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ABSTRACT

As CMOS scaling continues, the traditional DC device-level hot-carrier reliability
criteria becomes difficult to meet for newer generations of technology. In order to satisfy
hot-carrier reliability requirements by using AC circuit-level criteria, issues of AC device
degradation under circuit operation and impact of device degradation on circuit
performance need to be examined.

In order to satisfy the wide range of bias conditions in AC circuit environments,
NMOSFET hot-carrier degradation models are investigated in detail. Accurate calibration
of these models to a particular technology is shown to require accounting for the
asymptotic and variable power-law time dependence of hot-carrier degradation associated
with the LDD structure, and the impact of the local oxide electric field on the critical
energy for interface damage. In addition, statistical analysis is used to determine the
prediction intervals within which hot-carrier lifetime can be estimated, and to offer insight
into developing more efficient and precise testing methodologies.

Evaluation of hot-carrier degradation for basic digital and analog subcircuits is
conducted with experimental verification using circuit test structures. The AC device
degradation mechanisms due to hot carriers are studied under high-frequency digital
circuit operation. Two new degradation phenomena are observed at these high
frequencies. First, voltage overshoot, due to internal MOSFET parasitic capacitances,
causes enhanced hot-carrier degradation. Second, the quasi-static approximation is found
to be invalid at high frequencies. For NMOSFETs, fast voltage transitions are found to
induce different degradation dynamics; for PMOSFETs, donor-type interface-state
generation and electron detrapping both become significant.

The impact of NMOSFET hot-carrier-induced degradation on CMOS analog
subcircuit performance is evaluated. Because of circuit design requirements, most
NMOSFETs used for analog applications are biased in the saturation region with a low
gate-to-source voltage. Under such operating conditions, hole trapping is the dominant

2



mechanism to affect analog NMOSFET device performance. The hot-carrier-induced
degradation of analog subcircuit performance is also found to be quite sensitive to the
particular circuit design and operating conditions. Circuit performance and reliability
tradeoffs are examined.

Thesis Supervisor: Dr. James E. Chung

Title: Assistant Professor of Electrical Engineering
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Chapter 1

Introduction

The rapid growth of the semiconductor industry for the past two decades has been
propelled by the continuation of CMOS device scaling. The shrinking of devices has
provided more current-carrying capabilities per device width, less power consumption per
device, and higher device density per area. The rising cost of fabrication has been

compensated by the use of a large wafer size and a continuation of yield improvement.

Historical trends have indicated that a new generation of technology has been
developed every three years. For every two generations, the device size has been reduced
half and the speed of the device operation has increased twice. Through continuing
innovation, the advance of technology does not show any slowdown. It is projected that
before the end of this decade, 0.25pm technology will go into production and yield
DRAM circuits with 256Mb capacities and microprocessors operating in the +500MHz

range.

However, the continuation of device scaling is not without some technology
constraints [1.1]: short-channel lengths have induced short-channel effects (V; roll-off and
drain-source punch-through); high electric field in the device has produced impact
ionization (hot carriers), gate-induced drain leakage (GIDL), and oxide dielectric
breakdown; higher current density has created electromigration in both interconnects and
vias. These performance and reliability issues must be addressed before the scaling of

CMOS devices is able to continue.
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This thesis will address the issues of hot-carrier degradation. The device

degradation and the impact on the performance of circuits will be evaluated in detail.

1.1. Review of Hot-Carrier Degradation

As CMOS device scaling continues without adjusting the power-supply voltage
proportionally, hot-carrier degradation presents a major problem for long-term device
reliability. When devices are operated in the saturation region, a large lateral electric field
is created in the pinch-off region. This large electric field accelerates charged carriers and
subsequently induces impact ionization. The resulting hot electrons and holes, when
possessing enough energy to overcome the oxide energy barrier, can inject themselves into
the oxide area and damage the gate oxide by creating either interface states or oxide traps.
The hot-carrier-induced damage is able to change the device characteristics and, as a

result, degrade circuit operations [1.2], [1.3].

In this section, the current NMOSFET and PMOSFET transistor DC degradation

models and their application to hot-carrier circuit reliability simulation will be reviewed.

1.1.1. NMOSFET Device Degradation

There are three different hot-carrier degradation mechanisms for NMOSFETs.
Each occurs during different voltage stress regions. For the low gate-voltage stress
(Vs~Vq, peak gate hole-current region), device I-V characteristics are affected by hole
traps generated inside the oxide [1.4]. The positive trapped charge lowers the local
threshold voltage near the drain. Thus, the channel portion below the trapped holes,
which will be turned on earlier than other parts of the channel, acts as an extension of the
drain. This "channel shortening" effects will increase the drain current [1.5]. Currently,
the degradation model of hole traps has not yet been developed due to the common belief

of its limited influence on the performance of digital circuits. However, it remains to be

14



determined whether it will affect the device performance in CMOS analog circuits [1.3].

Neutral electron traps are also generated during this low gate-voltage stress [1.4].
They can be converted to interface states after subsequent electron injection. It is reported
that this mechanism is responsible for the observed enhanced AC hot-carrier degradation
[1.6]. When the voltage waveform traverses both low gate- and high gate-voltage regions
as in certain circuit operation, additional interface states are generated. The device

degradation due to this mechanism can be modelled as [1.4]
1 Ip, Tsupy
A =[={(2)(3YByiy (1.1)
G

where A, i and j are degradation model parameters obtained by fitting the experimental

data; A, which is the degradation monitor, can be AV, Ag./gm0 Of Alp/Ip,.

For the medium gate-voltage stress (V;~Vp/2, peak substrate-current region),
acceptor-type interface state generation is the most important degradation mechanism
[1.7]. The acceptor-type interface states, when occupied, are negatively charged. These
negative charges increase the threshold voltage, increase the series resistance in the LDD
structures [1.8], and decrease the carrier mobility. Therefore, the drain current decreases.
The hot-carrier degradation due to interface states can be modelled by either substrate

current
1 ,m
A=(=I" 1" (1.2)
(5 Tsus?)

or drain electric field (E~Igyp/Ip)
1 Ip. Isus
A =[= (=)(==y"]" (1.3)
L G

where H, m, n are degradation model parameters. This interface-state generation is
commonly believed to be the dominant degradation mechanism to affect NMOSFET

device and CMOS digital circuit performance [1.9].
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For the high gate-voltage stress (V;~V), peak gate electron-current region), the
electron trapping mechanism affects the device most [1.10]. These electron traps, whose
occupancy is insensitive to the bias voltage, will have similar effects as the acceptor-type

interface states. The transistor degradation can be expressed as [1.10]
1 Ip, T
A=[—=A(D)()'t (1.4)
l:B.(W)‘(ID) ]

where B, k and | are degradation model parameters.

1.1.2. PMOSFET Device Degradation

Because the inversion-layer hole mobility is less than one half of the inversion-
layer electron mobility and the oxide barrier for holes is 1eV higher than the barrier for
electrons, hot-carrier degradation is less a problem for PMOSFETS than for NMOSFETSs.
However, PMOSFET hot-carrier reliability is reported to be very important with the
punchthrough voltage reduction for device lengths below 0.5um [1.11].

The dominant degradation mechanism for PMOSFET: is found to be electron traps
in the oxide. These electron traps can induce the same "channel-shortening effect" as hole
traps in NMOSFETs [1.5]. As a result, drain current increases. Reduction of
punchthrough voltage and increase of static-power dissipation due to the channel-
shortening effect are two primary reliability concerns. The degradation can be modelled

by either the gate-current-induced damage model [1.12]

I

A= ,(_9_ mg]n (1.5)

1
H

or trap-charge filling model [1.13]
T
A=A1n(-2) -ln(i) (1.6)
T T
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where H, m, n, A, 1, and T, are all degradation model parameters which can be extracted

by individual device stress measurements.

1.1.3. Circuit-Level Degradation Simulation

Because circuit and system performance degradation should be the real criteria for
evaluating hot-carrier reliability, how to simulate circuit degradation has attracted a great
deal of attention recently [1.14]-[1.19]. Almost all existing simulation programs use the

empirical power relation based on DC device degradation [1.20].

A=A 1" 1.7

where A, which is the degradation monitor, can be AV, Ag./g., or Aly/Iy,. This

equation forms the basis to calculate the device lifetime under different operating voltages.

In the real circuit environment, drain and gate voltage are time-varying functions.
In order to accommodate the AC waveforms, the degradation of NMOSFETs can be

rearranged in the following form from (1.3)

A=( f I ™ Ig()"

dt (1.8)
W-H 4

Based on (1.8), the total degradation can be obtained by integrating the degradation over
various time periods. The drain and gate voltage can be acquired by using SPICE
simulation. This information, in turn, can give the drain and substrate currents that can
be used in (1.8). All the degradation model parameters (n, m and H) need to be obtained
by separate DC device stress experiments. Note, that an important "quasi-static
approximation" is made in the above calculations. It states that the device degradation
under AC conditions can be approximated by dividing time into small periods and

applying DC (static) degradation models.
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The PMOSFET degradation can be expressed for the reliability simulations

similarly from (1.5)
1 10
A =(| ===y dp)" (1.9)
(5
The total degradation can be obtained by integration (1.9).

Once the device degradation of every transistor in the circuit is known, degraded
device I-V SPICE model parameters can be used in the SPICE program to simulate the

degradation of circuit performance due to hot-carriers effects.

1.2. Motivation

As device scaling continues, the traditional device-level DC hot-carrier reliability
criteria becomes more difficult to meet. Either AC-type or circuit-level criteria become
necessary for newer generations of technology. Although fairly good understanding of
the device-level hot-carrier degradation under DC stress conditions has been achieved
[1.4)-[1.7], device degradation under AC stress conditions and its influence on the circuit

performance are still not yet fully understood.

Earlier efforts to verify the AC device degradation models mostly suffered from
unrealistic circuit operating conditions [1.21], excessive experiment-setup-inductive noise
[1.22], or lack of enough experimental validations [1.23]. These effects coupled with
possible inaccuracies of parameter extraction and substrate/gate current modeling, thus,

gave some conflicting results.
As for circuit-level reliability evaluation, The traditional DC device-type reliability

criteria such as 10% change in current drive or 10mV threshold voltage shift do not

necessarily reflect how the circuit performance degrades [1.24]. Circuit-level criteria such
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as a 10% change in access time or a 10mV offset voltage are necessary to evaluate the

impact of hot-carrier degradation on circuit performance.

Due to lack of understanding of AC device degradation and its impact on circuit
performance, extremely conservative circuit design and technology development are
currently adopted. Circuit and system performance are often sacrificed. Take drain
engineering as an example. The lightly-doped drain (LDD) structure is commonly used
to improve submicrometer device hot-carrier reliability [1.25]. However, the lightly-doped
drain region often introduces parasitic drain/source series resistance components (R, Rg).
Thus, the overall performance of the circuit is sacrificed. A typical plot (Fig. 1.1) of
NMOSFET LDD n" doping-induced resistivity versus the device delay (which represents
device performance) and substrate current (which represents device reliability) illustrates
the tradeoff between reliability and performance [1.25]. Without a clear understanding
of hot-carrier degradation, it is very difficult to formulate the precise reliability criteria
and thus optimize the reliability-performance tradeoff. And with the continuation of
device scaling , it will become more difficult to optimize and integrate these novel device

structures for the next generation of technology [1.26].

In the past, reducing the power supply voltage is another common method to
combat hot-carrier degradation. However, for high speed microprocessor operation, a
higher power supply voltage to achieve faster computation speed is often desired [1.27].
Fig. 1.2 shows that the speed of CMOS devices slows down as the power supply voltage
reduces [1.28]. It is projected that the performance of microprocessors for the future
0.25pum process will degrade 15-20% from a 3.3V power supply to a 2.5V power supply.
Also the performance of BiCMOS logic circuits is severely degraded below 3.3V.

