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The Observation of Gate Current Instability in High-k
Gate Dielectric MOSFET by a New Gate Current
Random Telegraph Noise Approach

Student : ChiaMing Chang Advisors : Dr. Steve S. Chung

Department of Electrical Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

In order to meet the requirement for.low.power circuit application, high-k gate
dielectrics are being implemented-in Si CMOS technologies with aggressive oxide
thickness scaling. For the same EOT practica-high-k gate dielectrics, one can provide
significant reductions (>10%) in the'gate |eakage; Reliability characteristics will be one
of the primary goals of future development work, in which a large amount of trapsin
high-k bulk layer demonstrates the trapping and detrapping phenomena of carries. It

causes the instability of threshold voltage, drain current, etc.

In this thesis, a newly method, Gate Current Random Telegraph Noise, will be
utilized to analyze the phenomenon of carriers trapping/detrapping in high-k gate
dielectrics. We observe gate current by biasing the gate at fixed voltage and gate
direct tunneling current will show two or three levels. The cause is carriers trapping in
the trap site during tunneling through gate dielectrics and detrapping by thermal
emission. Gate current is suppressed when traps capture carriers and recovers as traps

empty. By statistically extracting capture and emission time, we can understand the



trap properties. Besides, the influence will be understood by observing the variation of

current fluctuation.

We then apply this method to study three types of traps, including process induced
traps, stress induced traps at distinct stress voltages, and post soft-breakdown
character. Through the observation of gate current instability the degradation of gate
dielectrics can be recognized. The experiment result shows the capture/emission
mechanism affected by degrees of degradation. On the other hand, the appearance of
gate current random telegraph noise is effectively investigated by measuring at

different temperatures and the reliability of devices can be well understood.
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Figure Captions
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Fig. 2.1 The operating procedure of following measurement applied to DUT.

Fig. 2.2 The measurement setup using Analyzer HP 4156C to sampling as RTN processing.

Fig. 2.3 Theterminals setup using Analyzer HP 4156C to sampling.

Fig. 2.4 Evolution of current for single electron capture and emission. (a) lg, (b) Is, (¢) Ip.
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Fig. 2.7 Gate current waveform of high-k nMOSFETs with process induced trap (PIT2).

Fig. 2.8 Variation of capture time t. (open symbol).and emission 1. (filled symbol) as gate
voltage increasing (a) PIT1 (by:PiT2.

Fig. 2.9 Plot of electron occupation factor ft versus.gate voltage (a) PIT1, (b) PIT2.

Fig. 2.10 Trap energy variation AEr to gate voltage plots(a@) PIT1, (b) PIT2.

Fig. 2.111eT? versus 1/kT plots for PIT1. Energy difference between conduction band of
dielectric and trap Ecq-Er isaround 1.06eV.

Fig. 2.12 teT? versus UKT plots for PIT2. Energy difference between conduction band of
dielectric and trap Ecq-Er isaround 1.02eV.

Fig.213 (&) Energy band diagram a the trap position in the channel. (b)
Configuration-coordinate diagram for an acceptor trap. Open circle represents an
empty trap and solid oneisfor a filled trap.

Fig. 2.14 Relationship of t/te to gate voltage. The extracted Zt from the slope is 5.7A and
3.8A for PIT1 and PIT2 respectively.

Fig. 2.15Plot of tJ/te Versus gate voltage at different temperature. The sope of plot at

different temperature isidentical.
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Fig. 2.16 Dependence of characteristic time to /KT on distinct gate voltages for PIT1 (a)

capture time, (b) emission time. Activation energy E,is also expressed in the plot.

Fig. 2.17 Dependence of characteristic time to 1/kT on distinct gate voltages for PIT2 (a)

capture time, (b) emission time. The trend of Activation energy E,is identical with

PIT1.

Fig. 2.18 Schematic plot of capture and emission mechanism. This is proven that electrons
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emission.
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voltageincreasing (a) SIT1 (b) SIT2.
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Fig. 3.11 Schematic plots of band diagram in high-k dielectrics MOSFETs. (a) Electrons
tunneling from gate model and specific defined parameters, (b) relative trap energy
position at low Vg, (C) relative trap energy position at high V.

Fig. 3.12 Capture time to emission time ratio versus gate voltage plots, (a) high field stress
induced trap (SIT1), (b) low field stressinduced trap (SIT2).

Fig. 3.13 Trap energy variation respect to gate voltage plots (a) positive movement in high
field stress induced trap (SIT1) (b) negative movement in low field stress induced
trap (SIT2).
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Dependence of capture time (filled symbol) and emission time (open symbol)

versus gate voltage plot.

Temperature and gate voltage dependence of (a) capture time and (b) emission time.
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plots have the same scale and Ecq-Et from the slopesis 0.93eV approximately.
Schematic plot of band diagram post SBD. Breakdown path occurs and near SBD

path trap will capture/emit electrons. Emission is through Frankle-Poole emission.

Xi

67

68

69

70



Chapter 1
| ntroduction

1.1 Background

The physical limitations of the conventional silicon dioxide as gate dielectric reached the point
where films physical thickness of 15A, the gate leakage current exceeds the specifications (1A/cm?).
To face this critical problem, high-k dielectrics have been introduced as hafnium based, zirconium,
aluminum oxides. In fact, while keeping the EOT constant high-k dielectrics allow us to increase the
physical thickness of the gate stack. Hence, the gate leakage can be reduced by 2 to 3 orders of
magnitude. Although alarge amount of effort that,has been paid on the study of high-k gate dielectrics,
many of critical problems still unknown. These problems include defects in the material which can lead
to undesired transport through the diel ectrics gate band structure induces polarity effects on the leakage
and reliability. All of these stack properties leadrto-an ‘@nomalous behavior with respect to the

conventional SiO..

In aforementioned studies, severa reliability issues for high-k gate dielectrics have been
indentified: threshold voltage instability [1.1], stress induced film degradation [1.2], and dielectric
breakdown [1.3]. Threshold voltage instability is due to the dynamics of carriers charging/discharging
in pre-existing high-k bulk defects and negative bias temperature instability (NBTI) in pMOSFETs and
positive bias temperature instability (PBTI) in nMOSFETS is the critical bottleneck of high-k gate

dielectrics.

1.2 The Motivation of thisWor k



In recent years, approach in high-k abound with plenty of traps has been studied mostly by transient
related methods [1.4][1.5]. Both they are used to look into the interface and near-interface property but
the accuracy is challenged if only gate dielectric is heavily destroyed. Although charge pumping
method is most reliable to profile the trap density in-depth of gate dielectric stack, some traps do not
surely respond to trap/detrap carriers on fixed time (T=1/f) and these kind of traps would be absent
using charge pumping method. Conventional 1-V and C-V methods are less dependable for high-k
dielectric, and hence pulse I-V measurement system is needed just only to precisely identify the

characteristic high-k dielectrics MOSFETSs. Nevertheless, it costs alot for purchasing the instruments.

In this thesis, we propose a new method called “ Gate Current Random Telegraph Noise (IG RTN)”
which is developed to analyze quality and reliahility.of high-k dielectric MOSFETSs. In this approach,
the noise from pulse generator could be:-neglected-and it @so diminishes AC stress possibility that
would destruct devices by charge pumping method. By I¢' RFN method, it is easy to understand how

single electron affects gate current through existing;DC-instrument.

1.3 Organization of the Thesis

Large amount of process induced traps exist in high-k dielectric bulk material as mentioned in
many papers. We organize | RTN method and utilize it to detect existing traps in high-k MOSFETs in
detail in Chapter 1. Proposed in Chapter 3 is method to profile stress induced traps behavior. For stress
induced drain current positive bias temperature instability (PBTI) in high-k nMOSFETS, we apply
Fowler-Nordhiem stress at constant voltage without elevating temperature and produce traps which
cause apparent 2-levels of gate current noise. Chapter 4 discusses the characteristic and gate current
fluctuation after soft breakdown. Finally in Chapter 5, the results of this thesis and suggestions for

future works are summarized.



