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ABSTRACT

AC/DC Characterization of NMOS and PMOS
Degradation Under AC/DC Stress

Mary Dawes, M.S.
Oregon Graduate Center, 1989

Supervising Professor: D. M. Kim

Hot carrier induced NMOS and PMOS degradation is experimentally
examined. AC and DC measurement of n- and p-channel device parameter
shifts are compared following DC stress. In both types of devices, there was
no appreciable difference in AC and DC measurements of device degradation.
The data indicate that hot carrier induced interface states are shallow and
fast with lifetimes less than 20 ns. The effects of AC and DC stress on NMOS
and PMOS are studied in terms of DC characterization. In PMOS, AC drain
stress is generally quasi-static. On the other hand, AC gate stress produced
enhanced device degradation corresponding to the worst case DC stress. In
NMOS, the effect of AC stress is apparent and drastic. Here, the threshold
value of the oxide electric field, Eot is operative. Below Eot AC drain stress
is again found to be quasti-static. However, AC gate stress is shown to give
rise to enhanced parameter shift compared to the corresponding DC stress.
This dynamic stress could lead to device failure for an oxide electric field
greater than Eot. Above Eot drain pulsing also results in pronounced device

degradation again leading to device failure. The observed AC stress effects

ix



are consistent with the two carrier model.



CHAPTER 1

INTRODUCTION

As silicon fabrication technology has advanced, the feature size of
MOSFETs have been continuously reduced to enhance packing density
and device speed in VLSI circuits. Accompanied with this scaling down
of device features, however, are many undesirable side effects that can
pose serious limitations on reliability. The major concern has been with
the increasingly large electric fields that result from the decreasing channel
length. Hot carriers resulting from these high electric fields can severely
degrade device characteristics. Hence, the stability of short channel MOS-
FETs is a growing area of concern in VLSI. It has thus become impera-

tive to clarify hot carrier phenomena.

Hot carrier induced degradation of device characteristics under DC
bias stress has been well researched. Device degradation has been attri-
buted to carriers being accelerated in the high field region near the drain.
This in turn gives rise to hot carrier generation via impact ionization.

These hot carriers break or strain interfacial bonds, generating interface



states or are injected into the interface/oxide region, giving rise to inter-
face and/or oxide trapped charge.

More recently, device stability under pulsed or AC biasing is being
extensively studied, since AC stress simulates the device operating condi-
tions in actual circuit applications. However, the mechanism for dynamic
degradation under AC stress has not been fully clarified thus far. It is
not clear to date whether or not the same kind of mechanisms for device
degradation may be operative under both AC and DC biases. Also it is
not clear whether or not DC and AC measurement of parameter shift
arising from a common DC stress are the same. There is growing evi-
dence that additional dynamic mechanisms may enter into AC bias

induced hot carrier effects.

Present AC hot carrier treatment is primarily based on empirical
modeling and computer simulation rather than upon experimental data.
This simulation work makes two important assumptions. First, that the
observed degradation of device electrical parameters under DC measure-
ment is the same as that under AC measurement, and second, that AC
hot carrier stress behaves similarly to DC stress for a small increment of
time (quasi-static assumption). The purpose of this thesis is to test experi-

mentally these two assumptions.



For this purpose, the DC and AC behavior of NMOS and PMOS
devices was examined under DC and AC stress. However, there were
some experimental limitations that need to be pointed out. AC measure-
ment data was restricted by the 20 ns circuit resolution. Also the fre-

quency of AC stress was limited by circuit parasitics to 10 MHz.

The major thrust of this thesis is directed toward the characterization
and comparison of, (i) DC and AC measurement of device parameters fol-
lowing DC stress, and (ii) DC and AC stress in terms of parameter shifts
measured under DC bias conditions. This thesis is divided into six
chapters. Chapter 2 presents a survey of the background literature in
these areas. The description of experiments performed during the course of
this study is given in chapter 3. In chapter 4, the results obtained are
presented and discussed. Chapter 5 presents the qualitative interpretation
of the data, and in chapter 6 the highlights of the work are summarized,

together with a few concluding remarks.



CHAPTER 2

BACKGROUND LITERATURE

Hot carrier induced degradation of device characteristics under DC
conditions has been well characterized and researched. A survey of pub-
lished literature shows that the hot carrier problem has been extensively
studied for both n- and p-channel MOSFETs. The primary source of dev-
ice degradation is generally believed to be the same for both n- and p-
channel cases, namely high electric fields and the resulting impact ioniza-
tion [1]. However, the manifestation of this damage is markedly different

in these two types of devices.

2.1 NMOS

Hot carrier effects in n-channel transistors were studied by Hu et al.
in 1985 [2]. They presented a physical model which relates the large
channel electric field to the shifts in pertinent device parameters. The
model was based on this high electric field causing (i) impact ionization
giving rise to substrate current, (ii) hot electron emission producing gate

current, and (iii) interface damage resulting in interface state generation.

Hu et al. pointed out that NMOS degradation shows up primarily in



three device parameters, a shift in threshold voltage, Vt, subthreshold
swing, S and transconductance, Gm. The authors proposed that n-
channel hot electron induced degradation is mainly caused by the genera-
tion of interface states rather than by electron trapping in the oxide.
Furthermore, these interface states reduce local carrier density and mobil-
ity and are generated by hot electrons rather than by hot holes. Addi-
tionally, data were presented to support a linear correlation between Vi, 5

and Gm via the total number of generated interface states [2].

Much work has been focused on correlating n-channel MOSFET
degradation to interface state generation and oxide trapping. In 1988
Fobin et al. presented a hot electron oxide trapping model to explain
NMOS degradation [3]. They use the bond-stretching model of the Si-
Si02 interface of Sakurai and Sugano [4]. Specifically, weak and
stretched bonds with varying angles introduce a continuum of shallow and
deep level traps. Robin et al. point out that although improved oxidation
technology has reduced trap concentration, shallow trap levels persist in
the oxide bulk and deep trap levels near the interface because of its

higher density of strained and dangling bonds.

In 1987 Chen et al. studied electron trap generation during high

oxide field stressing [5]. They proposed that neutral electron traps could



be generated by the energy released during the recombination of free elec-
trons and trapped holes, and that this is the mechanism of electron trap
generation during high field oxide stressing. Chen et al. explain this
recombination induced trap generation in a manner as may occur in the

two carrier model.

The two carrier model was proposed by S. K. Lai in 1981. This
model pointed out a key mechanism responsible for generating the inter-
face and/or oxide trap states. The model is based on the (i) injection and
subsequent trapping of holes in the oxide, and (ii) the capture of injected
electrons by trapped holes [6]. It is important to note, as pointed out by
Lai, that this is not the usual recombination process that occurs in silicon.
When a hole enters a strained bond, and reaches a lower energy state by
deforming it further, it is trapped by the strained bond. Electron trapping
by holes could then be described as electron capture by Coulombic attrac-
tive charge centers. When trapped holes capture electrons, deformed bonds
cannot be restored to their original states. In this manner, neutral traps

would be formed both in the oxide bulk and at the interfarce.

In 1987 Tsuchiya performed experiments to distinguish the effect of
the electron trapping in the gate oxide from that of interface trap genera-

tion [7]. He concluded that transconductance degradation was caused by
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both trapped electrons and generated interface traps. However, the effect
of interface traps becomes increasingly important and that of trapped elec-

trons less important, as degradation increased.

In 1986 the oxide trapping properties were examined by Nissan-Cohen
et al. with charge injection stress experiments [8]. They presented a
dynamic oxide trapping model based on two competing processes: (i) the
continuous trapping of a portion of the injected electrons in localized
oxide states, and (ii) the detrapping of the electrons from occupied traps.
Their data showed that the rate of trap generation increased exponentially
with the oxide electric field, and that only a small fraction of the newly
generated traps are occupied. Hence, measured oxide charge buildup does

not accurately reflect the actual increase in generated traps.

Instabilities in n-channel transistors have been reported to be
markedly increased at stress bias conditions that cause peak substrate
current [9,10]. It has also been suggested that both hot holes and hot elec-
trons generated by impact ionization, together with high energy electrons

in the channel, play an important role in device degradation [10-12].