Therefore, the reliability of the devices and circuits needs to be examined
carefully. By understanding the device degradation under AC operating conditions and

the circuit hot-carrier reliability, the tradeoff between reliability and performance can be

optimized.
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1.3. Methodology

This thesis will concentrate on device and circuit degradation due to hot-carrier
effects. Through analytical modeling, experimental verification, and reliability simulation,
the research will try to evaluate systematically the hot-carrier reliability for devices, digital
circuits, and analog circuits. The device degradation under both DC and AC stress
conditions will be evaluated and compared. The impact of device degradation on circuit

performance will be analyzed.

Current hot-carrier device degradation models will be improved for lifetime
estimation and circuit reliability simulation purposes. The time and voltage dependence
of hot-carrier degradation will be evaluated for a wide range of stress conditions. The
issues of statistical data collection and degradation model parameter extraction will be

examined.

For circuit-level reliability evaluation, this thesis will concentrate on the

experimental results from subcircuit test structure measurements for the following reasons:

(1) existence of multiple degradation mechanisms: Both oxide traps and interface
states are generated during hot-carrier stress for NMOSFET [1.4], [1.10] and PMOSFET
devices [1.29], [1.30]. The impact of different mechanisms has not been fully tested in
a real circuit environment under AC operating conditions. As a result, the models based
on DC device stress may not be valid for AC purposes. The relative importance of
different degradation mechanisms will heavily depend on the particular operating voltage
waveform (which affects the level of hot-carrier damage) and circuit operating condition

(which dictates how the damage affects the device) [1.3].

(2) lack of verifications in current simulation tools: Because hot-carrier
degradation is very sensitive to applied voltage waveforms, capacitance coupling due to
device parasitics [1.31] and interconnects {1.32] often contribute significantly. Therefore,

correct modeling of the device and parasitics is needed for the accuracy of current
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reliability simulation programs. Duty-cycle calculation based on the quasi-static
approximation (1.8) is widely used by current reliability simulation programs [1.33].
However, whether the quasi-static approximation can be used needs further experiment

verification.

Through degradation experiments based on subcircuits, realistic results can be
obtained and compared directly to simulation results. Therefore, these controversial
simulation issues can be addressed. The circuit test structures will be designed to reflect
realistic circuit operation conditions. All the high frequency input/output will be probed
by picoprobes to avoid test setup loading effects. Special circuit structures, which enable
the testing of devices embedded inside the circuits, will be used. The experimentally
measured device degradation in a real circuit environment can then be compared directly
to the simulation prediction. Model and simulation program validations can be
accomplished. Besides the model verification, the correlations between device and circuit
degradation can be established in this way. This result will be used to choose the hot-
carrier reliability criteria based on the circuit performance requirements instead of

individual device specifications.

1.4. Overview of the Thesis

Although there have been numerous studies to model the hot-carrier degradation,
the circuit-level study requires a valid model over a wide range of bias conditions and
device technologies. In order to satisfy these stringent requirements, Chapter 2 will
examine the two most important parameters in existing NMOSFET hot-carrier degradation
models: (1) the time acceleration factor which is related to the time dependence of hot-
carrier degradation; and (2) the voltage acceleration factor which is related to the voltage
dependence of hot-carrier lifetime. The bias-voltage dependence and its impact on
lifetime estimation will be assessed. Hot-carrier degradation was often treated as a
deterministic process in the past. Not, until recently has the statistical nature of hot-

carrier reliability been studied in more detail [1.34]. Chapter 2 has incorporated this
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statistical uncertainty into the lifetime estimation and reliability simulation. By using
statistical analysis, the prediction intervals of lifetime estimation are determined and
incorporated into lifetime estimation. Also, efficient parameter extraction procedures,
which can minimize the statistical uncertainly, stress time and the number of

measurements, are derived for rapid and accurate process calibration.

Chapter 3 will discuss the time dependence of modern submicrometer LDD
NMOSFET hot-carrier degradation in detail. Takeda [1.20] has empirically shown the
degradation follows the A-t" relation (1.7). Later Hu [1.7] formulated a physical model
for it. However, non A-t" relations are commonly observed in LDD NMOSFET {1.35]
device degradation. These phenomena can be attributed to "spacer induced damage" for
non fully overlapped device structures [1.8]. The physical causes which lead to this
behavior will be investigated by [-V measurement, charge pumping measurement, and
device-level simulation. How the non-constant rate coefficients affect the hot-carrier
lifetime estimation and reliability simulation will be examined. In addition, model

modifications will be proposed.

Evaluation of hot-carrier degradation for basic subcircuits will be conducted in this
thesis based on an existing digital/analog circuit classification scheme which connects
device and technology parameters to specific circuit applications [1.36]. Chapter 4 uses
simple digital logic circuits which constitute the high-density logic circuits commonly
found in the data path, control, and processing sections of integrated circuits to study
high-frequency AC hot-carrier degradation. The degradation characteristics of
NMOSFET, PMOSFET, and digital circuits will be examined. Their degradation time
dependence under high-frequency circuit operations will be evaluated and compared to
DC stress data. Also a new enhanced AC degradation mechanism will be explained by

using the charge feedforward phenomenon found in short voltage transient conditions.

Chapter 5 utilizes differential amplifiers and current mirrors which constitute the
main building blocks for many analog circuits to study how NMOSFET degradation

affects circuit performance. Due to the low gate-to-source operating bias conditions, the
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analog NMOSFET performance is identified to be mostly affected by hole traps. Key
performance parameters which include open circuit voltage gain and input offset voltage

will be monitored. The tradeoff between performance and reliability will be evaluated.

Chapter 6 will summarize the research results in this thesis. Possible future studies

are suggested.

Finally, Appendix will discuss the issues of test structures design for hot-carrier

reliability evaluation purposes and the associated testing configurations.
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Chapter 2

Parameter Extraction for NMOSFET Hot-

Carrier Degradation Models

2.1. Introduction

As VLSI scaling continues toward smaller geometry, hot-carrier degradation
constitutes a major threat to long term device reliability. Hot electrons and holes are
generated when devices are operated in saturation region where a large lateral electric
field is created. These hot electrons and holes subsequently damage gate oxide either by
creating interface states or oxide traps. These damages which change device
characteristics will slow down the circuit operation [2.1] or induce device parameter

mismatches in the circuits [2.2], [2.3].

Several degradation models have been proposed [2.4]-[2.6] to explain hot-carrier
degradation. SPICE level or timing level simulation programs that can evaluate hot-
carrier-induced device degradation and its effects on circuit performance such as BERT
[2.7] and RELY[2.8] have also been developed. However, the appropriate procedures to
calibrate these tools to a particular process have been so far largely unaddressed. Without
careful calibrations, these simulation tools would not be very accurate, thus limiting their

overall impacts and usefulness.

In this chapter, I will examine the NMOSFET parameter extraction for lifetime
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extrapolation and circuit-level hot-carrier reliability simulations in detail. General
parameter extraction guidelines accounting for the asymptotic and variable power-law time
dependence of hot-carrier degradation, the dependence of the critical energy for interface
damage on the local oxide electric field are presented. Finally, I will present the
statistical analysis of lifetime extrapolation from which extraction procedures can be
developed to optimize the stress time, the number of measured devices, and the lifetime

prediction intervals.

2.2. Degradation Model and Extraction Procedure Review

Depending on the operating voltage range, the degradation of NMOSFETs is due
to three different mechanisms. Acceptor-type interface states generate over all the voltage
range [2.4]. Hole traps generate during low gate-voltage (Vs~Vy) operation [2.6] and
electron traps generate during high gate-voltage (V5~V),) operation [2.5]. It is believed
that the acceptor-type interface-state generation is the dominant mechanism for hot-carrier
degradation of digital circuits [2.1]-[2.4]. Therefore, I will only consider the interface-
state generation mechanism in this chapter. The importance of hole and electron traps in

evaluating the degradation of analog circuit performance will be discussed in Chapter 5.

Present simulation tools all use similar hot-carrier degradation models based on the
drain current and lateral electric field (~Igyg/Ip). The degradation can be represented by

the quantity

I, 1I
AGE=—2_(& 2.1)

m
1
W-H In) STRESS

for NMOSFETs, where hot-carrier-induced interface damage is dominated and modeled

as [2.7]
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AN,=(AGE)" (2.2)

The parameter n is the degradation rate coefficient which reflects either the reaction-
limited or transport-limited regimes of the interface state generation mechanism [2.4]; m
equals ¢@,/@, where @, and @, are the critical energies for interface damage and impact

ionization respectively; H is a technology dependent parameter; W is the device width.

The change of interface state density as well as various device parameters [2.9]
(such as AV or Al/I,;) shown by (2.2) follow the A-t" relation. By plotting the amount
of degradation versus time in a log-log scale, the data form a straight line where the rate
coefficient n is the slope. The device lifetime T due to hot-carrier degradation can be

extrapolated accordingly.

The degradation model (2.1) can be further rearranged as

. 1
=l =HA™ (_Iﬂ’_‘!)-m (2.3)
4 I,

where A is the lifetime definition chosen in (2.2) such as Al/I,,=0.1 or Al ,=100pA/m/Hz
and T is the device lifetime. Based on (2.3), parameter m and H can be extracted from
the lifetime correlation plot of TI,/W versus Iy /I, in a log-log scale. By stressing
devices with different Iy /I, ratios, the data can be fitted to the model (2.3). Parameter

m and log(H) can be derived respectively from the slope and y-intercept of the fitted line.

2.3. Experimental Methodology

The NMOSFET devices used in this study were fabricated using a 0.8um double-
level poly, double-level metal CMOS technology with an oxide spacer LDD structure
(minimum Lgge=0.45um, Tox=16.5nm). The transistors were stressed with DC voltages.

The reduction in forward-linear current drive (Alp/I,,, measured at V,=0.05V, V;=3.0V)
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as a function of stress time was chosen as the principal degradation monitor because of
its direct relation to the hot-carrier-generated interface state density [2.10] and ease of

measurements. All the data were measured at room temperature on wafer level.

2.4. Degradation Rate Coefficient

Fig. 2.1 shows the typical reduction of forward-linear current as a function of
stress time for different stress voltages. The rate coefficient n from Fig. 2.1 exhibits a
large range of values. It seems to suggest that the rate coefficient n depends on the
particular stress voltage. The lifetime 7 is calculated for different lifetime definitions and
the resulting lifetime correlations are plotted (Fig. 2.2). The different m coefficients
obtained from Fig. 2.2 as a result of variation in rate coefficients indicate that the lifetime
correlation exhibits a strong dependence on the particular lifetime criterion chosen. This
is clearly incorrect as the critical energy for interface state generation should not depend
on some external parameters. Therefore, a consistent lifetime correlation can not be

obtained based on the current degradation model.

However, this behavior is an artifact which arises from not properly accounting
for the degradation-rate saturation behavior in the hot-carrier degradation's time
dependence, a common observation in submicrometer LDD devices [2.11], [2.12]. Fig.
2.3 shows the data from the same devices displayed in Fig. 2.1 stressed for such a long
duration that the degradation rate reaches its final asymptotic value. Using the asymptotic
value for the parameter n, a consistent relation between lifetime and Igy/I, can be
obtained independent of the particular lifetime criterion (Fig. 2.4). The same asymptotic
phenomenon is also observed in charge-pumping experiments which directly measure the
interface-state density [2.12]. This demonstrates the increasing rate of interface states
being asymptotic, not the interface states effect on linear-current reduction. Thus, A-t"
power relation of linear current reduction is still valid and applicable for lifetime
extrapolation and circuit-level hot-carrier degradation simulations as long as the

asymptotic behavior is taken into account. Without considering the degradation-rate
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saturation behavior, the wrong lifetime value will be extrapolated and consequently results

in the wrong lifetime correlation with power-supply voltage.