Chapter 2
Random Telegraph Signal of Gate Current for Process
Induced Trapsin High-k MOSFETs

2.1 Experimental
2.1.1 Preface

Conventionally, BTI characterization is carried out by periodically interrupting stress to measure
electrical parameters, introducing a switching delay between stress and measurement which may give
rise to an imprecise or even incorrect result. Reeently; a two frequency charge pumping measurement
has been utilized to characterize high-k.trap properties [2:1][2.2]. First, the charge-pumping current
may be too small to be reliably measured in small-size devices at a lower frequency required to probe
into the high-k layer. Second, due to the mixture ofinterface-and high-k bulk traps, the two-frequency
Charge-pumping method may not be viablewhen the high-k trap density is comparable to or even less
than the interface trap density. Third, charge-pumping current may contain gate leakage as devices are

stressed or heavily destroyed even wear out or soft breakdown happen.

In this chapter, a newly developed characterization technique named “Gate Current Random
Telegraph Noise” for exploration of high-k and interfacial layer trap properties by measuring the gate
current in small-area devices is presented. Single electron capture and emission could be observed. The
physic of gate current instability is interpreted in Section 3.2. Based on the temperature and voltage
dependence of single charge effect, an analytical model for tunneling mechanism is developed and

traps parameters are extracted.



2.1.2 Device Preparation and Previous Work

The devices used in this work are nMOSFETSs with a poly-silicon electrode, and a bi-layered gate
dielectric stack consisting of HfSIO and an interfacial SIOxNy layer. EOT of stacked dielectricsis 12A.
The gate width is 0.12um~10um, and the gate length range from 0.09um~1um. The complete
procedure is shown in Fig. 2.1. The devices are first subjected to 1p-V and |-V measurement, and
then “detrap” at low negative gate voltage (V= -1V, 10s). Ip-Vgis used to check out normal 1-V
characteristic of devices and then we chose similar gate dielectric properties to compare that have most
the same |-V . To avoid pre-existing electrons trapped in the dielectric affect gate current instability, a

“detrap” step is utilized before g RTN.

2.1.3 I RTN measurement system

The measurement setup of I RTN iSshown in Fig. 2.2, Fig. 2.3. Gate current is about 10pA ~1nA,
three orders of magnitude or more smaller than drain.current and hence probe station leakage path is
more needed to be calibrated well. It is suggested to have parameter analyzer connecting to probe
station directly without passing through switch equipment. On the other hand, large fluctuation may
happen as probe needles don't contact with the pad of wafer well, especially for body contact. The
sampling rate is maximum 10° readings per second, that it means there is minimum 1ms of resolution.
RTN phenomenon may be not observed as interval time set too larger due to capture or emission time
less than the interval time. RTN happens only during local gate voltage so it’s better to detect varying
tight gate voltage step as sampling. Otherwise, area of devices also affects I RTN articulation;
generally it could be seen more clearly as area of devices going down but magnitude of gate current

decreases relatively. So it is atrade-off to gain evidence of I RTN.

2.1.4 Satistics



The target of RTN measurement is to extract mean capture and emission time and then further
profiles traps properties. Therefore, the switch of trap captures and emits electrons must be
distinguished. We can determine using naked eye and it is also the most precise method to obtain mean
capture and emission time. Nevertheless, it wastes time and not efficient for large amount of data. In
our work, we write a program and used a current level that lies in the middle of the high and low
current state to differentiate trap holding or releasing an electron automaticaly. Sequentidly, every
period of time was added and divided by numbers of events. Consequently, we extracted mean capture

and emission time more accurately and can handle much larger amount of data also.

2.2 Cause of 2-Levels Gate Current Fluctuation

2.2.1 Factor of Fluctuation

It is obvious that gate current is more respensibleto electrons capture and emission in a trap site
than drain/source current in Fig. 2.4. The amplitude, capture and emission time are the critical
parameters of random telegraph noise phenomenon and they depend on the trap properties, such as trap
depth into dielectrics, trap energy apart from conduction band (valance band if holes are captured and
emitted) and magnitude of gate leakage current. Besides, retention of traps holding an electron and how
much time an empty trap can capture an electron are aso influenced by the electric field distributed
among dielectrics and temperature that would involve in the probability of electrons hopping over

activation energy mentioned in Chapter 2.

2.2.2 Direct Tunneling M odel

Although high-k dielectrics have smaller effective oxide thickness than conventional insulator, SiO,,

their physical thickness is still large over 50A. Therefore, the gate leakage current is considered as
5



direct tunneling current from the substrate to the gate through a trapezoid energy barrier as gate biasis
around Vg=1.2V. Fowler-Nordhiem tunneling current exists as gate bias larger than 1.8V. In our RTN
measurement, all used gate voltages for sampling are below 1.5V and large amount of gate current are

direct tunneling current.

Gate current becomes smaller as an electron captured in the trap site in Fig. 2.5. The cause is
electron trapped will screen the proximity of the trap and hence suppress the local direct tunneling
current. It seems like a big stone laying in the flow of river so the flow rate is apparently rolling off. It
is believed that the screen areais small compared with gate area and we know that trap induced direct

tunneling current varied locally but not globally.

2.3 Process Induced Traps
2.3.1 Gate Current Waveform

In the following, we start to apply this methed. to analyze process induced traps behavior. It could
not be seen absolutely in every device, and sometimes it is available to observe I RTN phenomenon;
nevertheless anaysis afterward is hard to process for some reasons, such as undistinguishable
amplitude, multi-levels gate current states. Here below we show two valuable | RTN measurement

results for process induced traps here and discuss the traps propertiesin later sections.

First one (PIT1) is measured at T=25C shown in Fig. 2.6. Traps start to capture electron as gate
bias over 0.9V and then emission. As gate voltage increases, capture events happen more fregquently.
The events happen twice during 10 seconds at V= 0.9V and over 40 times at V= 1.1V. The other one
(PIT2) isshown in Fig. 2.7. Same trend happens with PIT1 as gate voltage varied but on different gate
voltage, V= 0.9V ~1.2V.



2.3.2 Capture and Emission Time

Fig. 2.8 shows the mean capture and emission time gathered statistics from Fig. 2.6 and Fig. 2.7.
Capture time is affected by gate voltage and emission time keeps constant, i.e., the capture time relates
to the eectric field on dielectrics and electrons stride over barrier to trap sites by tunneling. On the
other hand, emission time has no response to electric field and electrons escape does not go through
tunneling possibly. Further study will be shown in Section 3.4. Electron occupation factor, f; defined
below is shown in Fig. 2.8 [2.3]. RTN is undetectable since the trap is always empty in weak inversion
regime (i.e., V< 0.9V). f; increases linearly in strong inversion regime since 40% at V= 1V to 80% at
Ve= 1.15V for PIT1, and saturates as gate voltage going up abidingly. f; of PIT2 also increases linearly
since 10% at V=0.95V to 75% at V=1.1V but not saturates yet. Electron occupation factor is
T

e
2.1
T, +7, @D

f, =

Which is dominated by emission time that is too-larger. than capture time as we know from Eq. (2.1).
Hence, the saturation happens when electron occupation factor is near the maximum “1”. Thisresult is
in accordance with the equilibrium case that ft (=1/(1+exp(Et-Ef)/KT) increases as the trap energy

becomes more negative with respect to the Fermi level.

2.4 Result and Discussion

Based on the Shockley—Read—Hall statistics [2.4], the carrier capture rate 1/z. can be written in

terms of the carrier density (per unit volume) n in the channel, the average velocity of the carriersv,

and the average capture cross-section o as Eqg. (2.2), where

r— 22)



AE,
=00 eXp - -

the capture cross section is Eq. (2.3). Here oy is the cross-section prefactor, and AEg is the thermal

(2.3)

activation energy for capture. T and v are usually taken to be the equilibrium lattice temperature and
average thermal velocity vih. This approximation is invalid at large lateral electric field, and electron
heating occurs and affects the electron capture time. Emission timeis given as Eq. (2.4) [2.5], g isthe

_ eXp[(EF — ET )/kBT]

7, Joun 24)

degeneracy factor. The term (Eg-Er) represents the trap energy with respect to the Fermi energy. kg are

the Boltzmann's constant.