In addition to the interface state generation [2,13,14], increased
source/drain series resistance [14-16]. decreased effective mobility [2,14,15],

velocity saturation [16-18] and charge trapping localized near the drain



[7,19,20] have also been considered as possible mechanisms for device
degradation. These phenomena are all collectively responsible for the
observed decrease in Gm, decrease in Idsat, increase in Vt and increase in
S [2,13, 15,19,21].

In 1988 Trocino et al. related some of these hot carrier effects in the
n-channel to the stress bias [22]. They proposed that the degradation
observed with a positive gate oxide electric field stress, i.e. (Vg > Vd) is
a result of localized electron trapping in the oxide near the drain. On the
other hand, the damage resulting from a negative electric field stress, i.e.
(Vg < Vd) is primarily from interface trap generation localized near the

drain.

2.2 PMOS

Recently, hot carrier induced degradation in p-channel devices has
been a growing area of concern as well. Hot carrier effects in p-channel
devices differ considerably from those in n-channel devices.

Instabilities in p-channel transistors have also been reported to be
considerably enhanced at stress bias conditions causing peak substrate
current as in the n-channel case [9.23]. However, more recent work indi-

cate that the enhanced damage in p-channel transistors is more closely



correlated to peak gate current [10,24,25]. Hot electrons induced by
impact ionization have been suggested to be primarily responsible for dev-
ice damage [25]. Again this is in contrast to the n-channel case where
both hot electrons and hot holes are believed to cause degradation [12,26].
Differences in the polarity of the effective gate field, i.e. a positive or
negative field, account for how the hot carriers are injected into the gate
oxide and reach the gate terminal near the drain region. In the p-channel
device operating in the saturation region, (Vg > Vd) hot electrons are
pulled into the oxide, some will be trapped and others will traverse the
oxide to constitute the gate current. Holes are swept from the channel to
the drain terminal. Simultaneously hot electrons are also pulled towards
the substrate to constitute substrate current. Again this is in contrast with
the n-channel operating in the saturation region, where the polarity of the
bias is switched. Thus, for the n-channel case, holes contribute to both
gate and substrate currents. Most of the electrons are swept from the
channel to the drain terminal while some are believed to be trapped in

the interface [19,25,26,27].

The different physical processes involved in n- and p-channel devices
give rise to contrasting damage effects. Specifically, the directions of device
parameter shifts in the n- and p-channel, are often opposite to each other.

For the case of the p-channel device, this damage is exhibited in an
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increased Idsat, an increased Gm, a decreased | Vt | and an increased S
[10,25,28,29]. These shifts in device parameters are explained in the litera-
ture as follows. Impact ionization induced hot electrons are accelerated
by the positive gate field into the gate oxide near the drain. Consequently,
electrons are trapped near the oxide interface, inverting the surface to p-
type, and resulting in an extension of the p+ drain region. This in effect
reduces the effective channel length [14,19,25]. Koyanagi et al. caution
that the decrease in punchthrough voltage which results from trapped
electrons creating a shortened channel, may place a fundamental limitation

on device scaling [25].

Hot carrier effects have been examined in n- and p-channel devices
when the measurement was done with the source and drain terminals
interchanged from that of the applied stress [30-32]. In 1983 Lombardi et
al. measured electrical parameters before and after stress using the same
(forward) and opposite (reverse) polarity, to that of the applied stress.
Data showed an enhanced degradation for parameters measured in the
reverse mode. They explained this finding in terms of the potential energy
barrier lowering caused by the trapped charge. That is, electrons trapped
closer to the injecting terminal (i.e. the terminal used as the source)
would be more effective in reducing the surface potential than electrons

trapped near the terminal used as the drain [33]. More measurable
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degradation in the reverse mode can also be accounted for with the
decreased screening of the trapped charge that occurs with the smaller

source junction depletion region [32].

2.3 AC STRESS

The study of AC hot carrier induced degradation is important since
the device operates in a dynamic AC environment in actual circuit appli-

cations.

Until recently, most AC hot carrier treatment was primarily based on
empirical modeling and computer simulation rather than experimental
data. Quasi-static models were used, based upon the assumption that AC
hot carrier stress behaves similarly to DC stress for small time increments.
Kuo et al. voiced a concern about the applicability of a quasi-static model
and the use of DC stressing data for AC stressing lifetime predictions [34].
To support their concern, they cited the work of Weber et al.,, showing
that enhanced degradation occurs as a result of fast high to low gate
transients in the presence of a high drain bias [11]. They proposed that
this was due to the simultaneous presence of a very high channel field
and a large capacitive drain current, which produced an additional com-

ponent of substrate current during the falling edge of the gate pulse. This
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capacitative current cannot be incorporated into the quasi-static substrate
current model. Interesting experimental evidence was also re.purted by Bel-
lens et al. in 1988 [35]. They observed that the switching off of the
transistor causes substrate current which keeps flowing during the gate
switch off period, another condition not covered in the quasi-static model.

While hot carrier induced damage under DC stress has been well
characterized, no unanimous agreement exists on the mechanism for AC
degradation. However, there appears to be some consensus, namely, that
dynamic degradation may involve an additional mechanism arising from
the periodic switching of field conditions [35-37].

In 1988 Cham et al. reported that the degradation of electrical
characteristics of AC stressed n-channel MOSFETSs is not in general com-
mensurate with the DC results [38]. Specifically, AC drain stress is
equivalent to DC stress by the active duty cycle. However, AC gate stress
produced much more damage than the duty cycle factor would have indi-
cated. The authors proposed that it was the gate voltage swing from high
to low value under constant high drain bias that caused the most severe

damage.

In 1988 Ong et al. reported a similar conclusion for p-channel MOS-

FETs when the gate pulse turn-off transient was short, concurrent with a
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high drain voltage [37]. Aoki et al. evaluated hot carrier effects under
pulsed stress in CMOS inverters in 1987 [39]. Their data suggested that (i)
trap and/or interface state generation was dominant rather than trap

filling, and (ii) trap generation was enhanced by pulsed stress.

Various studies on the effects of AC stress on device performance
have made use of the two carrier model of S. K. Lai [6] to explain AC
degradation phenomena.

In 1988 Weber studied AC stressing using separate pulses applied to
the drain and gate [40]. He proposed a qualitative model of AC hot car-
rier degradation which emphasized the important part that holes had in
the final formation of interface states. His model incorporated the two car-
rier model of S. K. Lai [6], i.e. postulating that injected electrons could be
captured by injected trapped holes, resulting in the formation of interface
states. Furthermore, Weber proposed that with increasing damage, the
number of hole traps increased and the hole energy barrier decreased, so

that the hole injection efficiency was further increased.

In 1987 Choi et al. reported the effects of AC gate and drain voltage
transients on hot carrier induced NMOS degradation [41]. They concluded
that, while AC drain stress voltage transients had little eflect on the

degradation rate, AC gate voltage transients increased the degradation
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rate. They further suggested that this finding could be attributed to
enhanced surface state generation as may occur in the two carrier model
[6]. Doyle et al. reported dynamic NMOS stress data and suggested that
both types of charge species were needed in the oxide for enhanced sur-

face state generation [36], again in support of the two carrier model [6].

In 1984 Hofmann et al. carried out n-channel AC stress hot carrier
experiments [42]. They also proposed a degradation mechanism in accord
with the two carrier model [6], and correlated the observed enhanced
degradation under pulsed stress to the presence of fast hole traps close to
the interface. For the static case, these traps were postulated to be posi-
tively charged, causing the effective carrier injection to be screened by the
field near the drain. However, in the pulsed case, these traps emptied in
the time between pulses such that there was a certain time elapse before
they were filled again. Consequently, under these conditions there was a
period of increased effective carrier injection, causing increased degrada-

tion.

Igura and Takeda reported on the hot carrier effect from dynamic
stressing using different n- and p-channel device structures [43]. They pos-
tulated that the initial electric field distribution at the instant of every

AC pulse would differ from that of the DC stress, depending upon the
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amount of electron detrapping, i.e. the trap lifetimes. Data showed that
for certain n-channel device structures, the field could become larger, caus-
ing more damage than the active duty cycle would have indicated. The
majority of p-channel data showed that AC degradation was qualitatively

the same as that under DC stress.