2.5. Critical Energy for Hot-Carrier Damage

The critical energy for interface state generation ¢, has been demonstrated to
depend on the oxide electric field near the drain during stress [2.13]. It is suspected that
this oxide-field dependence is associated with either the injection mechanisms or the
interface-state damage generation [2.14]. In order to be suitable for evaluation of hot-
carrier degradation in AC conditions, the model must be applicable over a wide range of
operating voltage. Therefore, it is necessary to account for this local oxide-field
dependence in extracting the degradation model parameters. Fig. 2.5 displays lifetime
correlation data obtained under constant oxide field stress conditions Eqy=(Vs-Vp)/Tox-
The V¢, dependence of parameters m and log(H) displayed in Fig. 2.6 can be empirically

fitted and used in circuit-level hot-carrier degradation simulation programs.

For comparison purposes, Fig. 2.5 also displays lifetime data obtained under peak
substrate-current stress conditions with resulting constant m and H coefficients. Peak
substrate current stress conditions are achieved by adjusting gate voltage for a given drain
voltage to get maximum substrate current. As a result of this, peak substrate stress
conditions traverse different Vg, bias region and ignore ¢, bias dependence. Fig. 2.7
compares different extrapolated lifetimes obtained using constant (either peak I only or
peak I;y-(Isyp/Ip)™) and Vgp-dependent (constant oxide field) values for the parameters m
and H. Measuring peak I alone while neglecting the V,-dependence of the coefficient
m results in significantly overestimated lifetime values. Note that this overestimation of
hot-carrier lifetime worsens as the power supply voltage is reduced (since more
extrapolation is required). Therefore, it is necessary to consider the V, bias-dependent

m and H to get a realistic lifetime estimates.

33



2.6. Estimating Lifetime under AC Operating Conditions

For a typical circuit operation, bias voltage experienced by devices usually
traverses different voltage ranges. Therefore, the oxide electric-field dependence of @,
and m can significantly impact estimates of the hot-carrier lifetime in AC operation. Fig.
2.8 illustrates how the bias conditions experienced by an NMOSFET during the discharge
phase of a CMOS inverter depend on a particular load capacitance. The different
predictions of AC degradation that result from using both constant (peak I5y5) and Vgp-
dependent (constant oxide field) values of the parameter are illustrated in Fig. 2.9.
Without considering V, dependence, the extrapolation using constant m and H fails to
show the output capacitance dependence of the degradation. For more accurate AC

degradation predictions, the Vg, dependent parameters should be used.

Under AC operating conditions, variability of the degradation rate coefficient n can
also significantly impact hot-carrier lifetime estimates. Fig. 2.10 considers an example
of a simple periodic stress waveform with two different voltages which occur during the
time intervals t, and t,. A single device stressed for N cycles by this waveform will have
only two stress conditions (AGE1 and AGE2) along with two corresponding rate
coefficients (n1 & n2). If nl equals n2, then the total cumulative hot-electron damage

that occurs over the device's entire operational lifetime can be estimated using [2.7]

AN,=[N(AGEI +AGE2)]" (2.4)

Note that hot-carrier degradation simulation only needs to be performed for a single
waveform cycle. However, for variable rate coefficients (n1#n2) this simple extrapolation

is no longer applicable. The cumulative degradation occurring through t, is

AN,=AGEI™ (2.5)

The cumulative degradation through t, is
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AN,=(AGEI"" +AGE2y" (2.6)

Simulating hot-carrier degradation for all N cycles by iterating (2.6) is required. Fig. 2.10
shows that significant differences can exist between the approximate (averaged n is used)
and exact lifetime calculations. For a typical clock-frequency 50MHz circuit operating
for 10 years, 10" cycles extrapolation is required. Apparently, significant errors can be
introduced. A generalized version of this problem exists for the case of a continuously-
time-varying waveform. For accurate degradation assessments, the variability of the rate
coefficient need to be modeled and incorporated into existing lifetime models and

simulation programs.

2.7. Statistical Parameter Extraction Issues

In the past, hot-carrier degradation has been treated as a deterministic process.
However, due to die-to-die device variation, hot-carrier degradation and all other
reliability problems in today's CMOS VLSI circuits are statistical process. In order to
take this variation into account, statistical analysis should be used to evaluate the worst-
case hot-carrier degradation. Fig. 2.11 displays the statistical variability of hot-carrier
degradation measurements for a typical set of data. The prediction contours of the data

can be calculated by the following formula [2.15]

(x-.lz x,')z
§,=5, |1 s 1, 2.7)

x; -—-(E x)

S:

e

\J Z (yi'('mi+l"gH))2 (2.8)
N-2

35



where S, is the standard error of y; S, is an estimate of standard deviation of the scatter
of the data points around the regression line; m and H are degradation parameters; N is
the number of measurements; x; and y, corresponding to log(Isys/Ip); and log(t-I,/W), are
data points. Based on (2.3), (2.7) and (2.8), the lifetime with 99% prediction intervals for

the operating voltage can be extrapolated to be

1
o HA" ﬁ!!)-m.l 02 (2.9)
ID ID

where t_, is the critical value of t distribution for a two-tailed test to account for limited
number of data points; Lg,; and I, are the substrate current and drain current under

operating voltage.

Fig. 2.12 shows the resulting lifetime with both 95% and 99% prediction intervals
derived from Fig. 2.11. As the extrapolated lifetime is further away from the measured
data points, the prediction intervals become larger. The widening of the prediction
intervals is a result of statistical uncertainty in both the parameters m and H by using the
linear regression method and is reflected in the estimated lifetime values for a particular

power supply voltage.

Fig. 2.12 suggests that in order to minimize the prediction intervals, maximum
stress voltage range should be used to reduce the extrapolation. However, the stress
voltage range is limited by several constraints: the upper limit voltage should not turn on
the parasitic source-bulk-drain bipolar transistor [2.16], and the lower limit voltage is set
such that (1) stress time should be long enough to attain final asymptotic behavior; (2) the
final degradation value should be at least one half of the degradation value of lifetime

definition to minimize the lifetime extrapolation errors [2.17].

Based on these criteria, the prediction interval versus number of measurements is
calculated as shown in Fig. 2.13, where the total testing time (number of measurements

multiplies the individual device stress time) is a constant. For long individual device
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stress time, the large prediction interval is due to the uncertainty associated with the small
number of measurements. For small individual device stress time, the large prediction
limit results from the large extrapolation range. A minimum prediction interval is
achieved by balancing the stress voltage range and uncertainty associated with a small
number of data points. Based on this analysis, an optimal extraction procedure which

minimizes the extrapolation errors can be designed and performed.

2.8. Parameter Extraction Guidelines

This chapter presented NMOSFET general parameter extraction guidelines for DC
lifetime extrapolation and circuit-level hot-carrier reliability simulations. It shows that the

following procedures need to be adopted for process calibration:

(1)  Devices need to be stressed long enough to attain the final asymptotic behavior

and to minimize lifetime extraction errors;

(2) The local oxide field (Vgp) dependence of critical energy for interface damage

must be taken into account;

3 The variations of rate coefficient n need to be considered for AC operating

conditions;

(4)  Optimal extraction requires maximizing stress voltage range and number of

measurements under time and parasitic bipolar effect constraints.

Following these guidelines have been shown to have several orders of magnitude

impact on lifetime extrapolation.
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Chapter 3

Two-Stage Hot-Carrier Degradation in

LDD NMOSFETs

3.1. Introduction

Lightly-doped drain (LDD) structures using oxide spacers are commonly used to
reduce hot-carrier degradation for submicrometer NMOSFET devices [3.1]. However, it
has been recognized that such LDD structures often introduce additional degradation
mechanisms associated with the oxide spacers [3.2], where trapped electrons can increase
the parasitic drain series resistance. As aresult, the device I-V degradation characteristics
often show different attributes, as compared to conventional single-drain devices [3.3].
One significant difference is that the linear-current degradation characteristic exhibits a
saturating time dependence [3.4] which results in a stress-voltage-dependent degradation
rate coefficient [3.5]. These saturating characteristics make the usual A-t" time-
dependence extrapolation technique inconsistent and inaccurate [3.6]. Therefore, the
particular degradation mechanisms and time dependence of oxide-spacer LDD NMOSFET

devices need to be understood in order to extract correctly the device lifetime.

Past studies have attributed this saturation behavior either to an increase in the
potential barrier for hot-carrier injection [3.7], a shift in location of the damage region
[3.8], or a saturation of mobility degradation [3.9]. Howevef, these theories cannot fully

explain additional degradation phenomena associated with oxide-spacer LDD NMOSFETs
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such as substrate current variation during stress and degradation dependence on

measurement gate voltage [3.10].

In this chapter, a two-stage degradation mechanism for oxide-spacer LDD
NMOSFET devices is identified. The device degradation is due to a combination of an
increase in the series resistance underneath the LDD spacer region, and a reduction of
carrier mobility in the subdiffusion and channel regions. This two-stage degradation
mechanism can fully explain the hot-carrier degradation characteristics of a oxide-spacer
LDD NMOSFET. By taking the saturation of the series-resistance increase into account
and by using an asymptotic degradation rate coefficient, a more accurate and consistent

value of the device lifetime can be extracted.

3.2. Experimental Methodology

The NMOSFET devices used in this study were fabricated using a 0.8um double-
level metal, CMOS process with conventional oxide-spacer LDD structures. The spacer
length is approximately 0.22-0.25um with a peak n” concentration of 3-10'®cm™. The
NMOSFET dimensions are T, ,=19nm, Lgz=0.59um, and W=20um for all measurements
in this study. DC stress was performed by using constant-voltage stress conditions.
Linear-current degradation (measured at V,=0.05V and V;=3V) and charge-pumping
current (measured by applying a 100KHz, 8V peak-to-peak square wave to the gate) are

the two primary degradation monitors.

3.3. Two-Stage Hot-Carrier Degradation

3.3.1. Degradation Characteristics

Fig. 3.1 and Fig. 3.2 show typical time dependence plots of the linear-current

degradation and the corresponding increase in charge-pumping current, which is directly
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proportional to the number of hot-carrier-induced interface states [3.11], [3.12]. Note that
the degradation rate (slope of the time-dependence plots) in both figures decreases for
increasing stress time (i.e. the degradation saturates) [3.4]. In addition, the value of the
degradation rate coefficient also depends on the value of the particular applied stress
voltage as has been previously observed in [3.5]. Both of these degradation characteristics
are commonly observed in submicrometer oxide-spacer LDD NMOSFET devices [3.4}-

[3.6], [3.8]-[3.10], but not typically in conventional devices [3.11], [3.13].

Because rate coefficients vary for different stress voltages (see Fig. 3.1), the choice
of the lifetime criterion is critical if the conventional A-t" time-dependence extrapolation
is used [3.6]. Different criteria can result in different lifetime correlations as shown in
Fig. 3.3. This result can not be physically accurate, because the slope of the lifetime
correlation plot, which is proportional to the critical energy for interface-state generation
[3.13], should not depend on the particular chosen definition for device lifetime. Clearly,
the current hot-carrier degradation model can not be directly applied to LDD NMOSFET
devices. The detailed degradation mechanisms need to be investigated in order to

construct a correct lifetime extraction procedure.