24.1Trap Energy

From the principle of detailed balance, one can.write the ratio of the mean emission time z. to mean

capture time z; as below. In NMOSFETSs, as the gate bias is increased, the trap occupancy should

increase,

T E —E;
L I T (25)

ETn—EToszKIn%J —[In%ﬂ (2.6)
e /n e /o

and, 7./z. consequently show a decrease. The change in the mark-space ratio of the switching signal
with respect to gate voltage indicates which transition corresponds to capture and which transition
corresponds to emission of an electron. Eqg is reference trap energy at specific gate bias Vg, such as
Vo= 1.025V for PIT1, and Et, istrap energy at relative gate bias Vgn as represented in Eq. (2.6). From

plot of Emn-Eo versus Vg, relationship of trap energy variation to electric field is understood in Fig.



2.10. The variation is more obvious in PIT2 than in PIT2, and AE+/AV; is about 20meV/0.1V for PIT1
and 50meV/0.1V for PIT2. It seems that these two traps distribute in different position of dielectrics
and hence gate voltage produces distinct field change. Basically, trap sitting near poly-gate has larger
variation as field changed in the same dielectric. From the measurement result, we may conclude that
PIT1 isnear the substrate and PIT2 is close to poly-gate but it s not the truth proven in the next section.
The emission time constant is shown below [2.6], where N¢ is the effective conduction band densities

of state.

exp((ECd — ET )/ kT) (2 7)
oVN, '

Ty =

Ecq-Er istrap energy difference apart from conduction band of dielectric. The emission time constants
7. depends on the energy Er and the capture cross-section o. The electron therma velocity and
effective density of states in the conduction band are.shown in Eq. (2.8), Eq.(2.9), alowing the
emission time constant to be written as:Eq. (2.10), Wherey is-a coefficient. A plot of In(z T?) versus

1/kT has s slope of (Ece-Et) and an intercept onithe In(z T2) axis of In(1/yo).

3KT
(2.8)
27m KT
Nc ( alll j (2.9)
rT?= KT (2.10)

yo
In our experiment shown in Fig. 2.10-2.11, Ecg-Etis about 1.02eV and 1.06eV for PIT1 and PIT2
respectively. It can be seen that there is only a dlight variation in Ecy-Er as the gate voltage is
increasing. These values set the trap around the conduction band edge when compared to ¢,=3.1eV
[2.7] [2.8], the difference between the electron affinities of Si and IL, consistent with an acceptor trap

acting as arepulsive center for electrons in the channel.



2.4.2 Trap Depth

By the principle of detailed balance, a relationship between the mean capture and emission times

and trap parametersisfound as Eq. 2.11 [2.9], where Ecy, Ec, Er, @y and s are defined in Fig. 2.13(a).

(A 1 Z
“{T_J = _E|:(Ecd -E; )_(Ec - E¢ )‘(00 +qys +qﬁ(ve —Ves —¥s )} (2.11)
din =
)_ 4 Z; (2.12)
dv, KT EOT '

EOT is the effective oxide thickness and Vgg is the flat-band voltage. We can estimate Zr, effective
depth from the substrate, from measurements of z/z by varying V. Z7 is 5.7A for PIT1and 3.8A for
PIT2 shown in Fig. 2.14. It means PIT1 sites into_ the gate dielectrics is deeper than PIT2 that is
obviously contradictory to the assumption.in Section-3.4.1. Hence, we could predict PIT1 and PIT2
lying in different type of dielectrics, that PITL isin high-k bulk layer and PIT2 isin the interfacial or
transition layer. From the prediction, the measurement in Fig. 2.10 is reasonable because electric field
variation in high-k bulk layer is small due to large permittivity. To extract reliable effective trap depth,
the measurement is repeated in different temperature and result is shown in Fig. 2.15. They result in the

same slope and Zr is extracted to same values as varying temperature.

2.4.3 Activation Energy

The capture and emission of an electron in the conduction band by a defect at the S—IL interface
can be explained utilizing a nonradiative multiphonon emission process. It is believed that the
nonradiative multiphonon emission occurs due to the crossing of free electronic states with bound
electronic states when sufficiently large lattice displacements exist. Before capturing an electron, the
defect center will experience thermal vibrations around an equilibrium position close to the upper level

10



of the energy gap. After this capture, the defect would relocate at a new equilibrium position in the
energy gap with shifted coordinates, creating violent lattice vibration at the defect. This instability
subsides by damping down the vibration to the thermal vibration amplitude and emitting phonons. At
lower temperatures, this relaxation takes longer time, effectively slowing down the switching events.
This thermally activated behavior can be understood in terms of a configuration coordinate diagram of
the trap (see Fig. 2.13(b)). An empty trap can be thermally excited to the crossover point B, where it
can capture and electron from the silicon conduction band. The occupied trap then relaxes to its lowest
stable level and dissipates the excess energy by multiphonon emission. The energy needed for emitting
an electron is usually higher than that needed for capturing one [2.10]. The activation energies depend
on the trap energy level relative to the silicon conduction band, and therefore, on band bending.
Varying the gate voltage will affect the activation energies. This effect islarger in deep traps (larger Zy).
The plot of characteristic time to /KT issshown ingFig. 2.16-2.17. Firstly we see . and z increasing
intensely as temperature going down. For;the capture time, € ectron thermal energy increases in the
channel. Larger temperature enhances €lectrons-hepping over activation energy barrier of capture
Eacapture , SAME as emission, electrons held in.trap have larger possibility to escape over activation
energy barrier of emission E,emission. Secondly both Ej emission @nd Eaemission @€ lower with gate bias.
Ea,capture 1S proven lower than E, emission here and decreases intensely as gate bias raising slightly, Ea capture
varies around 0.38eV~0.61eV, as a result that gate bias would influence activation energy to capture of
channel carriers. As illustrated in Fig. 2.18, time constant to tunnel from traps to poly-gate or back to

substrate is much longer the time to Frankle-Poole emission.

11
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Fig. 2.1 The operating procedure of following measurement applied to DUT.
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Fig. 2.2 The measurement setup using Analyzer HP 4156C to sampling as RTN
processing. Notably there is no switch equipment HP 5250 here.

13



Fig. 2.3 The terminals setup using Analyzer HP 4156C to sampling.
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Fig. 2.5 Schematic plot of gate current instability due to electrons trapped. (a) Trap
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Fig. 2.6 Gate current waveform of high-k nMOSFET with process induced trap

(PIT1), T=25C

17



Gate Current, | 5 (pA)

560

540 —
SZOH “I II“ | ‘”ll | ’llllll ”“IIIIII II | I | l M \VG—l.ZV
500—— - - et il

420
400
380

320

300
280

VG=1.15V

VG=1.1V

240
220 VG=1.05V
200 " r i 2

180
160
140 L

140
120
100 L

120

100
80

VG=1V

VG=0.95V

VG=0.9V

Fig. 2.7 Gate current waveform of high-k nMOSFET with process induced trap
(PIT2), T=25C

18



g 100 N T T T T

()

£

|_ LY

c '~ O

_% --g.:--ﬂ--onnp ----- @ ------

r )

= 8 -~ O

E ® -~ ‘

U_J 10" -9 .

LY

8 e

— S .

2 o

=t ®-

O 100 1.05 1.10 115 1.20 1.25

GateVoltage, V (V)
(@)
§ 100 N T T T
2
\
. — LY
= ® e
C LY
\

= RN
L 1| _ N )
10"} Se
o o~
S N
S d
‘%’_ [N
© 0.95 1.00 1.05 1.10

Gate Voltage, V (V)

(b)

Fig. 2.8 Variation of capture time z; (filled symbol) and emission z (open symbol) as
gate voltage increasing (a) PIT1 (b) PIT2.