2.4 CHARGE PUMPING

Hot carrier-assisted interface state generation has been shown to be
one of the primary consequences for DC and AC stress in both n- and p-
channel devices [14]. It has been pointed out that the charge pumping
technique can provide an improved evaluation of the damaged interface.
Specifically, the technique can monitor interface state generation free of
the various masking effects due to trapped charge [14,44]. Hence, a survey

of literature on charge pumping is due.

The charge pumping experiment was first initiated by Brugler and
Jespers in 1969 [45]. The experiment consists of applying a pulse train to
the gate and a small reverse bias to the source and drain, while the DC
substrate current is recorded. Since mobile channel carriers are swept to
the source and drain, the substrate current consists of the carriers that

are detrapped from the surface states. Thus, the substrate or charge
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pumping current can provide useful surface state information.

In 1976 A. Elliot used charge pumping currents to measure surface
state densities [46]. He used this technique as a means of separating the
contributions made by fast surface states and fixed oxide charges to thres-
hold voltage shift. He noted the importance of surface state time con-
stants. For example, he pointed out that while most measurements were
carried out under steady state conditions, devices in actual circuit applica-
tions might be operating at speeds faster than the response time of some
of the surface states. Consequently, transistors could have some high fre-
quency characteristics that differed from those under steady state condi-

tions.

In 1984 Groeseneken et al. carried out charge pumping measurements
to determine the Si-SiO2 interface state density on MOS transistors [47].
They presented a model for charge pumping current, based on the emis-
sion of electrons and holes to the conduction and valence bands respec-
tively, under both equilibrium and non-equilibrium conditions. The model
also analyzed the surface band bending under transient gate biasing and

the concomitant trapping and detrapping of electrons and holes.

In 1987 Tseng modified the standard charge pumping technique used

for interface state density measurements [48]. His work was motivated by
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the fact that interface states can act as either traps or recombination
centers depending on the characteristics of the applied gate waveform. By
tailoring the gate voltage pulses in time and analyzing the surface band
bending with respect to the Fermi level, he was able to separate the
states which behaved as traps from those which acted as recombination

centers,

In 1986 Heremans et al. used the charge pumping technique in exa-
mining NMOS degradation [49]. They concluded that the two carrier
model [6] is indeed valid for fast interface states. More recently, they
pointed out that device parameter shifts partially reveal the physical dam-
age at the interface, and that a more precise evaluation of interface
degradation can only be made using charge pumping data in conjunction

with parameter shift data [14].

Thus, much work has been done to contribute toward a better under-
standing of the hot carrier phenomenon and its effect upon device degra-
dation. Yet the complexity of the problem leaves many areas open to

further investigation and some questions still unanswered.
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CHAPTER 3

DESCRIPTION OF EXPERIMENT

3.1 Experiment

The experimental objectives were to test the two premises upon
which previous AC simulation work had been based: 1) AC and DC
parameter measurement equivalence, and 2) AC and DC stress equivalence

for small time increments (quasi-static assumption).

Single n- and p-channel MOSFETs were fabricated at Intel and pack-
aged for examination. Although the single transistor configuration may not
occur in actual circuit applications, it is important to understand the phy-
sics of stress, based on the single transistor operation. Stress was applied
to devices under both AC and DC conditions. Device stress, as used in
this experiment, is the simultaneous application of an increased source-
drain voltage and a worst case gate voltage in the saturation region. The
worst case gate voltage was the gate bias at which the maximum sub-
strate current for n-channel and the maximum gate current for p-channel
devices are induced. It is under these high electric field conditions that

carriers in the channel become ‘hot’, i.e. gain enough energy before an



energy stripping collision to cause device degradation.

3.2 AC wvs. DC Measurement

Data was collected using 20 packaged p-channel and 10 n-channel one
micron technology MOSFETs. The same testing sequence, DC measure-
ment, AC measurement and charge pumping, was followed before and
after DC stress. The electrical parameters of the transistor under test were
measured under low noise DC conditions according to the scheme shown

in Fig. 1.
The application of DC stress biases and measurement of electrical
parameters were performed by the use of an Intel Vax-controlled com-

puter program in conjunction with a HP 4145 semiconductor parameter

analyzer and a HP 10658A test box. This DC characterization consisted of

measuring quantities such as drain saturation current, Idsat, threshold vol-

tage, Vt, transconductance, Gm and subthreshold swing, S.

The value of Idsat was also measured under low and high frequency
low distortion AC conditions following the setup described in Fig. 2. A
packaged transistor was enclosed in a Faraday shielded box, while a HP
8116A pulse generator pulsed the gate and a HF 6622A DC power supply

biased the drain. The source was connected to a 50 ohm Tektronix Digital
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Figure 2:  Block diagram for AC characterization.
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oscilloscope termination. Comparisons of AC and DC measurement were
carried out based on AC and DC Idsat values. The parameter of Idsat
was selected primarily because of its direct measurability under AC condi-
tions. Idsat values were computed by recording transistor output voltages
divided by the 50 ohm oscilloscope termination. This output resistance
value was small enough to insure that saturation drain current would be
measured and that the resistor voltage drop would be a negligible percen-

tage of the bias voltage.

Additionally, charge pumping experiments were carried out both
before and after DC stress. The experiment involves the application of a
train of voltage pulses to the gate, while a small DC reverse bias is
applied to both the source and drain and the DC substrate current is
recorded. As shown in Fig. 3, this was performed by means of an Intel
301 PC-controlled computer program, a HP 8116A pulse generator, a HP
16055A test box and a HP 4140B picoammeter. As the gate is pulsed,
the channel is cycled between inversion and accumulation, causing a
repetitious charging and discharging of the Si-Si02 interface states. Under
this condition, the trapped minority carriers recombine with substrate
majority carriers during accumulation, and result in recombination

current, i.e. charge pumping current, Iep [1].
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This experiment is based upon the following assumptions. First, that
mobile minority carriers induced in the channel drift back to the source
and drain, and do not contribute to the charge pumping current. Second,
that channel inversion time is sufficiently long for carriers to be trapped
at the interface. Third, that pulse switching time is long enough to allow
mobile inversion minority carriers to drift back to the source and drain.
Additionally, the application of square gate pulses with fixed rise and fall
times, made possible the assumption that there was a constant amount of
emitted charge per cycle, and consequently, the same recombining charge,

Qss per cycle [1-4].

38
Iep = 2 (1)
second
Icp = Qss - frequency (2)

The increase in charge pumping current, if any, can be considered to
be a monitor of interface trap demsity. The measurements can thus be
used to evaluate hot carrier degradation in terms of interface damage

and/or interface state generation [1].
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3.3 AC vs. DC Stress

Data was collected from 30 p-channel and 20 n-channel submicron
technology devices from the same run using the scheme shown in Fig. 4.
DC electrical parameter measurements were made on devices before and
after high frequency low distortion AC stress. AC stress time was assumed

to correspond to the pulse active duty cycle time.

Comparisons were made for three groups of bias conditions, differing
in whether the applied voltage was AC or DC. These included (a) DC
drain with DC gate bias, (b) AC drain with DC gate bias and (¢) AC
gate with DC drain bias. The transistors which were compared were from
the same process run and device structure. An additional precaution was
made by selecting devices with essentially the same substrate current for
each of the above three stress conditions. The substrate current was meas-
ured at fixed bias conditions before any applied stréss. These measurement
conditions consisted of a fixed drain voltage under worst case bias condi-
tions, i.e. Vd=7.0V and Vg =2.0V for n-channel and Vd=-5.5V and
Vg=-1.0V for p-channel devices. This method of categorization compen-
sated for any discrepancies in effective channel length and bias that might
be present. In this way, any differences in transistor degradation could be

attributed to differences in the three siress cases, (a),(b) and (c).
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Figure 4: Block diagram for AC stressing.



The details of the test conditions have been relegated to the appen-

dix.
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CHAPTER 4

RESULTS

This chapter summarizes the experimental results obtained during the
course of this thesis. As mentioned in the previous chapter, the experi-
ments were designed (i) to compare AC and DC measurements of MOS-
FET parameters before and after DC stress and, (ii) to compare AC and
DC stress in terms of DC measurements of MOSFET parameters before

and after stress.

