Mg B ARZFANTHVENBAITE Y
O P R T AT

Electrical Characterization of Charge Trapping and

De-trapping in Hf-Based High-k Gate Dielectrics

ISR X 1

TR TmyR EL
i Sl



N FMEIARZFATVEREATA Y
ThRFRELRZ LT

Electrical Characterization of Charge Trapping and

De-trapping in Hf-Based High-k Gate Dielectrics

oyod gk Student : Wei-Hao Wu
ihERE omyR gL Advisor : Dr. Mao-Chieh Chen
AL L Dr. Bing-Yue Tsui
R R4 f
RE R I
#a
A Dissertation

Submitted to Department of Electronics Engineering
and Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in
Electronics Engineering
November, 2006
Hsinchu, Taiwan, Republic of China

PEAR 417 & L-



NG
Iy
oy
-
i
E IR
Tt
B

FATVENEBATA Y o
THRFRE LR THEL T
B2 2T R My L

AAA EL

2|
|4
ok
(=
A=
N

A ARFHPE > U F PRI ARZF AT T EREBEITEY TR
FHREPR2 LB Fiiage e B @8a- § 4 #(Si0y)2 § ¥ i # (SiON)
Mies A2 PadE > - LA RZ B AT VT HEBBRITA LT PF L
FF AR R AT TR TR R ASE BT G A WA e chfhiE 2
MPT T REL ARG F IR RAEP ART F A RET AN £F L
Horh e Ma 5 o AR AiR/RF R # 48 T (bias-temperature instability, BTI)
B4 REROEA /RRIERL Y LRI ROT I FRERZER A2 R

TR S AR AR 0 L E ‘ELE§\+ b k3 R I I < - S U

.!.

PRI RIFP P B RrEROPFRERLE] FIPF 57 P % &L
Flh - LREES BRAESEPEE  BEREE PSR D AL R RF S o F
P AP RIFEFANTHELIT I URBRANF L AKRNE AT
FHEMIEADR Y 2 L 2SR DT R ARG L LM R PP > 12 TER

JoHP I R i I 0 LA YR S T B e S o

P

) Rl

TR Y EREE T R i S RES T F e R



ParaAprEy v F PRI ARPBAT A ERRBRATE AP RBSRG- §
PR HtERE R RFAP FITFFREL AR LT A ORE TR L
- BT MR LR AR AT EREA T Y R T AR - o 3

PR EEEROB ATV EMEA T AR e il > HHRP Ah ek

R Rt - BRFT R 2 & PR o

¥ R0 A B/REBIE 42 T (positive bias temperature instability, PBTT)

Bt BIET N A £F L3eT LMY 2 48 iR HSIO)N - § 7 (Si0)E 4 T
VA Ml TR APR LT A BRI EF L
Bt RIRET S ESRA A AR DY I F L 02 QI AP S B X
B - B A RUF RV fen R i U R R0 (B oehdp il £ 0] kb i
TAER - TR ALT S o gt AR R T R PR T R ER 0 MR
Misafp S MR AT M VR B A ERB/ - F PR AT
Bk Aipafp? 2 TRHFACOEEES c SE LT R FLLB L BE
oA RIET 2§ CHEHIO)/ = 5 & (Si0)F 1T ¥ K Bissafp? oh7 fmif
PAPREZ o APFIR o dok £ o o) THR R 5 D] B 2w e T
FRACE RS AP IR A R LR 7L R M £ R NI B 0 e B

Bt LR o R E R AT ek G2 F AT EAT KRG

RN FR D BT A PR TER T ERD O FEEEE D B R
BT AP T TR AR AR o v AT U e R A ST L

Wk 2 g B Al 0 KRR AT D GRS BT SRR AT A

il



=
el
%&
=
Py

|
35
“
X
Kl
=3
1];;{
Fid
b
b}
bt
5
=3
%k
=3
9
s
I
i
iy
=
J
We
!l

M
oed
3
N
5
ik
=
Eﬂ
=
i
=
[
=y
=3
e
‘&r
Aﬂ
ey
e
=
|
=
3
’«3\
I=q
S
e
=3
&
Fi
=]
?F

Y E I FEERF AR R B 2 L HBT R

S

b
ﬂ\
g
Rl
™
B
=

Rop AR Hp BT kT BB Rk send TR o F F - B
IAATREUT e HBFEBETIAL AL BRI LEA BT b AR TRE
Ao MF T EFEE S NP FIR S R Y- FHTF—RBREDE TG
B EETZ B ATV EBEATE Y DFHIEHTF—TRET > £V E
Beddnimnfloteh L#ILAh - 0o - BT TR 2
AR R R VA AT IEE S S 4 ol Sl S A
TR 0T B — TR T 3 Lo £ 5 ok fE) 1R
AREF P hDEE CEER -SRI TR PR KBETF—RRER

B R E S /S F RN T B W R g g Rkt 2

RREA o B R AR Gt R A R S R e B A T A T

Wl - BEEE AR AT HEARTE/ S F R T R G T e R

\F‘b

i b i kIR AESd 3 F BT W (TR

ks
a\
=H
af
ik
4y
<k
S
W
K

WMo B RE R IEBR T LT E R 7AW R F R B

B R AR B o ok A IR R - R AT PR BT EE

BRSSP A T - BRIET G Bt S SRR

MY N G FARE BB e v - R ST  EE R RES

il



frp = F CHEF GG R EIFR o - TR R R Ry
IR S L A AP A - Tz s kA § M E/ZF
CRR ATV EER MRy PR TR RRA G ot gl