19



09 T T v T v I v 1

0.8} E_m_ E_ g

0.7

Ve
0.6} P i

= PIT1

Electron Occupation Factor, ft
|
\
|

04 M 1 M 1 M 1 M 1 M
1.00 1.05 1.10 115 1.20 1.25
Gate Voltage, V (V)

(@)

0.8

T
| |
\
1

0.7

0.6 7 .
05

04

0.3

-

0.2

PT2 -

T
\

0}
0.90 0.95 1.00 1.05 110 115
Gate Voltage, V (V)

(b)

Fig. 2.9 Plot of electron occupation factor ft versus gate voltage (a) PIT1, (b) PIT2.

Electron Occupation factor, ft

20



- Op—
o aof <
T < _ I S
T3 S
> E

B W -40 :

5 < Process induced
g trap 1

o -60
= BETE 1.08 1.13 1.18
Gate Voltage, V (V)
(a)

. -100r

S 110 ]
5~ Y YProcess induced ]
= % -120 X -
8 E 1m0 (Y trap 2

B W 140 - “

5 <

ch -150 [ -

o -160 .\.

- T 1.03 1.08 1.13

Gate Voltage, V _ (V)

(b)

Fig. 2.10 Trap energy variation AEtto gate voltage plots (a) PIT1, (b) PIT2.

21



s 0V =0.95V -
4 O V=1V
V_=1.05V

[

35 36 3777038 39 40 41

Fig. 2.11 teT? versus U/KT plots for PIT1. Energy difference between conduction band
of dielectric and trap Ecq-Er isaround 1.06€V.

22



O V=1V
¢’ o V_=1.025V
P |4V =105V
X e
P _
REA E . -E =1.02eV
e'4: | | | | |

40

41

Fig. 2.12 1oT? versus 1/kT plots for PIT2. Energy difference between conduction band

of dielectric and trap Ecq-Er isaround 1.02€V.

23



lastic Energy

\
d

|

R G

Eacapwf_ei\}\\\é///} —
N\’

C

Electronic +E

Nor mal Coordinate

(b)

Fig. 2.13 (a) Energy band diagram at the trap position in the channel.

(b) Configuration-coordinate diagram for an acceptor trap. Open circle
represents an empty trap and solid oneisfor afilled trap.

24



tlt
CcC e

Z =57

v HAT2

A AT S

100 106 110 115
Gate Voltage, V_ (V)

Fig. 2.14 Relationship of /7 to gate voltage. The extracted Zr from the slope is 5.7A

and 3.8A for PIT1 and PIT2 respectively.

25



10

| 3 l 'l l L l 'l l 'l l =

0.90 0.95 1.00 1.05 1.10
Gate Voltage V _ (V)

Fig. 2.15 Plot of 7/7 versus gate voltage at different temperature. The slope of plot at
different temperatureisidentical. (i.e., Zr isreliable in our extraction.)

26



Y
o
-

~—~ ' '
§ mVEY
~—~ _ l
2 1o ® VLV Ea=0.54eV _
= [ A V=L "
|_ 3 _ ]
o i Ea=0.49eV ;
S 10 E
[T ]
@® Ea=0.38eV ]
@) ]
-2 1 L 1 L 1
10 36 38 40
-1
VKT (eV™)
(@)
~~ 1015 T v T T
@’;‘ O V=LV
@ [ O VElw
£ 100 A v=1ov ‘
— ;
S ﬁ _
17 10tE Ea=0.55eV |
£ ; Ea=0.48eV |
5 2; Ea=0.45eV
10 3 38 40
-1
VKT (eV)

(b)

Fig. 2.16 Dependence of characteristic time to /KT on distinct gate voltages for PIT1
(a) capture time, (b) emission time. Activation energy E,is aso expressed in
the plot.

27



=
o
-

—~ =V _=0.975V
g ® V_=1025V
& 10°r 4V _=1.075V Ea=0.61eV;
= Ea=0.52eV/’
) -1
5 10 Ea=0.42eV/}
Q '2- 1 L 1 L 1 L

10 36 38 40 42

VKT V™
(@)

10" . - . . .
O | O V0975V
E [ O V =1.025V
qE) 10°F AV S1075V. 5
= ©
% 10+ Ea=0.65eV |
B Ea=0.52eV ]
é [ Ea=0.50eV
W, ~2 . . . . .

10 36 38 40

VKT V™

(b)

Fig. 2.17 Dependence of characteristic time to /KT on distinct gate voltages for PIT2
(a) capture time, (b) emission time. The trend of Activation energy E,is
identical with PIT1.

28



Frankle-Poole

Emission 7Y
|
1
— A I .
e : ! Direct
Cd-T11! :
v aY Tunneling
—H

PITL {72

High-k L Substrate

Fig. 2.18 Schematic plot of capture and emission mechanism. This is proven that
electrons could be captured by tunneling from substrate and emitted by
Frankle-Poole emission.

29



Chapter 3
Random Telegraph Signal of Gate Current for Stressed Devices
in High-k NMOSFETSs

3.1PBTI in NMOSFETswith High-k Dielectrics

Bias Temperature Instability is a degradation phenomenon in MOSFETSs. Even though the root
causes of the degradation are not yet well understood, it is now commonly admitted that under a
constant gate voltage and an elevated temperature, a build up of charges occurs either at the interface
Si/SIO; or in the oxide layer leading to thesreduction’of MOSFETSs performances. Unlike SIO,, the
high-K dielectrics such as Hf-based dielectrics present serious instabilities for negative and positive
bias (NBT), after NBT and PBT (Positive Bias Temperature) stresses. The trapped charges are
sufficiently high to represent one of the high-k integration.most critical show stopper that causes V;
instabilities and drive current degradation. Theinstability is worrying, especialy in the case of NMOS
PBTI. It has been reported that the HfFO, MOSFETs is limited by nMOSFETs PBTI rather than
PMOSFETs PBTI [3.1]. In this section, we focus the discussion on NMOS only.

3.1.1 Threshold Voltage I nstability

The NMOS PBTI reported in [3.2] shows an electron trapping (AV>0). The main difference with
PMOS NBTI isthat the whole V; shift is recovered. That means that no interface traps are generated at
this gate bias stress. As for the NBTI, the PBTI characteristics display alogarithmic law and it can be
well explained by the direct tunneling electron trapping. The trapping dynamic can be well explained
by the model proposed by [3.3]. As explained below, the V. shift during the stress can be well
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explained by an electron tunneling from channel interface to the acceptor traps in the interfacial or
high-k bulk layer, i.e.,
AV, :q—'\'tln£l] 3.1)

oX a t0

The V, could be characterized by pulsed 14-V4 method only and it is unreliable in D-C measurement
system due to transient carriers trapped happening in conventiona I4-V4 and C-V methods. The
interfacial oxide thickness effect and the interface treatments on the V; instability have aso been
reported [3.4][3.5]. Like AV, saturation drain current |4« iS heavily degraded owing to amounts of trap
generation near the channel. Unlike AV and | 4, sub-threshold swing and maximum transconductance
Gmmax do not change with stressing thereby indicating that interfacial trap generation is negligible
[3.6].

3.1.2 Trap Generation

Compared with SiO,, high-k based materia dielectrics have severe reliability issue post stress
operation and affect regular 1-V characteristics. In [3.7], the degradation is investigated to exhibits two
stages, different degradation rate and stress temperature dependence. The drain current degradation in
the first stage is attributed to the charging of pre-existing high-k dielectric traps while the degradation
in the second stage is mainly due to additional high-k trap creation by transient measurement system.
The two-stage degradation will affect the extrapolation of PBTI lifetime. The cause comes from lots of
trap generated in the high-k bulk layer after stress and pre-existing traps would enhance another traps
appearance that could be not happen in SIO, dielectrics. Trap density at SiIO./Si interface, high-k/SiO;
interface, and high-k bulk layer are quantified respectively with a simple charge pumping method. We
applied low frequency charge-pumping measurement [3.8] on our high-k dielectric devices as shown in

Fig. 3.1. Thefollowing is the spatial distribution of interface trap:
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Asaresult, traps close to Si/SiOxNy interface have no significant increase. Toward the dielectric deeply
about 3A that has the composition of SiOxNy only, not the transition region, the amount of traps is
much lower. Trap density is largely raising adjacent to HfSIO region and there is a maximum trap
density about 5~ 8x10?* (cm™) in transition area of SION, /HfSIO interface. The IL thickness is about
4.2A apparently and trap density is stable over 4.2A. Post-stress trap density variation is also shown in

the figure. There is considerable boost in HfSiO bulk region comparatively.