A brief look at MOSFET operation is needed at this point for a
clearer presentation of these results. The MOSFET is a three terminal
device, in which source-drain current is controlled by the gate voltage.
Since the gate terminal is insulated from the channel by a high impedance
dielectric material, it draws virtually no current. Hence, by changing the
gate bias, the conducting channel between the source and drain turns off
and on [1]. Three types of charge states are induced under the gate as a
result of the change in gate bias. These include (i) the ‘accumulation’ of
majority carriers, (ii) the ‘depletion’ of majority carriers, and (iii) the
induction of minority carriers. The device turns on when the gate voltage

exceeds the threshold voltage, Vit the minimum gate voltage required to



invert the surface and induce the conducting channel.

It is important to define threshold voltage measurement, since it can
be measured in different ways. Threshold voltage as defined in this experi-
ment, was the gate voltage at which 10 pA of drain current were meas-
ured for a fixed aspect ratio under a fixed drain voltage of = 0.1V. The
aspect ratio was 50 for the n-channel devices and 60 for the p-channel

devices.

When a gate voltage, Vg larger than Vt is applied, the drain bias,
Vd produces a a resistor-type operation. In this triode region, the drain
current, Id depends on both the gate and drain voltages, the oxide capaci-

tance (Cox), mobility (1) and channel length (L) as [2]:

vd®
M=K |(Ve=Vi)Vd ~ — (3.1)
2
L&
L

As Vd is increased, the channel pinches off and the voltage across the
channel remains fixed. In this saturation region, the drain current is con-
trolled by the gate voltage and becomes almost independent of the drain

voltage [2]:

K 2
Idsat = — - (Vg—Vt) (4)
2
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The transconductance is defined as Gm = AId/AVg ,Vd = constant
and is an important parameter affecting the small signal amplification. It

is given in the linear and saturation regions respectively as [1],

Gm = K-Yd (5.1)
Gm = K-(Vg-Vt) (5.2)

For gate voltages less than Vt, no channel is formed, so that there is
only a very low subthreshold drain current. The subthreshold swing, S is
a measure of the MOSFET's turn-off characteristic. Specifically, the
subthreshold swing is the gate voltage swing needed to reduce the

subthreshold drain current by one decade [3]:

AVe
2 —— (6)
ALog,,(1d)

4.1 DC Measurement

Figure 5 summarizes the typical characteristics of a n-channel transis-
tor, i.e. Id as a function of drain voltage (A), Id, Vi and peak Gm as a
function of gate voltage (B) and S as a function of stress time (C). The
parameters under study, Idsat, Gm, Vt and S were measured under DC
conditions before and after DC stress. Notice that Tdsat and Gm are the

most sensitive monitors of stress induced degradation. The effect of DC
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Figure 5: N-channel transistor I-V curves (A), subthreshold characteristics and
transconductance (B), before (-—) and after (—) DC stress, and
subthreshold swing vs. stress time (C). Stress conditions for (A) and
(B) were Vd=7.0V, Vg=2.5V for 3 days. Stress conditions for (C)
were Vd=T7.0V, Vg=2.5V. Measurements were made with the

source/drain terminals interchanged from that of the applied stress

(reverse).
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stress for the n-channel is manifested in:
i) a decrease in Idsat, i.e. by 11%
ii) a decrease in Gm, i.e. by 10%
iii) an increase in Vt, i.e. by 1%
iv) an increase in S, i.e. by 5%

These measured values of stress induced shifts are consistent with
those reported in literature [4-7]. From these data one can conclude that
(i) a degradation in mobility, (ii) an increase in series resistance, (iii)
reduced surface mobile charge density via interface state generation or (iv)
the combination thereof have occurred following DC stress. Note that the

rise in S as a function of stress time is distinctly bimodal.

Figure 6 shows the corresponding p-channel data measured under DC
conditions before and after DC stress. It is interesting to note that for the
case of p-channel, most of the direction of stress induced parameter shift
is in marked contrast with the n-channel case. Again Idsat and Gm are
the most sensitive monitors of degradation. The effect of DC stress is
manifested in:

i) an increase in Idsat, i.e. by 309%
ii) an increase in Gm, i.e. by 14%

ili) a decrease in | Vt |, i.e. by 107
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subthreshold swing vs. stress time (C). Stress conditions for (A) and

(B) were Vd=-8.0V, Vg=-1.7V for 6 hrs. Stress conditions for (C)

were Vd=-9.0V, Vg=-1.7V.
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iv) an increase in S, i.e. by 11%

These measured parameter shifts again are consistent with the values
reported in the literature [7-10]. A striking feature of p-channel degrada-
tion is the apparent channel shortening, as may be seen from Egs. (3.1)-
(5.2). Note that S as a function of stress time is unimodal in contrast

with the n-channel case.

The degree of change in device characteristics measured under DC
conditions is quite sensitive to the polarity of measurement with respect to
the applied stress. Figure 7 presents a n-channel example of this effect.
Parameters were measured with the same source/drain configuration as
that of the applied stress (forward), and with the source and drain termi-
nals interchanged (reverse). As observed in this figure, Idsat as measured
in the reverse direction, decreased by 199, while Idsat as measured in the

forward direction decreased by about 3%.

This larger parameter shift measured with the source and drain ter-
minals interchanged has been noted in literature [11]. As mentioned in
chapter 2, this can be qualitatively understood as follows. A trapped
charge affects the device performance more directly when it is not hidden
by the depletion region, and is close to the injecting terminal where the

potential energy barrier lowering is more significant [12,13].
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4.2 AC Measurement

Figures 8 and 9 present the AC data, measured from the same dev-
ices whose DC data have been discussed in Figs. 5 and 6. Figures 8
(A),(B),(C) and (D) display the n-channel pre- and post-stress AC voltage
waveforms measured at a frequency of 10 kHz. Each oscilloscope trace
exhibits the input voltage waveform (upper signal) and the output voltage
waveform (lower signal). Figures 8 (A) and (B) show the rising edge of
both the input and output waveforms before and after DC stress. Figures
8 (C) and (D) show the corresponding falling edge. Circuit parasitics res-
tricted measurement resolution to 20 ns, i.e. the time to reach steady
state following overshoot. Note that the effect of stress manifests itself in
the difference in the steady state output voltages, as can be clearly
observed from these figures. Parasitic induced waveform overshoot and
ringing is essentially the same before and after DC stress. Specifically, this
n-channel device showed a 11% decrease in steady state output voltage.
This explicitly indicates that Idsat is decreased by 11%, in agreement with
the DC data discussed earlier. Impact ionization induced breakdown lim-
ited the upper range of stress voltages to 7.5V. Hence, stress voltages were
applied for longer periods of time and measurements were taken with the

source and drain terminals interchanged in order to enhance stress induced



—
P!
p—

(A)

:

"l s
M VIRl LA

AN EEE
WER B A
s
"l
0 1 2
AHEEE N
R O 7

FI

Figure 8:  N-channel gate input and load output waveforms: (A).(B) the rising
edge before and after DC stress, (C).(D) the respective falling edge
Stress conditions were Vd=7.0V, Vg=2.5V for 3 days. Measure-
ments were marde in the reverse direction with 50% duty cycle pulses

at a frequency of 1 MHz.
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Figure 9:

P-channel gate input and load output waveforms; (A),(B) the rising
edge before and after DC stress, (C),(D) the respective falling edge
Stress conditions were Vd=-8.0V, Vg=-1.7V for 6 hrs. Measure-
ments were made with 505 duty eycle pulses at a frequency of 1

MHz.
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damage for examination (appendix).

Figure 9 presents the corresponding data obtained frofn a p-channel
device using a frequency of 1 MHz. Again, the effect of stress is exhibited
in the difference in the steady state output voltages. Note that the 319%
output voltage level increase is in agreement with the corresponding DC
data of Fig. 6. The p-channel devices were not restricted in stress voltage
levels. Hence the higher bias conditions used (Vd=-8.0V, Vg=-1.7V)
resulted in greater Idsat shifts.

The comparison between AC and DC measurements was further car-
ried out by systematically varying the stress conditions, i.e. by changing
the drain voltages for a fixed gate voltage. As can be observed from Figs.
10 and 11, the AC and DC measured shifts in n- and p-channel Idsat

values, are in good agreement for all the drain voltages used.