3.3.2. A Two-Stage Degradation Process

The observed phenomena in Fig. 3.1 and Fig. 3.2 can be attributed by a two-stage
degradation process in LDD NMOSFETs. This two-stage degradation is evident from the
correlation plot between linear-current degradation and charge-pumping current. In
conventional single-drain devices, the typically observed linear relationship between Al /I,
and Alg, indicates a single degradation mechanism which is mobility reduction [3.11].
For oxide-spacer LDD devices, the correlation exhibits two distinct regions as shown in
Fig. 3.4. In region I, the linear-current degradation will be shown to be dominated by the
increase in parasitic drain resistance underneath the spacer region. In region II, the

degradation will be shown to be mostly due to mobility reduction, as in the case of

conventional devices.
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This two-stage degradation process can also explain how the linear-current
degradation depends on the particular measurement gate voltage as shown in Fig. 3.5. At
first, the dominant degradation mechanism is the increase in drain series resistance. For
larger measurement Vg, the channel resistance becomes smaller and the device is affected
more by an increase in the series resistance. As a result, the liner-current degradation
worsens as the measurement gate voltage increases. However, as the stress proceeds
further, the dominant degradation mechanism changes to mobility reduction. For a larger
measurement Vg, the vertical electric field becomes stronger and the mobility is less
affected by stress-induced interface states, as is observed in conventional devices [3.11].
Therefore, the current degradation now decreases as the measurement gate voltage

increases.

During the stress, the observed changes of substrate current (Fig. 3.6) are also a
result of the two-stage degradation process. The substrate current only increases during
hot-carrier stress for conventional single-drain devices. However, for LDD devices,
substrate current first decreases, then increases. This variation is a result of the changes

in the channel electric field near the drain [3.14].

E. .~ VDS—VDSAT~ Vos~VostVr (3.1)
? le I

In the beginning of the stress, because of the increase in drain series resistance, the
effective drain voltage (Vy-I5-Rp) is reduced, and thus the channel electric field decreases
(see (3.1)). As a result, the substrate current at first decreases. As the stress proceeds,
however, the substrate current eventually increases due to the stress-induced increase in

the threshold voltage which now results in a larger lateral electric field as shown in (3.1).

3.4. Physical Mechanisms

In order to understand this two-stage degradation process, interface states have
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been spatially profiled by charge-pumping experiments [3.15], and their extracted lateral
spatial distribution has been incorporated into PISCES-IIB [3.16] to simulate the device
current characteristics. The technique of spatial charge pumping is illustrated in Fig. 3.7.
The drain/source reverse bias is used to control the depletion width below the gate which,
in turn, regulates the effective charge-pumping region. By varying the reverse-bias
voltage, and thus modulating the effective charge-pumping region, the lateral spatial
distribution of interface states can be obtained. A critical hole concentration (P, X' at
the surface, which allows all the electrons trapped in interface states to recombine,
demarcates the effective charge-pumping region. Based on a previous study [3.12], the
critical hole concentration is calculated to be 10"cm™ for a I00KHz symmetrical square-
wave gate pulse. The actual surface hole concentration in the device was determined by

PISCES-IIB device simulation.

The extracted lateral profile of acceptor-type interface states is shown in Fig. 3.8.
It shows that the peak interface-state damage occurs inside of the LDD region which is
consistent with reported experimental [3.17] and simulation [3.18] results. This result is
expected since peak electric field exists inside the LDD region. Because this damage is
located outside of the immediate region of gate-electrode control, V; and subthreshold
slope shifts for LDD NMOSFET devices due to hot carriers are usually much smaller in
the beginning than that for conventional devices. Non-negligible interface-state
generations also occurs in subdiffusion and channel regions as shown in Fig. 3.8.
Therefore, as stress proceeds and more negative charge accumulates outside the LDD

region, threshold voltage will start to increase.

The impact of interface charge within the different device regions (Fig. 3.9) is
simulated by placing negative charges along SiO,-Si interface in PISCES-IIB. The
damage in the LDD region, which creates a depletion region, increases the drain series
resistance [3.2]. Damage in the subdiffusion and channel region (which is under gate
electrode control), induces Coulombic scattering, reducing the carrier mobility as in the
case of conventional devices [3.11]. The increase in series resistance eventually saturates

[3.4] as shown in Fig. 3.9, as enough negative charge is trapped to induce surface
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inversion which limits any further growth of the depletion width. However, the
degradation mechanism of mobility reduction continues to exist and is approximately
linearly-dependent on the amount of interface charge outside of the LDD region. The
combination of these two mechanisms creates the saturation effects observed in the
experimental degradation data (Fig. 3.1 and 3.2). By comparison, damage inside the
heavily-doped drain in conventional devices produces very little current degradation (Fig.
3.10), although the characteristics of current degradation due to interface states in the
subdiffusion and channel regions are quite similar. Note, that saturation of drain series

resistance depends on critically on the drain donor concentration as shown in Fig. 3.9 and
3.10.

3.5. Impact on Lifetime Prediction

By combining the effects of series-resistance increase and mobility reduction, the

linear-current degradation for LDD NMOSFETs can be expressed as

n
%’m AR +[i,'f’7,<'j—fw] (32
where W is the device width; n is the degradation rate coefficient; m and H are
technology-related parameters. The first term represents the current reduction due to the
increase in drain series resistance, and the second term represents the contribution of
mobility reduction which follows the same model as in conventional devices [3.11]. The
exact functional form of f(Rp(t)) is unknown. However, it is not important in lifetime
extrapolation, as f(Ry(t)) will eventually saturate as shown in Fig. 3.9 and this saturation
value is usually much lower than typical lifetime criterion. By using the asymptotic value
of the degradation rate coefficient n, as suggested in (3.2), existing NMOS degradation

models [3.13] can still be employed to project the device lifetime for oxide-spacer LDD
NMOSFETs.
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By subtracting the degradation due to the saturated increase in series resistance and
by using the asymptotic degradation rate coefficient, the hot-carrier lifetime correlation

can then be expressed as

©), Al sus -
—2=H{—2 m (3.3)
W I AR ))

ifetime criterion D

where f(Rp(e<)) is the maximum amount of current reduction due to the saturated series
resistance increase (shown in Fig. 3.11) and is about 3% for our devices. Fig. 3.11
illustrates how to use the asymptotic value of the rate coefficients to extract the correct
lifetime. Note that, the slopes of the asymptotes are now independent of the stress
voltages (compare Fig. 3.1 and 3.11). Fig. 3.12 shows that the ideal A-t" time
dependence, using the asymptotic rate coefficient, is still maintained even for a device
which was stressed for times as long as 10> mins with degradation level as high as a 30%
AI/T, reduction. This suggests that the new proposed technique will be suitable for most
lifetime extraction purposes. As shown in Fig. 3.13, with the series resistance correction,
the lifetime correlation plots based on (3.3) can be obtained consistently, independent of

the particular lifetime definition chosen.

3.6. Conclusions

In this chapter, I have shown that the degradation of oxide-spacer LDD
NMOSFET devices is due to a combination of the series-resistance increase in the LDD
region, and the carrier-mobility reduction in other regions. As a result, the time
dependence of hot-carrier degradation exhibits strong saturating characteristics. Thus, in
order to extract a more accurate and consistent lifetime value, the device must be stressed
long enough for the increase in series resistance to saturate. Then, the lifetime of LDD

devices can be extracted by using asymptotic rate coefficients based on the usual

extrapolation method.
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Chapter 4

Digital Circuit Degradation

4.1. Introduction

As switching frequencies continue to increase, greater concern exists about the
validity of existing quasi-static device-level hot-carrier reliability criteria under very short
voltage transient conditions [4.1]-[4.9]. Because hot-carrier degradation is extremely
sensitive to the applied voltage waveforms, different test configurations employed in past
studies produced different results. The common problems associated with these past
experiments are: (1) excessive inductive noise is generated by the test setup in short-
transient pulsed AC device measurements; (2) the hot-carrier stress is conducted using
artificial operating conditions with either very long voltage transients or unrealistic voltage
waveforms; and (3) the degradation of devices and circuits is not directly measured and
compared. As a result, whether DC degradation models can be applied to circuit

operation conditions is not fully tested and resolved.

In this chapter, on-chip circuit-level test structures will be used to remedy these
problems. High-frequency operation and short voltage transients are achieved by using
state-of-the-art submicrometer CMOS digital static-logic circuits to reflect realistic circuit
operations and to avoid the setup-induced-inductive noise present in the typical pulsed
device stress experiments [4.3], [4.8]. Direct measurements of device- and circuit-level
hot-carrier degradation are made through these structures to examine the various

degradation mechanisms and their characteristics for both NMOSFET and PMOSFET
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devices. The AC and DC device degradation results are compared directly. The result
will be used to evaluate the validity of the quasi-static approximation. The impact of

device degradation on stage delay time of CMOS static logic circuits will be examined.

4.2. Hot-Carrier Reliability Test Circuits

In order to study high-frequency AC hot-carrier degradation free from
measurement-induced artifacts [4.3], [4.8], on-chip ring-oscillator test circuits with
different stage numbers, output fanout factors, and logic elements were implemented. Fig.
4.1 shows a basic structure of the inverter ring oscillator. The number of stages is chosen
to be a small odd prime number to increase the oscillation frequency and suppress high-
order harmonics {4.10]. A two-to-one ratio between PMOSFET-to-NMOSFET width is
adopted to compensate the mobility difference. Also shown in Fig. 4.1, both the
NMOSFET and PMOSFET devices in one stage of each ring oscillator are configured to
be accessible through pass transistors [4.5]. During AC stress, the pass transistors are
switched off in order to isolate the circuit from pad capacitances and, as a result, avoid
slowdown of circuit operations. During device measurements, the operation of circuits
is halted and devices can be measured by turning on the pass transistors. These test
circuits allow direct correlation between not only device and circuit degradation under
realistic high-frequency and short-transient circuit operating conditions, but also the device

degradation under AC and DC conditions.

The devices and circuits used in the study were fabricated using a 0.6um triple-
level metal, CMOS process with scaled-down gate dimensions. The NMOSFETs have
oxide-spacer LDD structures; the PMOSFETSs have conventional single-drain structures.
The NMOSFETSs have an effective channel length of 0.26um; the PMOSFETs, 0.43um.
The oxide thickness is 10.5nm. The oscillation frequency of the CMOS inverter
structures, ranges from 280MHz to 440MHz with rise/fall times between 100ps and
500ps. Note, that such a short transient condition is very difficult to achieve in typical

device experiments. Details of the experimental conditions are listed in Table 4.1 for

76



references.

4.3. Degradation Characteristics under AC Circuit Stress

Fig. 4.2 shows a typical test-circuit inverter degradation characteristic. The shift
of the DC transfer curve is due to simultaneous degradation of both NMOSFET and
PMOSFET devices. The device -V measurements show the corresponding NMOSFET
and PMOSFET characteristics before and after AC circuit stress in Fig. 4.3. From
changes in the I-V characteristics, the NMOSFET oxide damage, which is similar to
damage generated by DC voltage stress, appears to be acceptor-type interface states
[4.11]. For PMOSFETsS, the saturation-current increase after stress indicates the usual
electron trapping mechanism observed in DC stress conditions [4.12]. However, the
decrease of linear current after stress points to a degradation mechanism which is different
from the mechanism in the saturation region. It is believed that this additional mechanism

is due to donor-type interface states as reported in other studies [4.6], [4.7].

Fig. 4.4 compares the time dependence of CMOS device and circuit degradation.
The NMOSFET linear- and saturation-current degradation rates exhibit different time
dependence. This behavior is only observed in LDD-type transistors due to non fully
overlapped drain structures [4.13]. The damage (acceptor-type interface states) under the
oxide spacer increases the drain series resistance and damage under the gate-controlled
region reduces carrier mobility. While the linear current is affected by both mechanisms,
the saturation current which, in the first order, is independent of the drain voltage is
influenced mostly by mobility reduction only. As a result, the linear- and saturation-

current degradation show different time dependence behaviors.