3.1.3 Fowler-Nordhaeim Sress M odél of Electrons

Here, we discuss the dependence of AV; from the injected electrons without considering
temperature dependence. It is obvious that increasing-the voltage, a larger AV is observed for same
amount of injected electrons. The effect can be ascribed to three different causes; a generation of
additional trap sites at higher voltages, a more effective electron trapping and/or a different spatial
position of the trapped electrons within the dielectric stack [3.9]. In the next section, we will discuss
F-N stress on high-k devices with distinct stress condition, while contain high and low field F-N stress

and treat RTN phenomenon in great detail.

3.2 I RTN in High and Low Positive VG stress

The procedure of following experiment is shown in Fig. 3.2. There are same schedules in stressed
devices measurement except for additional stress step. Some notable steps should be taken care. In

Ip-Ve step, the purpose is to select the regular 1-V characteristic devices with similar gate leakage and
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magnitude of drain current. Aiming at the observation of RTN with stress induce traps, process induced
traps noise is forbidden here and second step, I RTN is used to ensure absence of PIT RTN.
Subsequently stress is adopted on selected devices. We applied F-N stress in inversion mode with
injecting electrons to destruct gate dielectrics. Without elevating temperature here, we could prevent
the effect of changing temperature and measure RTN at once. Two different stress conditions here; first
oneis high field (V= 2.5V) and the other oneislow field (Vs= 2.1V). The evolutions of gate current
during stressing are shown in Fig. 3.3. Traps generating for apparent RTN is hard to say happening on
specific time and its dependence with time on different stress voltage is also not regular. In high field
stress, we obtain significant RTN appearance and continued subsequent analysis. Nevertheless in low
field stress trap would be not generate in short time and more time is needed to derive significant RTN
appearance. Avoiding too many traps happen, stressis proceeding in cycles (100 seconds per cycle) and
RTN measurement would be execute :after every stress cycle until we observe obvious RTN

appearance.

3.2.11-V Characteristics

The Ip-Vg and 16-V¢ plots of pre and post-stress devices are shown in Fig. 3.4 and Fig. 3.5. Drain
current degradation is significant about 30% degradation but gate current has no increase on operating
voltage (Ve= 1.2V) after low field stress. Compared with low field stress, drain current degrades only
5% and gate leakage is high after high-field stress. The main cause in drain current degradation is
attributed to near Si/IL interface traps generation that will decline channel carriers mobility. Electrons
gain energy and would lose energy as tunneling from channel through dielectrics in inversion mode
stress. Released energy breaks lattice structure and traps generate. Asillustrated in Fig. 3.6, long term
and low-field stress would cause near interface damage that happens due to electrons earning less
energy and releasing near interface. Short term and high-field stress induces local damage near poly

gate because electrons carry larger energy and can penetrate gate dielectrics deeper then release.
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Channel carriers mobility would suffer more degraded in low field and long term stress, and hence
threshold voltage and saturation current “turn-around” behavior may relate to integrity of near Si/IL
interface [3.10]. In Fig. 3.3(b), stress induced leakage current (SILC) happens obviously, so high-field
stress would make heavy SILC. Even soft or hard breakdown will appear as stress voltage becomes

higher [3.11] [3.12].

3.2.2 Gate current Waveform

Although traps generate a lot after stress, they do not affect I RTN appearance. It must be a
specific trap distributing in particular gate voltage and we will discuss it in this section. We aready
generate stress induced traps that contribute to'the gate current noise expectantly in latest section and

continue to analyze now.

The evolutions of gate current versus time after stress are shown in Figs. 3.7- 3.8. The trap after
high field stress (SIT1) is sensed during V=0.8V. 1@ 1V. Another fast trap or breakdown path is also
sensed for gate voltage higher than 0.85V. The noise amplitude is about 50pA and total gate current is
around 200-800pA at different gate bias. The trap after low field stress (SIT2) works during higher gate
bias VG= 1.2V to 1.4V. There is a stable 2 levels of gate current until Vg= 1.3V and 3 levels of gate
current appears. The additional trap sensed in high Vg is a slow trap that has compatible characteristic
time (tc and t¢) with SIT2. The noise amplitude is about 60pA and total gate current is around 0.8-2nA

at different gate biases.

3.2.3 Capture and Emission Time

The plots of capture and emission time are shown in Fig. 3.9. There is opposite trend as gate
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voltage increasing. SIT2 (low-field stress) has same tendency with previous discussed process induced
traps but SIT1 (high-field stress) does not. Capturetime of SIT1islow inlow Vs and gets higher asVg
increasing. It seems to be something new in our observation and we will find it out in section 4.3. Here
we obtain same emission time (te~ 0.2s) with PIT1 and PIT2 and capture time drops off in higher gate

bias, that it means an electron is captured/emitted through same mechanism for SIT2.

3.3 Result and Discussion

Electron occupation probability (defined in Eq. 2.1) of SIT1 decreases with Vg increasing shown in
Fig. 3.10. Hence, electrons are easily captured in trap sites and hard to escape in low gate bias. It realy
does not fit with our expectation that we_mentioned: before. In general, channel electrons density
increases as Vg raises and more carriers wouldjoin the tunnel affair and then fal into traps. The
contradiction may indicate electrons not tunneling from channel. In our opinion, emission time is
invariable and same magnitude in SIT1 and-SIT2.-Only capture time has completely opposite trend.
Where else electrons can tunnel from except for channel? The most possible path is from poly-gate as
schemed in Fig. 3.11(a). There are lots of electronsin n+ poly-gate and the native imperfect character is
depletion happening in the poly/dielectrics interface. Electron density changes with gate bias varying.
We utilize the model that electrons tunnel from poly gate in the following calculation. Indeed, the result

is aso accord with the behavior e ectrons tunneling from channel.

3.3.1 Trap Depth

The trap depth is extracted from the dope of In(z/z) versus Vg as shown in Eq. 2.12. Trap
character of SIT2 is the same with process induced traps and trap depth is obtained about 3.7A in Fig.

3.12(b) using same equation. Aiming at deriving the trap depth of SIT1, Eq. 2.12 must be corrected
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shown as below. The difference is no negative sign at the right side of equal mark. Emission time is
treated as a constant and capture time proceeds in opposite trend, so In(z/z) would differ in a minus

sign.

dIn(TCJ
)_9 4 (3.4)
dv, kT EOT

Other coefficients are fixed. Trap depth of SIT1 is about 3.2A away from poly/high-k interface. SIT1
sites near poly gate so electrons tunneling from poly gate is reasonable. SIT2 sites in high-k and
SIO«Ny transition layer near channel compared with SIT1 and hence electrons source is supplied from

channel rather than poly gate.

3.3.2Trap Energy Variation

The plots of trap energy show different variation in Fig.-3.13. The equations in Eq.2.5 are listed in
section 2.4.1. Fermi energy level of substrate is fixed mentioned before and (/%) dependence to gate

bias would profile trap energy variation.

T, E; —E¢
P o &

e

E. —E,= kTKlnT—CJ —[lnT—Cj } (3.6)
Te n Te 0

Fig. 3.13(b) shows AE/AVg of SIT2 about 80meV/0.1V that islarger than PIT2. Obviously trap energy
variation is larger as trap sites near Si/IL interface (Zr of PIT2 is about 3.8A). On the other hand, trap
energy variation of SIT1 shown in Fig. 3.13(a) is positive dissimilar to SIT2. The main cause is shown
in Fig 3.11(b). Er is no longer referring to Fermi energy level of substrate but poly gate. At high Vg,

energy band bending is more intense and the difference between trap energy and poly gate Fermi
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energy, Er-Egg Will be larger. AE+/AV of SIT1is about 40meV/0.1V

3.3.3 Temperature Dependence

Now we keep eyes on SIT1 and check it out whether it’s also near dielectric conduction band or not.