The shifts in AC Idsat values in n- and p-channel devices are now
plotted in Figs. 12 and 13 respectively as a function of frequency, ranging
from 100 Hz to 3 MHz. Note that the 119 decrease in n-channel Idsat
and 27% increase in p-channel Idsat remain approximately independent of
frequency. The slight downward trend in Idsat values with increasing fre-
quencies is due to the low pass nature of the parasitic capacitances in the

circuit. This frequency independence of the parameter shift again indicates
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that the characteristic time for charge trapping and/or detrapping as
affects device performance is short (< 300 ns). Again the higher stress

voltages used with p-channel devices resulted in larger Idsat shifts.

The measurement of Idsat shifts was repeated for different gate vol-
tage base-levels. The surface band bending and concomitant degree of car-
rier accumulation, trapping or detrapping for a fixed inversion, can be
varied by using different gate pulse base-levels. Furthermore, the meas-
urement was carried out at high and low frequencies. In this way, accu-
mulative charge build-up, if any, from incomplete trap emptying in the
time between gate pulses, could be observed. Figures 14 and 15 show that
changing the base-levels of of the gate voltage do not significantly alter
Idsat shifts for either the n- or p-channel transistors. From this one may
infer that the stress induced trap level is shallow and that the trap life-
time is shorter than 20 ns. Additionally, the charge trapping or detrap-
ping from deep levels, if any, does not play a significant role in changing
Idsat levels.

It is interesting to point out that the parasitic effects associated with
AC measurement depend sensitively on the gate base-level used. As can be
observed from Figs. 16 and 17, the Idsat shift remains more or less con-

stant at approximately 16% and 30 for n- and p-channel devices respec-
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1.7V for 16 hrs. Measurements were made with 50% duty cycle

pulses at a frequency of 100 Hz.



Figure 16:

N-channel gate input and load output waveforms; (A),(B) the rising
edge measured before and after DC stress with a gate base-level,
Vg=-1=>+2V, (C),(D) the respective falling edge, (E),(F) the ris-
ing edge measured with a gate base-level, Vg=-3=>+2V, (G),(H)
the respective falling edge. Stress conditions were Vd=7.0V,
Veg=2.5V for 3 days. Measurements were made in the reverse direc-

tion with 50% duty cycle pulses at a frequency of 10 kHz.
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P-channel gate input and load output waveforms; (A),(B) the rising
edge measured before and after DC stress with a gate base-level,
Vg=0=>-2V, (C),(D) the respective falling edge, (E},(F) the rising
edge measured with a gate base-level, Vg=+2=2>-2V, (G),(H) the
respective falling edge. Stress conditions were Vd=-10.0V, Vg=-
1.7V for 16 hrs. Measurements were made with 50% duty eycle

pulses at a frequency of 10 kHz.



60

{21651 R O
L alsaeda bl ol
N 0 ) D e
PO A O




61

tively. However, waveform overshoot and ringing are more pronounced

with increasing base-level magnitude.

4.3 Charge Pumping Measurement

Charge pumping measurements were made before and after DC stress
for n- and p-channel devices. Figures 18 and 19 show that charge pump-
ing current increases following stress, in agreement with reported results
[14,15]. Figure 18 presents the n-channel pre- and (higher) post-stress
charge pumping current, (A) and corresponding difference,(B) as functions
of frequency. Figure 19 shows the same data measured from the p-channel
case, Note that charge pumping current is significantly increased after
stress in both cases. This is experimental evidence that hot carriers dam-
age the interface and generate interface states. The degree of damage is
primarily determined by the bias voltages: Vg by controlling the carrier
injection rate into the high field region, and Vd by dictating the channel
electric field near the drain. Notice also that charge pumping current is
proportional to frequency. This can be expected from equations (1) and

(2), and from published findings [16,17].
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Figure 18: (A) N-channel charge pumping current vs. frequency before (@) and
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current vs. frequency. Stress conditions were Vd=7.5V, Vg=2.5V
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4.4 AC vs, DC Stress

The focus of this section is to present the data collected in testing
the assumption that AC and DC stresses are equivalent for small time
increments. As mentioned in the previous section, AC and DC data under
DC stress were found to be the same. Here, the effects of AC and DC

stresses are compared in terms of DC parameter measurement.

Devices with the same initial substrate current were evaluated in
terms of the following stress conditions: (a) DC drain with DC gate bias,
(b) AC drain with DC gate bias and (¢) AC gate with DC drain bias.

The shifts in Gm and Idsat were examined for n- and p-channel devices.

4.4.1 PMOS

As discussed in the previous chapter, instabilities in p-channel param-
eters can be significantly enhanced at stress bias conditions that cause
peak gate current to flow [18,19]. Figure 20 displays both substrate and
gate currents as functions of gate voltage for different Vd’s. Note that the
peak gate current for a fixed drain voltage (Vd=-8.0V), occurs when Vg=
-1.0V. Devices were tested for the three cases, (a),(b) and (c) near the
worst case condition, namely at Vd=-8.0V, Vg=-1.0V and Vd=-8.0V,

Vg=-2.0V.
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Figure 21 shows typical stress gate current as a function of DC stress
time from case (a). Note that it starts at a maximum and monotonically

decreases as time increases. This can be qualitatively understood as

increased hot electron trapping reducing the channel field near the drain
end [20,21].

The resulting Idsat shifts measured for the three cases, (a), (b) and
(¢) near the maximum gate current are plotted as a function of stress
time in Fig. 22 (Vd=-8.0V, Vg=-1.0V) and Fig. 23 (Vd=-8.0V, Vg=-
2.0V). AC stress time was compared with DC stress time in terms of the
active duty cycle pulse ‘on time’. Notice that there does not exist a
significant difference among these three cases. This implies that near the
worst case gate bias, AC gate or AC drain stress result in degradation
comparable to the DC case in terms of the active duty cycle. Note also (i)
the non-saturating behavior of the Idsat shifts as a function of stress time,
and (ii) that the peak gate current (Vg=-1.0V), is consistently associated

with higher Idsat shifts.

When these three stress cases are compared at a gate bias much
higher in magnitude than the worst case, i.e. Vg=-5V, there is a distinct
difference in the parameter shifts. As observed in Fig. 24, cases (a) and

(b) do not show much shift at all (within the 19 limit of the system
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Figure 21: P-channel gate current vs. DC stress time. Stress conditions were

Vd=-8.0V, Vg=-1.0V.
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Figure 22: P-channel Idsat shifts vs. effective stress time: filled diamonds (e)

represent an AC stress with Vd=-8.0V drain pulse, Vg=-1.0V DC
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a DC stress with Vd=-8.0V, Vg=-1.0V. Stress was applied with

509 duty cycle pulses at a frequency of 10 MHz.
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Figure 23: P-channel Idsat shifts vs. effective stress time: filled diamonds (e)
represent an AC stress with Vd=-8.0V drain pulse, Vg=-2.0V DC
gate bias, filled circles (®) represent an AC stress with Vg=-2.0V
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50% duty cycle pulses at a frequency of 10 MHz.
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resolution). This is in marked contrast with the results of Figs. 22 and 23
where Idsat shifts as much as 10% were observed for (a) and (b). How-
ever, unlike (a) and (b), case (c) shows the same non-saturating 10% Idsat
shift as in Figs. 22 and 23. To the best of our knowledge, the striking
difference observed in case (¢) from those of (a) and (b) is reported here

for the first time.

Since the AC gate stress resulted in more pronounced Idsat shift, the
p-channel degradation behavior was further examined using different gate
pulsing conditions. Figure 25 presents the shift in Idsat as a function of
stress time for several different gate pulse amplitudes at a fixed off-bias,
i.e. Vg=0V. As can be seen from this figure, Idsat shift is essentially the
same for all the gate pulse amplitudes used. As mentioned earlier, the
maximum degradation in p-channel devices occurs at a gate bias, Vgm
causing maximum gate current. Hence, as long as the gate pulse ampli-

tude crosses Vgm, the parameter shift is essentially the same.