For PMOSFETs, because competing donor-type interface-state (positive charge)
and oxide electron-trap (negative charge) generation mechanisms are both present,
different time-dependence behaviors are observed for the linear- and saturation-current

degradation characteristics as well. The degradation of linear current which is affected
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by both mobility reduction due to interface states and channel-shorting effect due to
electron trapping [4.14] shows a saturating characteristic with a maximum degradation
value of 3 percent in our devices [4.15]. The degradation of saturation current is mostly
affected by electron-trap-induced channel shortening effect because most of the interface

states are empty and, as a result, have not effects.

Both NMOSFET and PMOSFET devices show the existence of multiple
degradation mechanisms. The different mechanisms can be differentiated by properly
observing the difference between the linear- and saturation-current degradation. Although
only results from the inverter test structure with fanout of 1 are shown in this section,
that the results from other test structures with different configurations show exactly the

same characteristics indicates the generality of these device degradation behaviors.

The degradation of inverter stage-delay time as a result of device degradation is
shown in Fig. 4.4. This circuit degradation due to only NMOSFET or PMOSFET device
degradation can be distinguished by measurements of rise and fall time components.
However, that is beyond the capabilities of test circuits used in this study. Another
method to separate out the individual contribution will be discussed in Section 4.6.. The
overall degradation of stage-delay time reflects the partial cancellation between the

decrease of NMOSFET and increase of PMOSFET current-drive capabilities [4.2].

4.4. Enhanced Degradation due to Intrinsic MOSFET Voltage Overshoot

Voltage overshoot due to device-to-interconnect coupling has been shown to cause
enhanced hot-carrier degradation [4.16]. However, Fig. 4.5 shows another, more intrinsic,
coupling mechanism where charge feedforward from the MOSFET overlap capacitance
Cgp to the output capacitance arises during rapid voltage transitions. This charge
feedforward results in voltage overshoots that can dominate the amount of hot-carrier
degradation (due to the exponential dependence of degradation on the applied voltage
[4.17]).
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The observed non-monotonic dependence of degradation on fanout/node-
capacitance shown in Fig. 4.6 contradicts those model predictions based solely on
transition-time (rise/fall time) calculations [4.2], [4.18]. This voltage overshoot due to

charge feedforward can be modeled as [4.19]

Av-—So
ep*Cour

where Cg; is the output capacitance and V is the power-supply voltage. For a smaller
fan-out (output capacitance), although the transition time is shorter, voltage overshoot
(4.1) becomes larger and contributes to the observed enhanced degradation as shown in
Fig. 4.7. By properly accounting for both voltage-overshoot and transition-time effects,

the observed tradeoff between fanout and degradation can be correctly explained (Fig.

4.7).

This result indicates the important contribution of device parasitic as well as
interconnect capacitance. In order to accurately predict hot-carrier degradation in a circuit

environment, accurate modeling of these components must be taken into account.

4.5. Validity of Quasi-Static Approximation (DC vs. AC Degradation)

Whether the quasi-static approximation is applicable is critically important for the
circuit-level hot-carrier reliability evaluation. This study provides a direct experimental
approach to test this assumption. Due to the structures of test circuits used in this study,
it is possible to compare DC and AC NMOSFET degradation results directly as shown
in Fig. 4.8. The AC device degradation is obtained from direct test-circuit measurements.
The DC device degradation is obtained from a peak substrate current DC stress and a
duty-cycle-corrected DC results obtained using the quasi-static approximation is also
shown [4.2], [4.5], [4.18]. An obvious difference between the degradation time

dependence of AC and DC (or duty-cycle-corrected DC) linear and saturation current is
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observed. The different degradation rates which are specially evident in saturation-regime
characteristics (about 0.5 for DC and 0.3 for AC device degradation) strongly suggest that
the quasi-static approximation is inaccurate for circuit-level hot-carrier reliability

evaluation.

As for further confirmations, individual device stress was performed using
sinusoidal and triangular gate-voltage waveforms (rather than the usual pulse stress {4.3])
in order to accentuate the amount of transition-induced degradation (Fig. 4.9). A 0-to-2V
gate waveform is chosen to simulate the gate voltage conditions under maximum drain
voltage encountered in circuit test structures (Fig. 4.5). This condition also can avoid the
observed enhanced degradation due to additional interface-state generation by alternate hot
hole and electron injections [4.9]. The observed change in the degradation rate/slope with
increasing frequency suggests the onset of different non-quasi-static degradation dynamics.
As a result, quasi-static approximation is inaccurate at higher frequencies. Based on data
shown in Fig. 4.8, the impact of this non-quasi-static degradation dynamic on lifetime
extrapolation can be estimated as shown in Fig. 4.10. Because these two degradation
curves cross each other in Fig. 4.8, the device lifetime depends on the particular lifetime
criterion chosen. Without understanding of this high-frequency phenomenon, one can
mistakenly overestimate or underestimate the device reliability based on quasi-static
approximation. So it is very important to extract the correct AC degradation time
dependence experimentally by using circuit test structures as shown in Fig. 4.1 and

procedures described in Section 4.2..

Fig. 4.11 shows that the quasi-static approximation is inaccurate at high-
frequencies for PMOSFETs as well. As shown in Fig. 4.12, the PMOSFET voltage
waveforms in circuit operating conditions traverse both the peak gate- and substrate-
current stress regions during AC stress. As a result, both electron traps (which occur
during the peak gate-current region) and donor-type interface states (which occur during
the peak substrate-current region) are generated. The combination of these two
mechanisms results in the observed sign difference between the linear- and saturation-

current degradation under AC stress. In addition, the changing PMOSFET bias conditions
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result in electron detrapping during AC stress [4.12]. Therefore, the AC device
degradation due to electron traps is much smaller than DC (and duty-cycle-corrected DC)

degradation as shown in Fig. 4.11.

4.6. Impact of AC Device Degradation on Circuits

In order to separate out the contribution of NMOSFET and PMOSFET device
degradation, DC stress is performed on devices embedded in one stage of circuit test
structures. The degradation of circuit delay time as a result of the individual NMOSFET
device degradation is measured as shown in Fig. 4.13. The correlation between linear-
and saturation-current degradation is also plotted to facilitate the use of different
degradation monitors. The result indicates that for the same device degradation, circuits
with the highest output capacitance (such as I/O buffers and bus interface circuits) are the

most susceptible to hot-carrier degradation.

By establishing the correlation between device and circuit degradation, the
reliability criteria can be redefined based on AC circuit requirements. The result is
plotted in Fig. 4.14. By switching from a DC device criterion (10% linear current
degradation) to a AC device criterion (10% linear current degradation), significant lifetime
improvement can be achieved. This is because devices degrade only during voltage
transition in AC operation. If we go a step further by using a AC circuit criterion (such
as 5 ps delay-time degradation per stage in inverter ring oscillators with fanout of 1 which
corresponds to 20% linear current degradation or 5% saturation current degradation),
additional lifetime improvement is obtained. This figure demonstrates that reliability can
be improved greatly by using AC circuit-level evaluation without resorting to complex

technologies.

For PMOSFETs, the AC device degradation with both donor-type interface states
and electron traps can not be duplicated by simple DC stress experiments. As a result,

the interaction between these two degradation mechanisms and their power-supply voltage
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dependence needs to be understood first before their impact on circuit degradation can be

evaluated.

4.7. Conclusions

In this chapter, I have used circuit test structures to study hot-carrier degradation
under high-frequency circuit operation. It is found that device parasitics, which induce
voltage overshoot under short voltage transients, produce enhanced degradation. As a
result, analytic models based on purely transition-time calculations may underestimate the
degradation. Correct modeling of device parasitic and interconnect capacitance is

necessary.

The applicability of the quasi-static approximation is also in question at high
frequencies. Circuit and device measurements indicated that NMOSFET's have different
acceptor-type interface-state generation dynamics under short voltage transients. The
different degradation rates have significant effects on lifetime extrapolation. For
PMOSFETs, the AC operating waveform also induces additional donor-type interface
states and electron detrapping which are different from DC stress results. Due to large
electron detrapping, electron trap generation is unlikely a reliability concern for digital

circuit operation.

Finally, the impact of NMOSFET device degradation on CMOS logic circuits is
analyzed. The resulting correlation between device and circuit degradation is established.
It is demonstrated that the current DC device reliability criterion is very conservative in
digital circuits. By switching to AC reliability criteria based on circuit performance

constraints, one can relax the device reliability requirements significantly.
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Table 4.1 Experimental conditions of inverter ring oscillators.

all structures.

Stress voltage is 5.8V for

Fanout Stage Frequency (MHz) delay time (ps)
l 23 385 56
2 13 440 87
4 13 278 138
o
o— H— p—o
o o o
Fig. 4.1  Simplified circuit schematic used in high-frequency AC stress.
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Fig. 4.2 DC transfer curves of a CMOS static inverter after AC stress in a CMOS ring

oscillator with fanout of 1.
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Fig. 4.5  Simulated inverter voltage waveforms in the ring oscillator with fanout of 1.

89



10° ¢
- -O Fanout 1 Linear Region

<0~ Fanout 2 (Vp=02V, V;=2.5V)
I Fanout 4

102 ' Saturation Region
- (Vp=2.5V, V;=2.5V)
[
Stress V=35.8V
10-3 N | gl s
1012 1013 1014 1015

Number of Cycles

Fig. 4.6 Linear- and saturation-current degradation of NMOSFETs in ring-oscillator

circuits with different fanouts.

90



0.25

o
b
J

0.25

1 A

Stress Cycles: 10

i

o

—

W
l ) —
o
o

Propagation Delay Time (ns)
Voltage Overshoot (V)

0.2

A

Alp/Ip (lin)

1
e
—

1

0.1

0.15 ———0.05 -0.05

Fanout

Fig. 4.7  Impact of voltage overshoot and propagation delay time on device degradation.

91



10° ¢
- M Duty-Cycle Corrected Al(lin)
- 1} Duty-Cycle Corrected Al(sat)

-

10! E
a
Jum—
~
a
S
<

102

@ Al (lin) - AC
O Aly(sat) - AC
4- A1, (lin) - DC
<) Al(sat) - DC

10‘3 MI_A.;.MM-&-LMM

Time (sec)

Fig. 48 Comparison of DC and AC NMOSFET current degradation. DC stress
condition: V=58V, V4=1.9V; AC: V=5.8V, {=385MHz.

92



10° ¢
F Linear Region
(Vo=02V, V,=2.5V)

Saturation Region
(Vp=2.5V, V;=2.5V)

Alp/Ip

ODC

- 200KHz
i {7} 350MHz
4 990MHz

lT"1l

L]

10-3 s il PP | TN | T
10} 10? 10° 10* 10°
Time (sec)

Fig. 49 The NMOSFET current degradation for different stress frequencies under a 0-
to-2V sine gate voitage waveform. The stress Vj, is a constant 5.8V. Vj is

1.9V for DC stress.

93



Lifetime (sec)

10°
i — DC Slope - 0.56

107 £ -~ AC Slope - 0.27

10° £

10°

10* £

103-L.,|.1|..|..4|...
0 0.02 0.04 0.06 0.08 0.1

Criterion (AID/ID (sat))

Fig. 4.10 Lifetime extrapolation based on quasi-static approximation (DC) and actual
experimental data (AC, non-quasi static degradation) with different reliability

criteria.