T2 versus /KT plot is shown in Fig. 3.14 and Ecq-Er is derived about 1.2meV.

Fig. 3.15 is the relationship between capture/emission time and temperature for SIT1. It could be
seen that capture time is longer as temperature or gate bias getting higher. Electrons hop into trap sites
more hardly as gate voltage increasing because of higher trap energy since Fermi energy of poly gate
schemed in Fig. 3.11. Emission time shows no dependence with gate voltage and hence electrons don’t
escape through tunneling, that is highly dependent of .electric field. With temperature higher, both
capture and emission time are lower, that It means, more capture/emission events happen during same
period of time. Capture time changes about half order of magnitude from T=12.5°C to T=37.5C at low
V¢ but one order of magnitude at high Ve. The activation energy of capturetimein SIT1 intensely gets
lower as temperature increasing (Eacapture=0-99€V, " Vs=0.825V; Eajcaprure=0.68eV, Vs=0.975V).
Emission time is same trend with Fig.2.16-2.17 and the activation energy of emission time is identical
with the results in process induced traps (Eaemisson=0.65€V, V c=0.825V; E;emission=0.50eV, V=0.975V).
Consequently electrons are captured tunneling from poly gate and emitted by Frankle-Poole emission
as schemed in Fig. 3.16. Carriers captured from channel or poly gate is decided by the trap position
near poly gate or channel. High field stress would damage near poly/high-k interface and causes traps
proximity to poly gate. Low field stress degrades channel carriers mobility and induces lots of trapsin
IL and near Si/IL interface. Although, emission mechanism is the same no matter where traps site.

Elevating temperature will help electrons trapped run away and enhance Frankle-Poole emission.

3.3.4 NoisesAmplitude
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Gate current and step amplitude of gate current is plotted in Fig. 3.17. Gate current of SIT1 islower
due to lower direct tunneling at V= 0.8V~1V and step amplitude is also smaller. Gate current is large
about 1~2nA and step amplitude is about 100pA. Step amplitude increases with gate current and

AIGIIGhigh is fixed about 10%.
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Fig. 3.6 Schematic plot of F-N stress. () Low V¢ (b) High Vs
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Chapter 4
Random Telegraph Signal of Gate Current for Post Soft
Breakdown Devicesin High-k nMOSFETSs

4.1 Time Dependence Dielectric Breakdown

It has been observed that SIO, has strong thickness dependence in terms of intrinsic Weibull
distribution [4.1] and the dependence can be explained by percolation model [4.2]. The breakdown
failure mechanism in high-k gate dielectrics under constant voltage stress in inversion and
accumulation mode is physically analyzed with,the aid of high resolution transmission electron
microscopy. The results show that the breakdown phenomenon in high-k gate dielectrics is different
from that of ultrathin SIOxNy and SisN4 gate dielectrics. Dielectric breakdown-induced epitaxy, which
is the failure defect responsible for breakdown'in-SiOxN, and SizN,, has also been observed in HfO,
but in a dightly different morphology. The microstructural damages observed in the breakdown of

HfO, gate dielectrics are probably related to HfSiy, and HfSiOy, formation during BD event [4.3].

4.1.1 Soft and Hard Breakdown

Hard breakdown of gate dielectrics can be detected by large changes in the voltage or current
during stress, while soft breakdown is characterized by smaller offsets in the DC characteristics and an
abrupt increase in electrical noise. After constant-current stress, low values of post-breakdown voltage
indicate a more abrupt, hard breakdown, while higher values, close to the stress voltage, indicate soft
breakdown. An increase is observed in the incidence of soft breakdown as to, decreases, such that hard
breakdown is rarely observed for thin gate dielectrics, but dominates the behavior of thicker dielectrics.

Additionally, soft breakdown is observed more often when oxides are stressed using lower and more
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realistic voltages or current densities. Soft breakdown becomes "softer” and even less abrupt as the
thickness or stress is decreased. The characteristic differences between hard and soft breakdown are
evident from post-stress |-V curves, with hard breakdown resulting in resistive I-V behavior, while gate
current still has an exponential dependence on V, following soft breakdown. For a given thickness,
constant voltage testing yields a harder breakdown than constant current stress [4.4]. The post soft
breakdown conductance was explained by a multiple trap assisted electron tunneling mechanism in a
localized small area of the capacitor. In this model the creation of electron traps in the ultra-thin gate
oxide is the most important precursor effect for dielectric breakdown. It was also demonstrated that the
ultra-thin gate oxide reliability can be easily overestimated when a constant current stressing is used if

the soft breakdown is not taken into account [4.5].

4.1.2 Impact of Soft Breakdown on Device and-Cir cuit Per for mance

Fluctuations in the gate current directly. causenoise at the gate electrode. A series noise-voltage
source is required to model the gate noise‘when the-driving impedance is small relative to the gate
impedance. The resultant noise across the gate will cause drain-current fluctuations proportional to the
gain of the device and the gate current noise can couple directly into the channel. Additionaly, the
drain-current noise can be modified by correlations between fluctuations in the gate and drain currents.
For thicker oxides, the I/f drain-current noise is related to the trapping and detrapping of electrons in
the channel. However, in thinner oxides there can be an additional process whereby electrons are
captured from the substrate and escape through the gate. This carrier-hopping process causes the
gate-current fluctuations and leads to drain-current fluctuations, by modulating the channel potential.
Overall, soft breakdown can degrade total device noise in a number of ways, although the precise
impact of increased gate noise will depend on the circuit configuration, noise margins, and the device
noise prior to soft breakdown. To properly account for these effects, it is essential that gate noise and

gate conduction be included in models of devices with ultrathin gate dielectrics [4.4]. Soft breakdown
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can produce a strong decrease of the drain current and transconductance in MOSFETs with small width.
This effect is due to the formation of alocalized oxide damaged region likely trapping negative charge
over a large portion of the channel width, around the SB conductive path. The SB impact on the
transistor drain current increases as the stress proceeds and the SB current increases, as the damaged
region becomes wider due to thermal dissipation and defect generation. The dielectric defects
producing the drain current collapse are distributed over a relatively large area, much wider than the
area of the SB conductive path evaluated from the QPC model. This effect is evident in devices with
small width and fades as width increases. In large width devices, this effect becomes less important as
width becomes larger than the damaged region, asin case of electrically stressed components. From the
viewpoint of reliability: extrapolations, while evaluating the device lifetime from stresses on MOS
capacitors is widely accepted and well justified.in.case of oxide lifetime evaluation and large width

transistors, it may be questionable in MOSFET s with-small width.

4215 RTN in Post Soft-Breakdown Devices

4.2.1 StressAdjustment

Soft breakdown doesn’t happen certainly as stressing continues. It depends on the dielectric
thickness, gate area and stress voltage. Hard breakdown rarely appears as gate dielectric scaling down
but it still dominates the breakdown mechanism in high-k dielectric MOSFETSs due to larger physical
thickness of high-k dielectric layer. Compared with high-k layer, the interfacial layer is hard to get hard
breakdown and soft breakdown happens normally during stressing for EOT about only 3~4A. EOT of
total dielectrics in our devices is only 12A and it's easier to observe soft breakdown appearance,
nevertheless it still depends on stress voltage. As experience in our measure, smaler gate area is

necessary to gain soft breakdown appearance. Too larger gate area would cause the road of soft
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breakdown to hard breakdown shorter and it’s difficult to recognize. Breakdown spot happening in
large gate area will accumulate the injected carriers and induce more and more breakdown path. It
could be avoid in small gate area. Finaly, stress voltage is the most critica parameter for soft
breakdown observation. Large stress voltage will make dielectrics breakdown faster but it almost hard
breakdowns immediately. Adequate small stress voltage is essential but it will need more time to stress
aiming at soft breakdown happening. Too small stress voltage would like normal stress and it’s not sure
to get breakdown appearance. Summarized, it need more tests on different gate area devices and stress

voltage and hence some devices will be failure in need.

