results. It has been shown
that the reduction in current localization and increase in the power dissipation volume with
increases in the gate-to-contact spacing are the primary factors influencing improvement of ESD
robustness. It has also been established that substrate biasing can help reduce the impact of gate-
to-contact spacing on the ESD strength of the silicided devices. Results from this work suggest
that even for silicided processes, the gate-to-contact spacing should be carefully engineered to
achieve efficient and robust ESD protection designs [65, 66].

Along with the non-uniform bipolar conduction and the relevant gate-to-contact spacing

effects, it is also identified that for deep submicron devices an observed unusual reverse channel
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length dependence of I, is due to the reduction of thermal capacity arising from the reduced
effective device width associated with severe non-uniform bipolar conduction. Also it is
demonstrated that this degradation phenomenon can be mitigated with the application of substrate
bias, which can be effective in protection circuits for various applications, since for ESD
applications, the protection design with minimum L, is critical for achieving efficient input gate
oxide and internal core circuit reliability.

Finally, to further enhance understanding impact of silicided process on ESD hardness
depending on source/drain engineering, an analytic silicide contact resistance model that can
describe high temperature and high current behavior of the silicided contact system was formatted
using physics based approaches. The model shows how the current can be localized under ESD
conditions depending on device parameters and thus it extends the design capability of ESD
protection providing information relevant to ESD failure limit.

Results from this work can be used to construct suitable design windows for efficient and
robust ESD on-chip protection to overcome early ESD failures in advanced deep submicron
CMOS technologies and have been demonstrated at Texas Instruments Inc., in practice ESD
protection designs as well as helping to establish design guidelines for use in high performance

0.13 um technology.
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8. 2 Suggested Future Work

As CMOS technology moves toward the nanometer regime, it is more critical to further
improve understanding of mechanisms underlying ESD behaviors in protection circuit networks
for developing consistent predictive models, which can be used to evaluate the impact of process
technology and design variations on ESD performance of protection elements. Therefore, the
development of robust ESD reliability should be a part of the process and technology roadmap to
ensure that good ESD level is realized in future generations of IC chips.

As a part of work that extends our knowledge on ESD in advanced CMOS technology, this
thesis has been presented on specific aspects of ESD behavior observed, but there is still a lack of
in-depth understanding of many aspects of ESD behavior. Thus, several recommendations for

future research are discussed.

With aggressive technology scaling, minimum feature size of a transistor is being
dramatically decreased. This implies that the device behavior becomes more susceptible to
thermal effects due to an ongoing reduction in effective volume for power dissipation. Moreover,
the importance of thermal effects with the advancement of technology has significant
implications on ESD behavior since ESD is a phenomenon involving high temperature operation.
Therefore, as discussed through this thesis the non-uniform ESD current distribution effects
should also be understand including impact of temperature rise during ESD event. Especially, for
analysis of the devices with silicided process, temperature dependent current localization is more
important and thus it should be investigated in detail for future technologies.

In addition, as IC chips become more complex and larger, area-efficient on-chip protection is
more important. Thus, optimization of the protection circuits for a given process are
indispensable and of course, this can be realized based on circuit simulation that includes ESD
compact models. Significant work has already been done to create compact models for MOS
snapback and thermal failure [73-75]. However, as presented in this thesis the 3-D non-uniform
behavior of devices is critical in modeling the physics underlying real-world ESD behavior of
advanced transistors. Although recent work [95] has demonstrated the capability of 3-D device
simulation for ESD analysis, there are still issues under discussion such as model parameter
calibration and statistical process variations.

Furthermore, taking into account the combined 3-D and thermal effects in advanced

technologies, ESD compact model with an appropriate thermal network, which is able to
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reproduce the ESD behavior of protection elements in both steady state and transient state, should
be implemented in a suitable circuit simulator environment.

Finally, it should also be noted that the estimated thermal effects during ESD events from
electorthermal device simulation may be underestimated or produce erroneous results. Since the
device simulators commercially available are based on the classical heat diffusion equation,
results obtained from those simulators seem to be inaccurate for the deep submicron technology.
As an intensive approach for understanding thermal effect in deep submicron technology, new
electrothermal models are being developed based on Phonon Boltzmann Transport equation, yet
they are not commercially available [60]. In this regard, improved electorthermal models based
on advanced thermal physics are required for understanding ESD behavior of nano-scale
transistors.

There are virtually limitless productive avenues toward increased understanding of
fundamentals of ESD phenomena. Moreover, the impact of ESD on future scaling and reliability
is a major concern for IC product reliability: As such the topic of ESD continues to be a very

productive area for further research efforts.
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