94



. Duty-Cycle Corrected Al(lin)
- 1} Duty-Cycle Corrected Al (sat)
107 |
a
[
E 107
~ b
< g
[
@ Al(lin) - AC (-)
10 3 O Ml (sat) - AC (+)
: 4 AL(lin) - DC (+)
; '()'AID(sat) -DC (+)
10*

10° 100 102 10° 10* 10° 10° 107
Time (sec)

Fig. 4.11 Comparison of DC and AC PMOSFET current degradation. DC stress
condition: Vp=-5.8V, V4=-1.2V; AC: V=5.8V, f=385MHz.

95



Interface State

Voltage (V)

-
. e a
.........

Time (ns)

Fig. 4.12 PMOSFET operating waveforms and degradation mechanisms.

96

3.5



0.2
X ]/
—  Iy(sat) B
— — At - fanout 4 !
01s F At - fanout 2 /]
- —-— Aty - fanout 1 / R
—~ -
~md
< 4
72
N’ L
Q 01rfF n
< " <
g | -ﬂ
< ' e
3 / -
0.05 S
0 e P NN TN P B B

005 01 015 02 025 03 035 04
AIp/Ip (lin)

100
90
80
70
60
50
40
30
20
10
0

Atpa (ps)

Fig. 4.13 Degradation correlation between NMOSFET current and inverter stage delay

for different fanouts.

97



Lifetime (sec)
2

@ DC Al,/I(lin) = 10%
¢ AC AL/Iy(lin) = 10%
B AC Aty = Sps/stage

!

- s l ' i o

().15. — 0.21 | 0.25 l0.3
1/Vee (V)

Fig. 4.14 Device lifetime estimation by using DC device-based, AC device-based, and
AC circuit-based reliability criteria. The circuit criteria are applied to a

inverter ring oscillator with fanout of 1 operating in 100MHz.

98



Chapter 35

Analog Circuit Degradation

5.1. Introduction

Hot-carrier degradation has long been identified as a VLSI reliability concern. Its
fundamental device-level degradation mechanisms have been extensively characterized and
modeled [5.1]-[5.3]. However, in recent years, it has become recognized that circuit
performance degradation due to hot carriers is very sensitive to the particular circuit
topology and operating conditions [5.4], [5.5]. Thus, the real criteria for hot-carrier
reliability should be based on circuit and system performance requirements. There have
been a few efforts to study how hot-carrier-induced damage affects circuit performance.
They have examined the impact of hot-carrier degradation on SRAM [5.6], DRAM [5.7],
and CMOS logic circuit [5.8] performance. Because analog circuits used to use long-
channel devices due to device-matching constraints, the influence of hot-carrier effects on
analog circuit performance has been believed to be minimal and, as a result, has been
mostly overlooked. However, because power supply scaling for analog circuits will not
likely be as aggressive as for digital circuits, because submicrometer devices are necessary
for high speed applications (such as for video applications [5.9]), and because the
operation of analog circuits is sensitive to device parameter variations (5.10], [5.11], the
impact of hot-carrier degradation on the performance of CMOS analog circuits needs to
be clearly understood [5.12].

This chapter presents some of the first experimental data on actual CMOS analog
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subcircuit performance degradation due to hot-carrier effects. It is found that, compared
to the performance degradation of digital circuits which is dominated by interface-state
generation in NMOSFETs [5.4]-[5.8], the performance degradation of analog circuits is
found to be more sensitive to hole trapping in NMOSFETs. The exact amount of
performance degradation depends heavily on the particular circuit design and operating

conditions. Tradeoffs between circuit performance and reliability are also illustrated.

The devices and circuits used in this study were fabricated using a 1.5pm LOCOS-
isolated, double-level metal, BICMOS process with conventional drain/source junctions.
The MOSFET dimensions are T _,=35nm, Lgg=1.5um-12pm. All the measurements were

performed at room temperature and at the wafer level.

5.2. Degradation of Analog NMOSFET Device Parameters

There are two principal ways in which hot-carrier degradation can affect analog
device characteristics. It can affect device matching characteristics and it can degrade

device performance [5.10].

5.2.1. Analog Device Matching Degradation

The design of most analog subcircuits, such as differential amplifiers and current
mirrors, critically depends on device matching properties. Basic concepts about the
impact of device mismatching can be illustrated by examining the following simple
analytical models. For NMOSFETs, the device mismatch of drain current for the same

applied voltage can be modeled as [5.13]

Alp 4P, &m

—2(

LAY % (5.1
ID pn ID ’

or the mismatch of gate voltage for the same drain current can be modeled as
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I, A
AV=AV,~(=2)- P,

(3.2)

where B,=,C, Wer/Lgrr is the device transconductance and V; is the threshold voltage.
Note, that the current and voltage mismatch differ only by the proportional (-I,/g,) factor.
Both threshold voltage and device transconductance have been shown by previous studies
[5.1]-[5.3] to change after hot-carrier stress. Thus, it is reasonable to expect that analog

device matching properties will also be affected by the hot-carrier-induced damage.

Typical characteristics of NMOSFET current mismatch (Aly/I,,) after hot-carrier
stress are shown in Fig. 5.1 for different stress gate voltages. The linear-current mismatch
(indicated by the diamond symbols) can be divided into three distinct regions, each of
which corresponds to a different degradation mechanism. For a low-gate-voltage stress
condition (V5~V,), the observed increase of drain current is believed to be due to hole
trapping [5.3]. For a high-gate-voltage stress condition (V;~V)), electron trapping, which
causes the observed decrease of drain current, is believed to be dominant [5.2]. For a
mid-gate-voltage stress condition (V;~V/2), the observed reduction of drain current is
due to the generation of acceptor-type interface states [5.1]. The corresponding linear-
region NMOSFET voltage mismatch (AVy) characteristics are shown in Fig. 5.2. Note,
that they exhibit similar characteristics as those of the current mismatch because only a
simple (-Ip/g,) proportionality-factor difference exists between the two quantities (see
(5.1) and (5.2)). Hence, the voltage mismatch also shows the same three distinct

degradation regions.

When the device is biased in the saturation region, as in most analog circuits,
acceptor-type interface states are mostly unoccupied (and hence neutral) because of the
lowered electron quasi-fermi level near the drain. As a result, oxide traps (both hole and
electron traps) will have a larger relative effect on device characteristics. Fig. 5.1 shows
that the current mismatch in the saturation region (indicated by the circular symbols)
gradually changes from a positive value, due to hole traps, to a negative value, due to

electron traps, as the stress gate voltage increases. A similar phenomenon is also
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observed for the saturation-region voltage mismatch shown in Fig. 5.2. Note, for a mid-
gate-stress-voltage condition, the peak in the mismatch (for both Al/I, and AV,;) observed
in the linear region disappears in the saturation region, as a result of unoccupied acceptor-
type interface states. Thus, because most NMOSFETs used for analog applications are
biased in the saturation region with a low gate-to-source voltage, hole trapping is expected
to have a larger impact than acceptor-type interface state generation on long-term device

reliability.

Fig. 5.3 and Fig. 5.4 show how the impact on device performance of a given
amount of NMOSFET hot-carrier-induced damage depends on the particular device
biasing conditions in a circuit. The device in these two figures was stressed under a
certain low Vg and high V¢ condition (Vg=1.3V, V,;=9.3V). This stress condition
corresponds to a dominant hole-trapping degradation mechanism, although some interface
states are also generated (see Figs. 5.1 and 5.2). When measured in the saturation region,
AI/1, is positive due primarily to the "channel shortening" effect induced by the positive
hole traps in the oxide near the drain [5.14]. When measured in the linear region, the
acceptor-type interface states are now occupied, increasing the number of scattering sites.
Al /T, now changes sign to the negative due to the reduction in inversion-layer mobility
[5.15].

Note, in (5.1) and (5.2), the I /g, term can be shown to be proportional to (V-
V)72 or (I,/2B,)"? in the saturation (quadratic) region. Thus, near the subthreshold
region, where I/g, is small, the current mismatch is expected to be the most severe for
current-mirror applications and the gate-voltage mismatch can be minimized for
differential-amplifier applications. Both of these trends can be observed in Figs. 5.3 and
5.4. These characteristics of hot-carrier-induced device mismatch are quite similar to the
characteristics of intrinsic mismatch which arise due to process non-uniformity. The main
difference is that the hot-carrier-induced AR, and AV, are strongly bias-dependent and will

change over time.
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5.2.2. Analog Device Performance Degradation

Hot-carrier degradation also affects analog device performance parameters such
as the transconductance (g,) and output resistance (r,). These parameters, in turn, can
affect circuit performance parameters such as open-circuit voltage gain and output signal
swing over which a large open-circuit voltage gain is available [5.16]. Fig. 5.5 illustrates
how g, and r, degrade for different operational bias conditions. From Fig. 5.5, it is clear
that most of the observed voltage gain degradation (A,=g,1,) is due to a reduction of
output resistance rather than a reduction of transconductance. Note, that hot-carrier
degradation can significantly alter r, even with very little visible change in the I-V
characteristics [5.10). Whereas, for digital applications, current degradation is the most
useful hot-carrier degradation parameter, for analog applications, monitoring current

degradation alone is not necessarily sufficient to evaluate hot-carrier reliability.

5.3. Differential Amplifier Degradation

From the device DC degradation data, it is evident that the operating conditions
of analog circuits, not only affect the level of hot-carrier stress (and hence, the amount
of generated damage), but also influence how the hot-carrier-induced damage impacts the
device parameters. Therefore, in order to obtain meaningful results about the impact of
hot-carrier-induced damage on circuit performance, it is necessary to base the study on

actual circuit operation under realistic conditions.

This section focussed on the analysis of the single-ended differential amplifier, a
basic analog subcircuit. Fig. 5.6 displays the basic schematic. On-chip MOS switches
(not shown) were utilized in order to characterize each individual device without affecting
the circuit loading conditions during normal operation. In order to optimize the gain and
speed tradeoff [5.13], [5.17], the input NMOSFETs are biased at a Ip/g,~(Vgs-Vr)/2
condition in the 100-500mV range. This corresponds to a V54 operating voltage of 0.7V-
1.5V. A IMHz square wave with a 33ns rise/fall time and an amplitude of 1V is used
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as the input stress waveform. This waveform creates large voltage swing at the output
node as commonly observed in latch circuits. The SPICE-simulated input and output
waveforms are shown in Fig. 5.6. When V), is reduced, the impedance of My, increases.
Thus, less current flows through My, than through My,. As a result, Vyyp, increases,
approaching V.. For transistor My,, this high drain voltage, combined with a non-zero
drain current, produces a condition of maximum hot-carrier stress. Significant degradation
occurs only during voltage transitions because, during the period of maximum drain
voltage (when V,,=-1V), no drain current flows through transistor My, and no hot
carriers are generated. In order to insure observable circuit degradation within a
reasonable time limit, an 11V power supply voltage was chosen to accelerate the hot-
carrier degradation. This power supply voltage produces a maximum Vs of 9V across

the input NMOSFET device (My;,).

5.3.1. Degradation Characteristics

Under stress, the experimentally measured DC transfer curve of the differential
amplifier changes with time as shown in Fig. 5.7. The shift of the transfer curves creates
an offset voltage and the slope change of the transfer curves changes the amplifier voltage
gain. The offset voltage is defined as the input voltage difference between Vyy, and Vi,
required to achieve the same output voltage (Voyr=Voure). The voltage gain is measured
as the slope of the Vg, curves at the bias point of Vgyyr, equal Vgyp,. The time
dependence of the offset voltage shift (AVgeser) and gain degradation (AA,/A,) is plotted
in Fig. 5.8.