4.2.2 -V Characteristics

As aforementioned, constant current’stress (CCS)is likely to obtain soft breakdown than constant
voltage stress (CVS). We firstly measure le-Vg a Vp=Vs=Vg= 0V and choose the magnitude of gate
current at Vg= 2.5V as stress condition-of CCSrFig4:1 shown the evolution of “gate voltage” at 6=
1.5pA. Measured gate voltage doesn't change at initial stress and soft breakdown happens about
T=2300s. After soft breakdown, the digital SBD could be recognized during wear-out. Drain current
degrades initially and has no more degradation after stressing time beyond 500s shown in Fig 4.2(a).
Beside, gate current lasts increasing during stress. In the beginning, gate current is direct tunneling
current, stress induced leakage current (SILC) appears after stress, and gate current has apparent jump

from SIL C to soft breakdown appearance.

4.3 Result and Discussion

4.3.1 Gate Current Waveform
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The magnitude of gate current near operating voltage (Vg= 1.2V) is less than 1nA in former
measurement. It increases to several hundreds of nA when devices suffer soft breakdown as shown in
Fig. 4.3. Step amplitude is aso much larger about 100nA. In the figure, we not only see one large
amplitude but also a small noise existing abstrusely whose amplitude is about 25nA. Hence, two SBD
paths exist informational by I RTN plots. The “on” and “off” of SBD paths involved in gate current
plot is shown in Fig. 4.4(a). Four levels of gate current appear and its effect on gate current is very

intense that would influence the circuit operation heavily.

The effective area of the conductive region is now given in Fig. 4.4(b) by Eq. 4.1 [4.6], where
EQT is the effective oxide thickness. For EOT= 1.2nm and AV= 0.16V, the effective area of slow

SBD-path is 163nm? which is of the same order of magnitude as in other publication [4.6]

q qEOT

A = — =
EAE eAV

(4.1)

4.3.2 Capture and Emission Time

Capture time and emission time after soft breakdown paths existing are shown in Fig. 4.5. Capture
time has the same trend that we discussed before as schemed of electrons tunneling from channel. It
shows logarithmic decrease with gate voltage stepping up and saturates at about 3 seconds at high gate
voltage in T= 20°C . Capture timeis lower about one order of magnitude as temperature becoming 40°C
and saturates at 0.8 seconds approximately. On the other hand, emission time is so different with those
that we measure in prior sections. It is lower and has same variation with capture time here. Emission
time does not only depend on temperature but also gate voltage. The clearer dependence is shown in
Fig. 4.6. The activation energy of capture time decreases intensely with gate voltage (Eacapture= 0.62€V,
Vo= 1.4V; Escaprue= 0.22eV, Vg= 1.55V). Compared with capture time, the activation energy of

emission time varies dightly and fits with process and stress induced traps as results that activation
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energy of emission islower at high gate bias.

4.3.3 Modé

Asshown in Fig. 2.16, 2.17, 3.15(b) and 4.6, emission time prior to soft breakdown is independent
of gate voltage and hence it is irrelevant to electric field over dielectrics and channel carriers density.
After soft breakdown, gate dielectrics suffer heavy destroyed and large amount of traps generate. The
spot is a capacitor prior breakdown paths appearing and a short circuit after breakdown. There are a
conductive path existing and make current flow through without a barrier. Fig 4.7 presents the trap is
distributing in 0.93eV below the conduction band of dielectrics and it’s roughly identical with process
and stress induced traps. Nevertheless the fit lines in 4T versus UkT plots gradually move upward
after soft breakdown. Emission time is:dependent with parameters as shown in Eq. 4.2. The Capture
Cross section o is assumed as a constant-at small gate bias variation prior to SBD but it’s not true after
SBD. In section 2, Eq. 2.10 aso can be represented as below. The intersection with Y-axisin zT?-1/kT
plots means electron capture cross section o multiplying with pre-factor ¥ (—oy). Prior to SBD, the
linesin zT2-1/kT plots have same slopes and intersection with Y-axis, that it means Ec¢-Er is fixed and
capture cross section is independent of gate bias and temperature. After SBD paths existing, Ecq-Er IS
roughly identical at distinct gate bias. Neverthel ess capture cross section varies with gate bias. It shows
capture cross section is smaller at high gate bias. The cause comes from large traps generation after
SBD and it would change the area and probability of electron capture. Capture cross section increases
at large gate bias and it enhances SBD paths area active for capture electrons.

7, = eXp[(EF — ET )/kBT] (4.2)
govn

Inz,T? ==Inyo +(Ecy-E; ) KT (4.3)
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Frankle-Poole emission is a factor besides the gate voltage that affects the conduction band
bending and only dependent of the trap energy distribution. In conclusion, the traps distributing near
soft breakdown paths will capture and emit electrons as soft breakdown appearance in devices and it

will aplenty induce the current through conductive paths.
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Chapter 5
Summary and Conclusion

The gate current instability is further studied in this thesis and the behaviors of electrons
trap/trapping are analyzed. The method “ Gate current random telegraph noise” is arranged coherently
for our experiments. Through electric field and temperature dependence, we could understand the

physics behind the RTN phenomenon in distinct extent destruction.

Firstly, anew I RTN method has been suecessfully implemented to identify the location of traps
generated in high-k and interfacial layer: Traps Site in:high. bulk layer that results trap energy level
variation less that in interfacial layer. Then, different electrons tunneling mechanism (from the
substrate or gate) can be observed for devices'under-high-field or low-field Fowler-Nordhiem stress.
The depth extraction has also been finished by varied equation. Both PIT and SIT site in about 1eV
below the conduction band of dielectric. The temperature dependence of capture and emission time
indicate activation energy of capture time will decrease with gate bias as electrons are sourced from
channel and increase as electrons from poly gate. Emission is independent with electron source and

also decreases with gate bias.

Furthermore, application of the method to SBD reveals that capture and emission time are so
different from PIT and SIT. The SBD provides larger electron capture cross section with gate bias that
would both influence capture and emission time. An extra leakage path in high-k as a result of

breakdown can be well estimated in terms of the size of breakdown path.
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In conclusion, this Ic RTN method is an effective and direct tool for the diagnosis of generated
traps in CMOS with high-k dielectrics and we more understand the physics and the behaviors in high-k

dielectrics for distinct extent destruction.

72



References

Chapter 1

[1.1]

[1.2]

[1.3]

[1.4]

[1.5]

A. Shanware, M. R. Visokay, J. J. Chambers, A. L. O. Rotondaro, H. Bu, M. J. Bevan, R.
Khamankar, S. Aur, P. E. Nicollian, J. McPherson, and L. Colombo, “Evaluation of the
positive bias temperature stress stability in HFSION gate dielectrics,” Proc. Int. Reliab. Phys.
Symp., pp. 208-213, 2003

F. Crupi, R. Degraeve, A. Kerber, A. Kerber, D. H. Kwak, and G. Groeseneken, “Correlation
between stress-induced leakage current (SILC) and the HfO, bulk trap density in a SIO./HfO,
stack,” Proc. Int. Reliab. Phys. Symp., pp: 181-187, 2004

T. Yamaguchi, I. Hirano, R. lijima, K. ,Sekine, M. Takayanagi, K. Eguchi, Y. Mitani, and N.
Fukushima, “ Thermochemical -understanding of dielectric breakdown in HfSION with current
acceleration,” Proc. Int. Reliab. Phys: Symp:;-pp. 67-47, 2005

T. H. Hou, M. F. Wang, K. L. Mai, Y. M. Lin; M. H. Yang, L. G Yao, Y. Jin, S. C. Chen, and M.
S. Liang, “Direct determination of interface and bulk traps in stacked HfO2 dielectric using
charge pumping method,” Proc. Int. Reliab. Phys. Symp., pp. 581-582, 2004