Next, the gate voltage amplitude was varied by changing the pulse
base-level for a fixed on-bias, i.e. Vg=-1.0V. Figure 26 presents the
corresponding Idsat shifts as a function of stress time for different gate
pulse base-levels. Again the effect of gate base-level on device degradation

is not significant.
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Figure 25: P-channel Idsat shifts vs. effective stress time for different gate pulse

amplitudes at a common voltage high, (Vg=0V) and a common DC
drain bias, Vd=-8.0V : filled circles (@) represent an AC stress with a
Vg=-1=>0V gate pulse, open squares (O) with a Vg=-2=>0V
gate pulse, filled diamonds (¢) with a Vg=-4=>0V gate pulse and
filled squares (@ with a Vg=-5=>0V gate pulse. Stress was applied

with 50% duty cycle gate pulses at a frequency of 10 MHz.
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mon voltage low, (Vg=-1.0V) and a common DC drain bias, Vd=-
8.0V : filled circles (®) represent an AC stress with a Vg=0=>-1V
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4.4.2 NMOS

The performance of n-channel transistors was likewise examined under
the three stress conditions, (a),(b) and (¢). The instabilities in n-channel
transistors are sharply peaked at stress bias causing the maximum sub-

strate current [19,20].

Figure 27 shows both substrate and gate currents as functions of gate
voltage for different Vds. The peak substrate current for a fixed drain vol-
tage (Vd=7.5V) is shown to occur when Vg = 2.0V. Figure 28 presents
the substrate current as a function of DC stress time from case (a). Again

the substrate current monotonically decreases as stress time increases.

Figure 29 is the n-channel counterpart of the p-channel data
presented in Fig. 22. The gate voltage was chosen near the worst case
bias, i.e. near Vg=2.0V. The same observed Gm shift for cases (a) and
(b) suggests that AC drain stress results in degradation identical to the
DC case in terms of the active duty cycle. The gate pulsing stress, case
(c) however, gives rise to considerably larger Gm shift for all the exam-
ined stress times. This is in marked contrast with the p-channel case (Fig.
22). The work of Cham et al using gate and drain pulse stress on submi-

cron NMOS devices is in agreement with this data [22].
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Next, attempts were made to compare these cases at a bias much
higher than worst case, i.e. Vg=5V. Figure 30 presents the Gm shift for
case (a) only. In contrast to the p-channel case, the parameter shift is
almost the same as that in Fig. 29. The data for cases (b) and (c) could
not be obtained because of repeated device failure via gate burn-out. Dev-
ices failed for both case (b) (Vd=7.5V AC, Vg=5.0V DC) and case (c)

(Vg=5.0V AC, Vd=7.5V DC).
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CHAPTER 5

INTERPRETATION AND DISCUSSION

In this section the physical processes associated with stress induced
degradation will be highlighted. First a general discussion of the physics
behind the hot carrier phenomenon will be briefly summarized. Following
this, the specific hot carrier effects as applied to the data presented in this

thesis will be discussed.

6.1 General Discussion

As mentioned in the introduction, there is a general consensus that
the driving force behind all hot carrier effects is the large electric field
induced at the drain end of short channel devices. In the presence of a
high field, a carrier can gain enough kinetic energy that upon collision
with an atom, it can break lattice bonds and create an electron-hole pair.
This is illustrated schematically for the case of the n-channel device in
Fig. 31.

The stress enhanced substrate current is a direct consequence of hot
carrier effects. The substrate current can be phenomenologically expressed

as,

Isub = Id - exp(—Qi/qAEm) (7)
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where Id is the drain current, Qi the minimum energy for impact ioniza-
tion, q the electronic charge, A the carrier mean free path and Em the
maximum channel electric field [1-4]. The substrate current is determined
by two factors, first Id, a measure of the number of carriers injected into
the high field region, and second, the exponential term representing the
probability that the hot carrier gains sufficient energy to give rise to
impact ionization. As the electric field, Em is increased, Isub exponentially
grows.

The failure mechanism in devices involves two steps: (i) a high field
giving rise to hot carriers, and (ii) the injection and/or trapping of these
hot carriers in the oxide/interface region. An important consequence of
this is the formation of interface states or traps. Interface trap generation

therefore can be empirically modeled as,
t-Id
ANit = |— - exp(—Qit/q\Em) (8)
“F

where ANit is the generated interface trap density, t the stress time, W
the channel width, Qit the critical energy required to create an interface

trap and n an empirical fitting parameter [1,4].

Interface state generation also is comprised of two factors; the total

number of carriers spilling into the high field region during the stress time



t, t'Id/W and the probability to create an interface trap.

Charge pumping current, Icp is a monitor of interface state genera-

tion. The current can be correlated to Nit as,
Iep = g f-A-Nit-AE (9)

where { is the pulse frequency, A the effective gate area and AE the inter-
face state energy range [4-7]. Charge pumping current can, in essence, be
interpretated as being due to the ecarriers which are detrapped from the
interface states via the gate bias. Thus an increase in interface state den-
sity due to stress will be accordingly reflected in an increase in charge
pumping current [8].

The physical damages introduced by hot carriers are not only
reflected in interface trap generation, but also in shifts in such device
electrical parameters as Gm, Vt, Idsat and S. The stress induced parame-
ter shift in the normalized subthreshold swing, S/So is related to the shift

in the normalized interface state generation, Nit/Nito as,

AS ANit, Csso
% . (10)
So Nito Cox + Cd + Csso

where So is the initial subthreshold swing, Nito the initial interface state
density, Csso the initial surface state capacitance. Cox the gate oxide

capacitance and Cd the depletion region capacitance [9].
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5.2 DC Stress and DC Characterization

The data presented in this thesis are now discussed. Charge pumping
current measurements before and after stress (Figs. 18 and 19) show that
indeed interface states are generated as a result of stress for both n- and
p-channel devices. For both the cases, Nit is approximately proportional to
stress time for all frequencies used for measurement, i.e. the empirical fac-
tor in Eq. (8) is approximately one.

For PMOS, both substrate and gate current exhibit pronounced peak
as a function of gate voltage (Fig. 20). This trend can be understood with
the use of Eq. (7) in conjunction with the electric field distribution in the
channel. For a fixed Vd in the leakage region of device operation, most of
the drain voltage is dropped across the reverse-biased p-n junction region
at the drain end. The field is therefore highly localized and Em at the
drain end is large. This field configuration remains more or less the same

throughout the subthreshold region.

With the onset of channel formation, Em is still high since the device
is saturated. With increasing Vg, the device enters into the linear region,
and Em will be rapidly reduced. In the leakage and subthreshold regions,
Em will remain essentially flat and the impact ionization rate is constant.

At fixed Vd, the drain current exponentially increases with increasing Vg
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in the subthreshold region. Thus, the resulting electron flux into the high

field region gives rise to the rapid increase in substrate current.

For Vg > Vt, Id increases according to the power law Vg (linear
region) or Vg® (saturation region). Simultaneously, Em decreases slightly
for the reasons discussed in [10]. The effect of the slight decrease in Em is
exponentially amplified (Eq. (7)). Hence, the decrease in probability for
impact ionization outweighs the increase in Id, and Isub should fall with
increasing Vg. Therefore, Isub will be peaked at an appropriate Vg value.
One can understand the substrate current data obtained from the NMOS

(Fig. 27) in the same manner.

The behavior of Ig (Fig. 20) can also be understood in a similar
manner. Here Isub can be viewed as a source for generating Ig. The same
electron, if pulled toward the substrate, constitutes Isub. For the later
process, however, the electron can further induce impact ionization, mak-
ing more carriers available for Isub and Ig. This point was further exam-
ined experimentally by measuring Ig and Isub simultaneously. Figure 32
presents Ig vs. Isub plots for several PMOS gate voltages. Clearly. Ig is

seen to follow the square law with respect to Isub, viz.

a

Ig = C - Isub ° (11)

Here, the proportionality constant, C is found to be independent of



1078 , ]
VQ =- 1.0V
at His
1079 | -2.0V]
& 2.5V
..i;_’ 10-10 -
=)
o
i
(oLl = .
|O‘| 2 | ]
[is 22 106 10°3 0-4
Isub,» A
Figure 32: P-channel gate current vs. substrate current for different gate biases

with Vd varied from -5.0V to -8.0V.