After each hot-carrier stress interval, every device in the test circuit was
individually measured in order to identify which particular devices were responsible for
the observed circuit degradation. As is suggested from SPICE simulation (Fig. 5.6), it is
found that almost all of the hot-carrier-induced degradation occurred in transistor My,.
After stress, the gate-to-source voltage of transistor My, required to sustain the same drain

current is observed to decrease. This is believed to be due to hole trapping because of
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the low gate-to-source voltage seen during stress. The gate-voltage mismatch of transistor
My, under circuit operating conditions (AV;(AC)) versus time is plotted in Fig. 5.8. Its
mismatch closely follows the differential amplifier's offset voltage. This confirms that

most of the Vet Circuit degradation indeed is due to the AV mismatch in transistor
MN2-

The change of voltage gain due to device performance degradation can be

understood by examining the analytic formulas for voltage gain [5.17]

Ay=Bmrt,y Torrt I o) (5.3)

The change of transconductance in transistor My, is very small (see Section 5.2.2.). As
a result, most of the gain degradation in this differential amplifier is due to the
degradation of r, in transistor My,. The correlation is shown in Fig. 5.9. Because r, in
PMOSFET M, does not degrade in this case, (5.3) indicates that the degradation of

overall voltage gain is effectively reduced as compared to r, degradation of transistor My;.

DC stressing of an NMOSFET device was also performed to compare the
degradation in both DC and AC environments. The DC stress voltages were chosen to
match the maximum stress voltage experienced by the My, device in the differential
amplifier circuit as determined from the circuit measurements. The DC result (AV4(DC))
is plotted in Fig. 5.8 and exhibits good correlation with the AC stress data (especially

when properly correcting for duty-cycle differences (5.4]).
5.3.2. Circuit Design Tradeoff

The offset voltage and voltage-gain degradation of the differential amplifier versus
a wide range of operational bias currents are shown in Fig. 5.10. Note, that the same bias
current is used for both stress and measurement phases. As the bias current is increased,

the amount of hot-carrier-induced damage (and hence, the degradation of both circuit
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parameters) also increases because of the following two reasons: (1) with increasing Iy s,
the Vg across transistor My, increases, which leads to greater hole current injection into
the gate oxide under normal differential amplifier operating conditions; (2) with increasing
Igiass My, conducts more drain current and noticeable stress starts to occur, not only
during voltage transitions, but also during the entire period of high drain voltage [5.10].
As a result of these two mechanisms, the performance degradation increases with

increasing bias current.

In order to study the effects of a different input waveform, a IMHz sinusoidal
input signal with an amplitude of 0.1V was applied to the differential amplifier circuit.
This small input signal is commonly observed in amplifier circuits. With such a small
input signal, the gate voltage of the input NMOSFET (M, in Fig. 5.6) is now held almost
constant. Thus, the resulting stress conditions are very similar to the case of DC stress.
The NMOSFET hot-carrier degradation now mostly depends on the DC bias level of the
drain voltage which is controlled by the load PMOSFET transistor width. For the test
structures (with fixed PMOSFET width) used in this study, a small bias current which
causes a smaller Vg drop across the PMOSFET load can produce a larger DC drain
voltage on NMOSFETs and thus larger degradation. Thus, for this particular small-signal
waveform, the hot-carrier degradation generally becomes worse, as the bias current
becomes smaller as shown in Fig. 5.11. This trend is opposite to that observed in Fig.
5.10.

5.4. Current Mirror Degradation

For current mirror operations, the optimization of W/L requires a compromise
between a small saturation voltage (Vpsar~Vgs-Vr) for large signal swing and a large Vs
for a small current mismatch (see (5.1)) [5.13]. For typical W/L ratios, the Vg will have
a bias voltage between 1 to 2V. Thus, it is expected that hole trapping will again be the
dominant degradation mechanism. The gate voltage of devices in current mirrors is held

constant throughout operation. This is similar to differential amplifier operation under a
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small signal input. Therefore, degradation will be mostly dependent on the drain voltage
of the output device. In order to study the worst-case degradation, a constant DC voltage

stress was applied to the output node of a current mirror.

The measured current mismatch, as a function of stress time, is shown in Fig. 5.12
and approximately follows an empirical A.t" relation [5.18]. The current-mirror
degradation as a function of the design parameter I, /W is shown in Fig. 5.13. The
observed bell-shaped dependence is due to interaction between the supply of hot carriers
and the influence of the vertical electric field. As the bias current during stress increases,
at first, the damage increases as more hot holes are generated. However, as the bias
current during stress increases further, the gate-to-drain vertical electric field becomes less
favorable for hot hole injection into the gate oxide, and thus, the amount of degradation

decreases.

If this current mirror is used as a load device for a PMOSFET-input differential
amplifier, it will typically be biased into the deep saturation region in order to reduce its
noise and offset contribution [5.17]. Mismatch in current mirrors will generate a
differential amplifier offset voltage (AI,(NMOSFET)/g (PMOSFET)) which has a
functional form of Al/I,"2. This resulting offset voltage as a function of bias current is

shown in Fig. 5.13.

5.5. Conclusions

This chapter has provided some of the first experimental evidence of NMOSFET
hot-carrier degradation in CMOS analog circuits. Both DC device and AC circuit
experimental data show that the dominant mechanism for NMOSFET degradation in
analog subcircuits is hole trapping rather than interface state generation. Unless the hole-
trapping mechanism is incorporated, present device degradation models and circuit
reliability simulation programs will be unable to predict accurately analog device and

circuit degradation. Thus, it is necessary to reexamine present hot-carrier degradation
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models in order to predict the correct device lifetime and to evaluate circuit reliability for

analog applications [5.19].

This chapter also has demonstrated that hot-carrier-induced circuit performance
degradation is very sensitive to the particular circuit operating conditions and circuit
design. The design curves shown in Figs. 5.10, 5.11, and 5.13 which illustrate the
different trade-offs between analog subcircuit performance and hot-carrier reliability, can
be used to provide insight into design-for- reliability. By taking hot-carrier degradation
into account in the circuit design phase [5.4], [5.5], acceptable hot-carrier reliability may

be achieved without resorting to complex and costly device structures and/or technologies.
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Chapter 6

Conclusions

6.1. Summary

Due to reliability concerns imposed by hot carriers for the continuation of
device scaling, this thesis has examined issues of hot-carrier degradation for CMOS
devices and circuits. The primary purpose of this study is to investigate how devices
degrade under AC circuit operation and the effects of device degradation on circuit
performance. The results of this research help the transition from the traditional DC

device-level reliability criteria to a more relevant AC circuit-level reliability criteria.

The structure of this thesis can be divided into two parts. The first part of this

research concentrated on the understanding of device degradation behavior:

This research has evaluated NMOSFET hot-carrier reliability and proposed
universal guidelines which are applicable to a wide range of bias conditions found in
circuit operations. The degradation time dependence has been observed to follow an
asymptotic behavior due to the non fully-overlapped source/drain structures such as LDD.
The voltage dependence of interface-state generation is affected by the local oxide electric
field near the drain (Eqx~(V-Vp)/Tox). Also device nonuniformity can affect the statistical
variation of hot-carrier lifetime. All three effects need to be taken into account and can
have significant impact on lifetime evaluation. Discussions about the limits of stress

conditions (stress voltage and time) were made to develop efficient and relevant
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projections of hot-carrier reliability.

The asymptotic time dependence of NMOSFET was further investigated in
detail. It was found out that the linear-current degradation of LDD NMOSFET resulits
from mobility reduction due to damage (acceptor-type interface states) under the gate
region and series-resistance increase due to damage under the LDD oxide spacer. As a
result, the degradation time dependence exhibits two different regions which correspond
to these two different degradation mechanisms. At first, the current degradation is due
to series-resistance increase because most of the damage is generated in the LDD region.
However, as enough negative charge accumulates under the oxide-spacer region, an
inversion region is formed and, thus, limits the depletion width and increase in series
resistance. Therefore, the current reduction in the latter stage of degradation is due to
mobility reduction. An asymptotic slope which represents the reduction of carrier
mobility is present and can be used for realistic lifetime evaluation purposes. This result
also points out that a compact device model which includes both resistance and mobility

effects is needed for accurate simulation of circuit degradation.

The second part of this thesis emphasized the evaluation of CMOS circuit
degradation. Both digital and analog circuit test structures have been built and used to
verify the quasi-static approximation and to determine the device degradation mechanisms
under circuit operations. These circuit test structures have provided the benefits of
realistic circuit operating waveforms, reduced inductive noise generation, and direct

comparisons of device and circuit degradation.

For the evaluation of digital circuit reliability, ring-oscillator type test circuits
with different fanouts and logic elements were implemented. Voltage overshoot due to
capacitance coupling between output capacitance and overlap capacitance has been shown
to induce enhanced degradation. The comparison between AC and DC device degradation
indicated that the applicability of quasi-static approximation is in question. The
degradation of NMOSFET devices in high-frequency digital circuits displayed different

damage (acceptor-type interface states) generation rates. Separate AC device experiments
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also exhibited this frequency-dependent generation rate. For PMOSFETS, besides electron
trapping, the device degradation also showed additional donor-type interface state
generation and significant electron detrapping which are not observable in typical DC
device stress experiments. These novel phenomena are believed to be due to the large
voltage swings in digital circuits. As the gate voltage traverses various regions, both hot
hole and electron injection occur in a short time. As a result, interaction between
different mechanisms is possible under high-frequency, short-transient digital circuit

operating conditions.

For the evaluation of analog circuit reliability, differential amplifiers and
current mirrors were used. The particular operating conditions have different impact on
hot-carrier reliability. Because the gate-to-source voltage in typical analog circuits is only
100-500mV beyond threshold voltage, this voltage range results in a dominant oxide
trapping mechanism (hole traps in NMOSFETs and electron traps in PMOSFETs). Also,
because the gate voltage swing in analog circuits is typically much smaller as compared
to digital circuits, devices under circuit stress are very similar to devices under DC stress.
Therefore, DC degradation models with appropriate duty-cycle correction (quasi-static
approximation) can be used to accurately estimate the device degradation under AC circuit

operations.

In conclusion, the dominant device degradation mechanisms relevant to circuit
operation were identified in this thesis. The different operating conditions between digital
and analog circuits have major effects on how the devices degrade. The large gate
voltage swing in digital circuits induces the presence of multiple degradation mechanisms
and, as a result, invalidates the direct application of the quasi-static approximation. In
NMOSFETs, the interface-state generation rate is different. However, the voltage
dependence, which is related to the critical energy for damage generation, in my opinion,
will not change. In PMOSFETS, significant detrapping in AC conditions makes the oxide
traps less a reliability problem. On contrary, the small signal nature of analog circuits
induces DC-like device degradation which makes the quasi-static approximation

applicable. Also the small DC gate bias voltage (near V) in analog circuits makes the
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oxide trapping mechanism more important than interface states.

6.2. Future Research Topics

1. It has been shown in Chapter 2 that the damage generation in NMOSFET depends on
the local oxide electric field. This dependence will have a large effect on both device
lifetime [6.1], [6.2] and circuit-level reliability evaluations where various bias conditions
are used [6.3]. Possible explanations about this effect are the effect of field-dependent
damage generation [6.4] and field-dependent hot-carrier injection into the oxide [6.1]. In
order to have degradation models which are applicable to various bias conditions and
technologies, the physical mechanism needs to be understood and a suitable model needs

to be developed.

2. Both circuit and device experiments have shown different NMOSFET damage
generation rates under high-frequency, short-transient gate waveforms (Chapter 4). The
understanding of this phenomenon is crucial for the evaluation of AC NMOSFET device
degradation. The physical mechanisms, voltage dependence, and appropriate degradation

models need to be developed.