D. V. Singh, P. Solomon, E.P. Gusev, G. Singco, and Z. Ren, “Ultra-fast measurements of the
inversion charge in MOSFETSs and impact on measured mobility in high-k MOSFETS,” IEDM

Tech. Dig., pp. 863-866, 2004

Chapter 2

[2.1]

R. Degraeve, A. Kerber, P. Roussell, E. Cartier, T. Kauerauf, L. Pantisano, and G. Groeseneken,

“Effect of bulk trap density on HfO2 reliability and yield,” IEDM Tech. Dig., pp. 935-938,

73



2003

[2.2] R. Degraeve, F. Crupi, D. H. Kwak, and G. Goeseneken, “On the defect generation and low
voltage extraploation of QBD in SIO2/HfO2 stacks,” VLSI Tech. Dig., pp. 140-141, 2004

[23] J W. Wu, J W. You, and T. Wang, “Excess low-frequency noise in ultrathin oxide
n-MOSFETs arising from valence-band electron tunneling,” IEEE Trans. On Elec. Dev., Vol.
52, No. 9, September 2005

[24] W. Shockley and W. T. Read, Jr., Phys. Rev. 87, 835,1952

[25] K. Mj and U. MJ, “Noise in solid-state microstructures. a new perspective on individua
defects, interface states, and low frequency noise,” Adv Phys., Vol. 38, pp. 367-468, 1989

[2.6]  Schroder, Semiconductor Material and Device Characterization, 3 Edition

[27] N. V. Amarasinghe and Z. C. Butler, “Extraction of oxide trap properties using temperature
dependence of random telegraph signals'in:submicron metal-oxide-semiconductor field-effect
transistors,” J. Appl. Phys. Vol.:89, NO.10, May 2001

[28] T.Wang, C.T. Chan, C. J. Tang, C. W. Tsai, C..H."Wang, M. H. Chi, and D. D. Tang, “A novel
transient characterization technique to investigate trap properties in HFSION gate dielectric
MOSFETs-from single electron emission to PBTI recovery transient,” IEEE Trans. On Elec.
Dev., Vol.53, No. 5, September 2006

[29] K. K. Hung, P K. Ko, C. Hu, and Y. C. Cheng, “Random telegraph noise of
deep-submicrometer MOSFETSs,” IEEE Elec. Dev. Lett., Vol. 11, p99, 1990

[2.10] Z. Shi, J. P. Mieville, and M. Dutoit, “Random telegraph signals in deep submicron
Nn-MOSFET’s,” IEEE Trans. on Elec. Dev., Vol. 41, NO. 7, July 1994

Chapter 3

[3.1] Akbar, and J. C. Lee, “Biastemperature instabilities of polysilicon gate HFO MOSFETS,”

74



[3.2]

[3.3]

[3.4]

[3.5]

[3.6]

[3.7]

[3.8]

[3.9]

[3.10]

IEEE Trans. on Elec. Dev., Val. 50, pp. 1517-1522, June 2003

G Ribes, J. Mitard, M. Denais, S. Bruyere, F. Monsieur, C. Parthasarathy, E. Vincent and G.
Ghibaudo, “Review on high-k dielectrics reliability issues,” IEEE TDMR., Vol. 5, No. 1, pp.
5-19, Mar 2005

A. Shanware, M. R. Visokay, and J. J. Chambers, "Evaluation of positive bias stress stability in
HfSION gate dielectrics,” Proc. Int. Reliab. Phys. Symp., p208-213, 2003

L. Pantisano, E. Cartier, A. Kerber, R. Degraeve, M. Lorenzini, M. Rosmeulen, G
Groeseneken, and H. E. Maes, “Dynamics of threshold voltage instability in stacked high-k
dielectrics: Role of theinterfacial oxide,” VLSI Tech. Dig., pp. 163-164, 2003

X. Wang, J. Peterson, P. Mghi, M. |. Gardner, and D. L. Kwong, “Threshold voltage (Vth)
instability in HfO, high-k gate stackswith TiN metal gate: Comparison between NH3 and O3
interface treatments,” IEEE Elec. Dev. Lett.; Vol. 25, No. 11, pp. 719-721, 2004

S. Zafar, A. Cdlegari, E. Gusev, and-M." V. Fischetti, “Charge trapping in high k gate
dielectrics stacks,” IEDM Tech. Dig.; pp. 517-520,2002

C. T. Chan, C. J. Tang, T. Wang, C. H. Wang, and D. D. Tang, “Positive bias and temperature
stress induced two-stage drain current degradation in HFSION nMOSFETs,” IEDM Tech. Dig.,
2005

C. Y. Ly, K. S. Chang-Liao, P. H. Tsai, and T. K. Wang, “Depth profiling of border traps in
MOSFET with high-k gate dielectric by charge-pumping technique,” IEEE Elec. Dev. Lett.,
Vol. 27, No. 10, 2006

F. Crupi, C. Pace, G Cocorullo, G Groeseneken, M. Aoulaiche, and M. Houssa, “Positive bias
temperature in nMOSFETs with ultrathin Hf-silicate gate dielectrics,” Microelectronic
Engineering, Vol. 80, pp. 130-133, 2005

K. Onishi, R. Choi, C. S. Kang, H. J. Cho, Y. H. Kim, R. E. Nieh, J. Han, S. A. Krishnan, M. S.

75



Akbar, and J. C. Lee, “ Biastemperature instabilities of polysilicon gate HfO, MOSFETS,”

IEEE Trans. on Elec. Dev., Vol. 50, No. 6, pp. 1517-1524, 2003

[3.11] M. Depas, T. Nigam, and M. M. Heyns, “Soft breakdown of ultra-thin gate oxide layers,”
IEEE Trans. on Elec. Dev., Vol. 43, No. 9, pp. 1499-1503,1996

[3.12] F Crupi, R. Degraeve, G. Groeseneken, T. Nigam, and H. E. Maes, “On the properties of the
gate and substrate current after soft breakdown in ultrathin oxide layers,” IEEE Trans. on Elec.
Dev., Vol. 45, No. 11, pp. 2329-2334, 1998

Chapter 4

[4.1] R. Degraeve, A. Kerber, P. Roussel, E. Cartier, T. Kauerauf, L. Pantisand, and G. Groeseneken,
“Effect of bulk trap density on HfO2 reliability.and yield,” IEDM Tech. Dig., pp. 936-938,
2003

[4.2] R. Degraeve, G Groeseneken, R. Bellens, M. Depas,and H. E. Maes, “A consistent model for
the thickness dependence of intrinsi¢-breakdown'in ultra-thin oxides,” IEDM Tech. Dig., p863,
1995

[4.3] R.Ranjan, K.L. Pey, U. Tang, C. H. Tung, G. Groeseneken, M. K. Radhakrishnan, B. Kaczer,
E. R. Degraeve, and S. D. Gendt, “A new breakdown failure mechanism in HfO, gate
dielectric, “Proc. Int. Reliab. Phys. Symp., pp. 347-352, 2004

[4.4] B.E.Wer, P.J Silverman, D. Monroe, K. S. Krisch, M. A. Alam, G B. Alers, T. W. Sorsch, G
L. Timp, F Baumann, C. T. Liu, Y. Ma, and D. Hwang, “Ultra-thin gate dielectrics: they
breakdown, but do they fail?” IEDM Tech. Dig., pp. 73-76, 1997

[45] M. Depas, T. Nigam, and M. M. Heyns, “Soft breakdown of ultra-thin gate oxide layers,”
IEEE Trans. on Elec. Dev., Vol. 43, No. 9, pp. 1499-1504, 1996

[4.6] F Crupi, R. Degraeve, G. Groeseneken, T. Nigam, and H. E. Maes, “On the properties of the

76



gate and substrate current after soft breakdown in ultrathin oxide layers,” IEEE Trans. on Elec.

Dev., Val. 45, No. 11, pp. 2329-2334, 1998

77