91

temperature, but is weakly dependent on Vg. The data presented in Figs.
20 and 32 are consistent with each other. According to Egs. (7) and (11),
Ig is more sensitively dependent on Em than Isub. That is, the peak of
Ig should be shifted to the left of the Vg axis from the corresponding

Isub-peaks, which is in agreement with the data.

Next, the device parameter shift measured under DC conditions fol-
lowing stress is discussed. For the NMOS, Idsat and Gm decrease due to
stress. The Vt-shift is insignificant because Vit is measured with a small
Vd bias. The decrease in Idsat and Gm is an indication that the effective
channel mobility has decreased, series resistance has increased or the com-
bination thereof. Figure 33 shows that the extracted series resistance does
indeed increase with stress time with both DC and AC stress time. The
observed transconductance, Gm(obs) depends on the series resistance at

the source (Rs) according to

Gm
Gm(obs) = (12)
1+ Rs-Gm

where Gm is the true transconductance [11]. The monotonic increase in S

as a function of stress time is consistent with the monotonic increase in

Nit with stress time (Eq. (8)).

Next consider the change in parameter shift as measured in forward
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and reverse directions. The shift in Idsat is much more pronounced when
measured in the reverse direction (Fig. 7). This is expected since interface
state generation and the electrons trapped therein adversely affect device
performance much more directly when located near the injection terminal
[12,13]. The dependence of Vt and Gm shift on source/drain polarity is
not appreciable. This is due to the fact these parameters were measured
in the linear I-V region, where the channel extends all the way from the

source to the drain.

For the case of PMOS, Idsat and Gm increase while the magnitude
of Vt decreases. The decrease in the magnitude of Vt is an indication that
surface damage has been created and a positive charge sheet has resulted.
It is reasonable to attribute the increase in Idsat and Gm to the appreci-
able channel shortening operative in the stressed p-channel device. As
mentioned earlier, hot electrons are accelerated by the positive gate field
(Vg > Vd) into the gate oxide near the drain. Those electrons being
trapped at the interface invert the surface to p-type, resulting in an
extension of the p+ drain region and a reduction in the effective channel
length (Fig. 34) [14].

To further examine this stress-induced channel shortening, the chan-

nel length was extracted with the use of the Yu method as a function of
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stress time and is presented in Fig. 35. The effective channel length is
indeed shown to decrease under both DC and AC stress time. This chan-
nel shortening is sufficient to offset possible mobility degradation and
increased series resistance effects. The monotonic increase in S as a func-
tion of stress time is again consistent with the monotonic increase in Nit
with stress time (Eq. (8)).

The rise in subthreshold swing as a function of stress time is dis-
tinctly bimodal for NMOS (Fig. 5). This is an interesting contrast with
the p-channel case (Fig. 6). The main difference between n- and p-channel
device fabrication was the presence and absence of a LDD structure. Thus,
one may assume that for the n-channel device, interface state generation
could begin in the lightly doped region near the drain. With increasing
stress time, the high field region may extend to the drain end of the
channel. The generated interface states could then increase the subthres-

hold swing in the usual manner.

5.3 DC Stress and AC Characterization

For fixed DC gate voltages, AC and DC measurement is shown to
give rise to the same amount of parameter shift in both n- and p-channel

devices (Figs. 10 and 11). From this one can conclude that the charac-
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teristic time for trapping and detrapping is indeed short (< 20 ns). Note
also that with increasing magnitude of drain voltage, the degree of param-
eter shift also increases in both n- and p-channel devices. This again con-
stitutes experimental evidence that the channel field further increases after
pinch-off.

Both n- and p-channel devices exhibit parameter shifts that are essen-
tially independent of gate base-level (Figs. 14 and 15). This provides an
additional evidence for shallow interface state generation. Shallow defect
sites are normally characterized by fast trapping/detrapping times and this
is consistent with the frequency independence of parameter shift up to 3

MH:z (Figs. 12 and 13).

b.4 DC and AC Stress

Here AC and DC stresses are compared. For PMOQOS, the parameter
shifts accurately reflect the gate current vs. gate voltage curve (Figs. 22-
24). More importantly, near the gate bias, Vgm of peak gate current there
is no significant difference existing between the AC and DC stress effects.
However, away from Vgm, there is an appreciable difference existing

between gate AC and DC stress.

These p-channel data can be interpretated as follows. In the saturated
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region of device operation, the electric field lines in the oxide originate
from the gate and terminate in the channel. The hot electrons generated
via impact jonization therefore should gain energy and be pulled toward
the oxide interface, while energetic holes are rapidly drawn through the
drain terminal. Hence, interface state generation is mainly done by hot
electrons. The fact that the parameter shift is more or less the same for
cases (a), (b) and (¢), at Vgm implies that the amount of electrons capa-
ble of damaging the interface/oxide region is the same. More importantly,
there does not appear to be an additional damage effect arising from
dynamic stress either in terms of drain pulsing or gate pulsing at Vgm
(Figs. 22 and 23).

Substrate current was measured for cases (a), (b) and (¢). As can be
observed from Fig. 36, the substrate currents are about the same for all
cases. Since the number of impact ionization induced electron-hole pairs
can be assumed to be approximately the same for these three cases, the
same substrate currents imply the same gate currents. Since the gate
current is a sensitive monitor of device damage, this Isub data is con-

sistent with the parameter shift data shown in Fig. 22.

However, the situation changes when the gate voltage is appreciably

away from the Vgm value. In this case, the amount of electrons capable
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of damaging the interface is smaller for cases (a) and (b), as detailed in
the discussion for Isub. Therefore, the degree of parameter shift should be
much less than the case of maximum gate current. This is indeed born
out by experimental data (Fig. 24). However, for the case (c), the gate
voltage swings from high to low. In the process, Vgm is crossed, and the
number of electrons capable of damaging the interface is the same as in
Figs. 22 and 23. The degree of parameter shift should then be essentially
the same as in Figs. 22 and 23 and is indeed supported by experimental

data. The effect of this Vg swing is reported here for the first time.

Consider next n-channel devices. Here, the effect of AC stress is
drastically different from that in p-channel devices. Specifically, even for a
gate voltage of peak substrate current, Vgm, the degree of parameter shift
for cases (a),(b) and (c) is rather different (Fig. 29). This is in direct con-
trast with the p-channel case (Fig. 22). Note that for cases (a) and (b),
the parameter shifts are more or less the same. From this one can con-
clude that there is no dynamic effect associated with pulsing the drain
voltage. Furthermore, one can also surmise that the role of the drain bias
whether or not it is pulsed, is to provide the high field region near the
drain, thereby enabling the carriers to gain sufficient energy for

interface/oxide damage.
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However, the fact that gate pulsing results in significantly larger
parameter shift for all stress time considered constitutes direct evidence
that dypnamic stress is indeed operative. What then are the physical
mechanisms responsible for this enhanced stress effect? To date there is no

comprehensive theory for this.

When the NMOS is saturated, hot electrons tend to be swept toward
the drain terminal. Simultaneously hot holes can either be pulled toward
the gate electrode or pushed away to the grounded substrate. The larger
parameter shift observed for case (c) indicates that more holes are pulled
toward the gate electrode. A question can thus be raised, why is the pro-

bability of holes being pulled toward the gate higher in case (c)?

A possible answer to this question can perhaps be sought from a con-
sideration of the oxide electric field under gate bias conditions. Near the
drain end of the channel where Vd=7.5V, Vg=2.0V, for case (a), the
oxide electric field emanates from the Si-SiO2 interface and terminates at
the gate electrode. Its magnitude is approximately given by Eox=
| (Vg—Vd)/tox|= 3.7 MV/em. In case (b), Vd is pulsed between 0 and
7.5V, while Vg is fixed at 2.0V. Thus, during the OFF cycle (Vd=0V),
the field polarity flips from case (a), with the magnitude, Eox= 1.3

MV /em. During the ON cycle, the field polarity and magnitude are the
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same as in case (a). Since hole injection into the oxide is the major cause
of degradation, the device damage is done during the ON cycle of the
drain pulsing. The degree of damage therefore, should be the same for (a)
and (b) for a given effective stress time, and this is born out by experi-

mental data.