3. Results in this thesis (Chapter 4) have indicated that the electron trapping mechanism
in PMOSFETs is unlikely a reliability concern for digital circuits due to significant
detrapping in AC circuit operation. However, as the channel length of PMOSFET devices
becomes shorter, hot-hole injection induces additional degradation mechanisms - donor-
type interface state and positive oxide charge generation [6.5]-[6.7]. The importance of
these new mechanisms in digital circuit reliability is unclear. Proper modeling of the time
dependence, voltage dependence, and effects on device characteristics is needed for

evaluation of their impact on circuit performance.

4. Because the gate-to-source bias voltage in analog circuits is very small (near V;), the

oxide trapping mechanism is observed to have a more significant impact on analog circuit
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performance than interface-state generations. The primary effect of these oxide traps
(hole traps in NMOSFETs and electron traps in PMOSFETs) is the channel-shortening
effect. In order to predict and simulate the impact of channel-shortening effect on the
performance of analog circuits, further works are needed to model the bias dependence

and examine the effects on device characteristics.
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Appendix

Test Structures for Circuit-Level Hot-

Carrier Reliability Evaluation

A.l. Introduction

While DC device-level reliability testing has been used extensively by the
semiconductor industry, the use of circuit test structures becomes necessary as the
determination of hot-carrier reliability shifts from DC device-type evaluation to AC
circuit-type evaluation. This migration is fueled by recognizing the impact of device
degradation on circuit performance: (1) It has been identified that hot-carrier reliability
criteria based on device-level performance constraints such as threshold voltage (V) or
transconductance (g,,) do not necessarily reflect the degradation of circuits and systems
which use a different set of performance monitors such as propagation delay time (t,,) for
digital circuits and amplifier gain (A,) for analog circuits. In order to choose a more
relevant reliability criterion, the link between the device and circuit degradation must be
established; (2) As scaling of CMOS devices continues aggressively, the application of
traditional device-level criteria becomes harder to meet for today's deep submicrometer
dimensions. Therefore, the use of AC-type circuit reliability criteria not only are more
appropriate for circuit operations, but also are necessary to meet today's reliability

requirements.

In order to answer this challenge, a lot of effort has been spent on developing
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simulation tools to predict accurately hot-carrier degradation based on AC circuit
operation and to evaluate the impact of device degradation on circuit degradation. These
reliability programs either use SPICE [A.1], [A.2] or timing simulators [A.3], [A.4] to
generate accurately AC voltage waveforms. Then, the total device degradation can be
obtained by summing up degradation in small time slices, based on quasi-static
approximation (see (1.7) and (1.8)). As a result, the overall circuit degradation can be
simulated by using degraded device models through empirically fitting [A.1] or theoretical

calculations [A.5] in SPICE or timing simulators.

However, these approaches have no or little experimental verification and exhibit
severe limitations: (1) Precise voltage-waveform modeling is necessary for calculating
device hot-carrier degradation because of the exponential dependence of degradation on
the applied voltage waveforms. Thus, macromodels or timing simulation may not be
sufficient to deal with problems such as capacitance coupling through either device
parasitics and interconnect [A.6];  (2) The applicability of the quasi-static approximation
is never fully verified in AC circuit environments. As a result, the models used in today's
reliability simulators may not be accurate and applicable for circuit-level reliability

simulation [A.6], [A.7].

Also in the past, several studies have used pulsed AC device experiments to study
AC device degradation. The use of different pulse waveforms often produces different
results [A.8]-[A.10]. One common problem associated with the pulsed device experiments
is the large inductive noise generation at device nodes when a short-transient current is
induced by short-transient gate waveforms. This experiment artifact has been shown to
result in the observed enhanced degradation. Other problems for this technique are the
use of unrealistic waveforms and the lack of correlation between degradation of devices

and circuits.

Due to these limitations, circuit test structures are necessary to provide not only
verification vehicles for reliability simulations, but also early failure analysis in technology

development stages.
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A.2. The Requirements for Circuit Test Structures

In order to accomplish the goals of verifying the AC degradation mechanisms and
its impact on circuit performance, circuit test structures must comply with the following
requirements to avoid the problems commonly occurred in simulation and pulsed AC

device studies.

(1) The test structures must reflect the actual operation in real circuit
environments. For digital circuits, this means that the circuits need to operate at
+100MHz with rise/fall times in the range of 100-500ps to mimic today's advanced
0.35um-0.5um CMOS logic circuits operation such as microprocessors using
submicrometer dimensions. For analog circuits, suitable DC bias voltages and appropriate

high frequency input/output waveforms should be used.

(2) Correlation between the device and circuit needs to be established. It means
that the characteristics of circuits (for example, stage delay time for digital circuits and
voltage gain for analog circuits) and devices (for example, device current characteristics
for digital circuits and output resistance for analog circuits) embedded in circuits need to
be directly measured. This will facilitate the direct comparison between device and circuit

degradation without using questionable extrapolation and simulation techniques.

(3) The circuits need to be designed for easy reliability testing without interfering
with the circuit operation. Buffering or high-frequency probes such as Picoprobes® are
necessary for high-frequency input and output signals. Pass transistors should be placed
to isolate the effects of pad capacitance. Also appropriate multiplexing to accomplish

parallel testing can be used to reduce drastically reliability testing time.

By satisfying these requirements, device degradation mechanisms relevant to circuit
operation can be studied and the effects of device degradation on circuit performance can
be evaluated. The following sections will explain the detailed digital and analog circuit

test structures for hot-carrier reliability evaluation.
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A.3. Test Structures - Digital Circuits

The test structures for digital circuits are combinations of typical digital benchmark
circuits which provide a yardstick for a particular CMOS technology and some unique
reliability testing features which facilitate testing of both circuit and device degradation.
The most commonly used benchmark circuits for CMOS technologies are ring oscillators

[A.11] and chain structures [A.12].

A.3.1. Ring Oscillators Structures

Fig. A.1 illustrates a schematic for a typical ring oscillator circuit. This circuit is
operated by a DC supply voltage. An odd number of logic elements such as inverter,
NOR, and NAND gates are connected in a closed loop. The oscillation frequency can be
calculated by

1
2N1,,

Josc= (A.1)

where N is the total number of logic elements and t, is the average propagation delay
time. The advantages of such structures are: (1) the circuit is self-actuating and thus, no
external signal is required; (2) the performance of the circuit can be easily tested by

measuring oscillation frequency.

Based on (A.l), larger number of stages makes the measurement easier to
accomplish. However, smaller odd and prime number of stages is used to not only
alleviate harmonic generation of the fundamental frequency [A.13], but also increase the
usage of individual logic gates to reduce the testing time. The stage delay time versus

power supply voltage is shown in Fig. A.2 for inverter ring oscillators used in Chapter
4.

A special structure was implemented to allow for individual device probing in a

133



ring oscillator as shown in Fig. A.3 without using complex and expensive equipments
such as electron beam probing [A.14]. During normal circuit operation, the pass
transistors are switched off to prevent interference from the probing pads. Without using
these pass transistors, the rise and fall time of logic operation would slow down greatly.
Thus, the employment of these pass transistors insures that the logic gate retains its fast
transient characteristics. During device measurements, these pass transistors allow direct
access to both the NMOSFET and PMOSFET devices in the logic gate. Vddrive node
is used to apply voltage and supply drain current through the transmission gate. Because
of the voltage drop due to on-resistance of the T-gates, a separate pad (Vdsense) and a

pass transistor are used to measure the actual voltage at the device drain node.

The ring oscillator allows us to measure circuit degradation

—____ P (A.2)

which can be directly compared to Al/I, of both NMOSFET and PMOSFET devices
under AC circuit stress. Also direct comparison between DC and AC device degradation

can be accomplished by using this structure (Section 4.5).

Another advantage of this structure is that the circuit degradation due to
NMOSFET and PMOSFET can be decoupled and examined individually by DC stress of
NMOSFET or PMOSFET devices embedded inside the circuit (Section 4.6).

These structures have been successfully implemented and built by Hewlett-Packard
ICBD TDC facility at Palo Alto, CA. A layout plot is shown in Fig. A.4. Detailed
analysis of the result can be found in Chapter 4. Because digital circuits are less sensitive
to individual device degradation, the minimal stress time to observe a reasonable value
of degradation is long. As a result, the output signals of eight circuits are multiplexed to

accomplish parallel testing to drastically reduce reliability testing time.

The main limitation for ring oscillators is that it is only applied for static-logic
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circuits which do not need external input signals. Dynamic logic circuits which are often
preferred for their fast operations and smaller sizes can not be implemented in ring

oscillator structures.

A.3.2. Chain Structures

For circuits which require external signals (such as clock signals), chain structures
are more suitable. Fig. A.5 shows a typical example of chain structures. The main
difference to ring oscillators is that the operating loop is open and thus, external input
signals are needed. To measure the circuit delay time across the chain structures, two
identical structures are constructed with different stages numbers. Only differential
signals are measured to ensure the evaluation of the true stage delay time. As a result,

the delay time associated with input and output buffers can be completely canceled.

=82 (A.3)

where the At is the time delay between the two chains; AN the stage difference.

In order to perform on-chip stress to avoid the measurement-setup-induced noise
contribution to hot-carrier degradation, an internal clock signal is used. The internal clock
signal is generated by on-chip voltage controlled oscillators (VCO). A simple realization
of a VCO is shown in Fig. A.6 [A.15]. The transmission gates between stages of this
ring oscillators serves as voltage controlled resistors. By varying the voltage VCOcntll
and VCOcontl2 and thus, the resistance of the transmission gates, the user can control the

RC time constant of the ring oscillator.

Domino logic circuits are ideal candidates for the chain structures. A latched
domino logic inverter is shown in Fig. A.7. When these domino logic gates are
connected, a precharge phase is initiated by the global clock signal supplied by VCO.

The evaluation of the logic gate will be initiated by the input signal from the previous
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stage [A.11].

This structure has been implemented using MIT baseline CMOS process and
currently in fabrication. Detailed information about the whole test chip can be referred

to reference A.16.

A.4. Test Structures - Analog Circuits

In this study, fundamental building blocks - differential amplifiers and current
mirrors for analog circuits are chosen as the bases for the evaluation of hot-carrier

degradation.

A schematic of the single-ended differential amplifier test structure is shown in
Fig. A.8. The input and output nodes where high frequency signals over IMHz may pass
through need special attention in structure design and test configurations. For input nodes
where there exists an infinite resistance, a passive high frequency coaxial probe such as
Model 10 Picoprobe® can be used [A.17]. These kind of probes, which typically have
frequency bandwidth up to several GHz, should be enough for testing of analog circuits.
A terminating 50 ohm resistor needs to be used at the end of probe tip (supplied by the
probe-tip manufacturer) or on the test wafer (designed by the test-structure designer) to

maintain a constant impedance along the signal path and reduce the signal reflection.

The output nodes which are high impedance nodes for voltage gain purposes are
able to drive capacitance loads. So the output voltage can be measured by using an active
Picoprobe® with input impedance smaller than 1 pico farad. Another way to measure is
to route the signal through a source follower with low impedance output. However, direct

access of device nodes is then blocked.

An additional pad is put on the source node of this source-coupled pair. The

additional pad enables us to measure the device characteristics directly. Because the
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source node in the differential amplifier is a low-impedance node, the contribution of this
additional pad and probe capacitance should have very limited impact on the circuit

operation especially for fully differential operation where the source node is AC grounded.

Current mirror test structures can be implemented directly as shown in Fig. 5.12.
The gate voltage is set by the external current source (Ig,s) and remains constant
throughout the circuit operation. The output voltage waveform (Vqyyr) can be set
externally to simulate various circuit operation. The circuit sensitivity to hot-carrier

degradation can be studied by varying I;,,s and V; for different experiments.
These structures have been successfully implemented and built by Analog Devices,

Inc. at Wilmington, MA. A layout plot is shown in Fig. A.9. Detailed analysis of the

result can be found in Chapter 5.
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