For case (c), Vg was pulsed between 0 and 2.0V, while Vd was fixed
at 7.5V. During the ON cycle, the polarity and magnitude of the oxide
field are the same as in case (a). During the OFF cycle however, the field
magnitude is increased from 3.7 MV/em to 5.0 MV/em. This leads to
some interesting consequences. As Em is increased, the rate of impact ioni-
zation enhances. Concomitantly the trapped holes near the interface are
released, thereby descreening the electric field [15]. As a result, more hot
holes are injected into the gate dielectric. For a given initial number of
available holes, this will reduce the substrate current. Further, more holes
being injected into the gate oxide will induce more damage and hence
more parameter shift. This picture is consistent with data presented in

Fig. 29.

In an attempt to further examine the AC gate stress effect, the mag-
nitude of gate voltage was increased from 2.0 to 5.0V for both DC and

AC biases. The three cases (a), (b) and (c) were investigated under this
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condition. Figure 30 presents the stress induced parameter shift for case
(a). Note that the measured parameter shift is slightly smaller than the
corresponding values from Fig. 29 for all the observed stress times. This
tendency can again be understood in terms of the oxide field
configuration. In this case, the magnitude of the oxide field is approxi-
mately 1.7 MV/em, and is seen to be smaller than the corresponding
value in Fig. 29.

It is important to point out that the data for cases (b) and (c) could
not be obtained due to repeated device failure. This failure could be
largely attributed to excessive gate current (i.e. > 100 nA). This suggests
that here dynamic stress is indeed operative and its effect can be drastic.
This repeated device failure can perhaps be understood in terms of the

oxide electric field configuration under a pulsed gate bias.

Consider case (c). During the ON cycle (Vg=5.0V) with Vd fixed at
7.5V, Eox is approximately 1.7 MV/em, a value considerably lower than
case (c¢) in Fig. 29. On the other hand, during the OFF cycle (Vg=0V),
Eox is about 5.0 MV/em, which is the same as that in Fig. 29. Thus, the
main difference in this case is the magnitude of the oxide field swing
under the gate pulsing from high to low. Specifically, for the same gate

voltage fall time (10 ns), the electric field grows from 1.7 MV/em to 5.0



104

MV/em, i.e. a 60% larger growth rate. This enhanced oxide field swing
could lead to: (a) more holes being pulled from the channel, thereby
inducing more interface state generation, (b) mobile holes in the oxide
acquiring energy from the field therein to further damage the interface
and/or oxide and (c) the trapped holes near the interface being released,
thereby descreening the electric field. The combined effect of these
processes causes more hot holes to be injected into the gate dielectric.
Further, this in turn lowers the barrier for the electrons to tunnel through
from the gate electrode with the trapped holes providing the final electron
tunneling states. The excessive gate current that was observed and con-
comitant device burn out could be due to this additional conduction chan-

nel for the gate current.

It is pointed out that device failure was also observed for case (b), in
which the gate voltage was fixed at Vg=5.0V and the drain wvoltage was
pulsed between 0 and 7.5V. Thus, during the ON cycle (Vd=7.5V), hot
holes in the channel are pulled into the gate oxide and trapped near the
interface. As a result, during the OFF cycle (Vd=0V), the potential bar-
rier for electrons to tunnel through the gate is considerably lowered. This
in turn could trigger the device burn out as in case (c) discussed above.
In conclusion, in both cases of device failure, the dvnamic stress appears

to be initiated by holes being injected into the oxide. This is consistent
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with the the two carrier model [16].
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CHAPTER 8

CONCLUSIONS

The highlights of the results are summarized as follows:
(i) The observed shifts in device electrical parameters due to DC stress
are shown to be the same under DC and AC measurement for both n-
and p-channel devices.
(ii) DC and AC measurement shows that the stress induced interface
states are shallow with lifetimes less than 20 ns for both NMOS and
PMOS.
(ili) For PMOS, the AC drain stress is essentially quasi-static. However,
AC gate stress gives rise to device parameter shift corresponding to the
worst case DC stress at all gate voltage swings.
(iv) For NMOS, the eflect of AC stress is more complex. For a magni-
tude of the oxide electric field less than a value Eot, the AC drain stress
is again quasi-static as in the PMOS case. However, the AC gate stress
results in significantly increased parameter shift. The effect of this
dynamic stress is shown to be drastically enhanced, leading possibly to
device failure when the magnitude of the oxide field is greater than Eot.
Under this condition of large oxide electric field swing. the AC drain

stress also introduces a striking dynamic stress effect which can lead to
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device failure.

(v) In conclusion, pronounced device degradation is shown to occur under
the bias conditions such that first, high energy holes are pulled into the
gate oxide, and second, an oxide electric field is large enough to induce
electron tunneling from the gate. These factors are in good agreement

with the two carrier model.
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APPENDIX

TEST CONDITION

AC vs. DC Measurement
o N-Channel

DC MEASURE
in forward and reverse directions
following 20 min packaged part cooling time
Peak Gm, Vt and S at Vd=0.1V
Idsat at Vd=5.0V,5.5V Vg=2.5V
AC MEASURE
50% duty cycle square pulse 100 Hz => 3 MHz
10 ns rise/fall times, 20 ns settling time
following 20 min packaged part cooling time

Idsat at Vd=5.0,5.5V Vg=2.54.0V

Vg=-4=>2V
Vg=-3=>2V
Vg=-2=>2V
Vg=-1=>2V

Vg= 0=>2V
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DC STRESS
Vd=6.0,7.0,7.5V, Vg=2.0, 2.5V

for approximately 2 days

P-Channel

DC MEASURE

in the forward direction

following 20 min packaged part cooling time

Peak Gm, Vt and S5 at Vd=-0.1V

Idsat at Vd=-5.0,-5.5V Vg=-1.7,-5.0V

AC MEASURE

50% duty cycle square pulse 100 Hz => 3 MH:z

10 ns rise/fall times, 20 ns settling time

following 20 min packaged part cooling time

Idsat at Vd=-5.0,-5.5, Vg=-1.7,-4.0,-5.0V
Vg=4=>-2V
Vg=3=>-2V
Vg=2=>-2V
Vg=1=>-2V

1'.--vg:[i: }-21"
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DC STRESS
Vd=-7.0,-8.0,-8.5,-9.0,-10.0V Vg=-1.7V
for approximately 20 hrs.
o Charge Pumping Measurement
FProcedure
1. A pulse train is applied to the gate.
2. A small reverse-bias is applied to the source and drain.

3. The DC substrate charge pumping current is recorded.

AC vs. DC Stress
o N-Channel

DC STRESS
Vd=7.0,7.5V Vg=2.0V
Peak Gm measured following 20 min cooling time
AC DRAIN STRESS
Vd=7.0,7.5V at 10 MHz
50% duty cycle square pulse
10 ns rise/fall times, 20 ns settling time
DC GATE Vg=2.0V
for approximately 40 hrs. (20 hrs. active duty cvele)

Peak Gm measured following 20 min cooling time
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AC GATE STRESS

Vg=2.0V at 1 MHz and 10 MHz

50% duty cycle square pulse

10 ns rise/fall times, 20 ns settling time

DC DRAIN Vd=7.0,7.5V

approximately 40 hrs. (20 hrs. active duty ecycle)
Peak Gm measured following 20 min cooling time
P-Channel

DC STRESS

Vd=-8.0V, Vg=-1.0,-2.0,-5.0V

for approximately 20 hrs.

Idsat measured following 20 min cooling time

AC DRAIN STRESS

Vd=-8.0V at 10 MH:

509 duty cycle square pulse

10 ns rise/fall times, 20 ns settling time

DC GATE Vg=-1.0,-2.0,-5.0V

for approximately 40 hrs. (20 hrs. active duty cycle)
Idsat measured following 20 min cooling time

AC GATE STRESS

Vg=-1.0,-2.0,-3.0,-4.0,-5.0V at 10 MHz
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Vg=+2=>-1V,+1=>-1V at 10 MHz

10 ns rise/fall times, 20 ns settling time

DC DRAIN Vd=-8.0V

for approximately 40 hrs. (20 hrs. active duty cycle)

Idsat measured following 20 min cooling time
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