B E B ht ko APT U AE S A &

[}
)
F_&
‘«3\
<
=y
=3
=
¢
=
=3

=
ES

FAFERP O hofe @ % M4 T 47 & f (charge pumping)™ 2 > kA4 §
/- F R BARAEEEFEEEY DER AL BE LT ERTFL o4k
EMIETF—RRE Y PER AT FE- R AMBEIREAF Y TER

v

HELTEES X F EE P A TN A R Tk TR <
BEoAr-RELBFI N FNTHBATR/F O FF KN TR R

ik g d O~ PR bl A GEn S T PR i B BT RR R FE

FY o APT R R B LT B R S T B s R
)‘m?ﬁﬂ:";\‘]?a ]‘?mgﬁa;‘ug_‘l}’éiﬂ_’lia = E‘-___SO__L 100 %/\ °

M= B HAR e B F e TR Y e I E R R RO S i A
AP ERLAEINER RN B RS G T TR hz Rk TR

oo e pE o AL MAR T A — T R E R g ;ﬂ‘j‘;—}‘ﬁ\(ﬁ-_‘eﬁ%éi%#«éig

3

o 472 0% > T4 R4 heen g B2 PR A 8 3 - RehBdk o
B S RARAHY AL AFRE TR B G Y A A
R A A B AR AL e e W oeRT g A AT Sy fTee s il

AKRehPpEFE > e 0 T

=
T
S
>/
A~
ek
3
i
o+
R
Eis
e
¥
v
o
pid



Electrical Characterization of Charge Trapping and

De-trapping in Hf-Based High-k Gate Dielectrics

Student: Wei-Hao Wu Advisor: Dr. Mao-Chieh Chen
Dr. Bing-Yue Tsui
Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University

ABSTRACT

This dissertation studies the charge trapping and de-trapping in Hf-based high-k
gate dielectrics through various electrical characterizations. Unlike the conventional
Si0, or SiON gate oxides, Hf-based high=k= gate dielectrics are known to suffer from
the serious reliability concern of threshold voltage instability due to the fast and slow
charge trapping and de-trapping in the pre-existing bulk traps in Hf-based high-k gate
dielectrics, especially under the substrate electron injection conditions in high-k
nMOSFETs. These trapped charge carriers are believed to cause the threshold voltage
shift, drain current degradation, and channel mobility variation during the
stress/measure cycles of bias temperature instability (BTI) stress, and the number of
trapped charge carriers which can be detected depends greatly on the switching and
measurement time delays due to fast transient charge de-trapping when the stress bias
voltage is removed. Therefore, appropriate electrical characterization methods should
be employed to understand the physical mechanisms of fast and slow charge trapping
and de-trapping in Hf-based high-k gate dielectrics and their impacts on the
performance evaluation whether in the device or circuit level.

Chapter 1 introduces the general background and motivations about why should we

use the Hf-based high-k gate dielectrics to replace the conventional SiO, gate oxides in



terms of the electrical and material properties. The threshold voltage instability induced
by charge trapping and de-trapping has been identified as one of the most critical
reliability issues in Hf-based high-k gate dielectrics, including the charge trapping and
de-trapping in fast and slow high-k traps. Moreover, the organization of this dissertation
will be briefly described and explained to give the outline of this academic study.
Chapter 2 describes the threshold voltage instability in nMOSFETs with dual- layer
HfSi0/ Si0O; high-k gate stack under static positive bias temperature instability (PBTI)
stress. The fundamental characteristics and carrier transport mechanism of charge
trapping under static PBTI stress are investigated extensively, and a physical model of
charge trapping with dispersive capture time constants (stretched exponential growth
model) has been employed to describe and to predict the charge trapping behavior. In
addition, the dependences of stress voltage, temperature, and gate stack structure are
studied to further understand the.physical nature of charge trapping process in the
dual-layer HfSiO/SiO, high-k gate stack:-Chapter 3 depicts the charge trapping and
de-trapping behaviors in the dual-layer. HfO,/S10, high-k gate stack under static and
dynamic positive bias stress. Similar charge trapping and de-trapping behaviors could
be observed and repeated during the consecutive static stress/recovery cycles if the
recovery bias voltage is strong enough to clean up the previously trapped charge
carriers. Based on these findings, we may conclude that these high-k traps are the
pre-existing bulk traps in the HfO, high-k dielectric and that no additional high-k traps
are generated during the stress cycles. Then the fundamental characteristics of charge
trapping under dynamic positive bias stress has been demonstrated to be identical with
those under static positive bias stress if the de-trapped charge carriers could be
neglected as compared to the total injected charge carriers. The transient charging

behavior under dynamic positive bias stress could be observed and analyzed by varying
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the duty cycles of stress pulse waveform at a specific frequency, and a universal charge
trapping model has been proved in terms of the effective stress time.

Chapter 4 explains the two-frequency capacitance-voltage (C-V) correction
method using a five-element circuit model for high-k gate dielectrics and ultrathin
oxides. This general circuit model of five elements considers both the static and
dynamic dielectric energy losses and parasitic components such as the substrate/well
resistance and cable/system inductance, and this five-element circuit model could be
modified as another two four-element circuit models to simply the calculations,
depending on the gate leakage current. The clamped and amplified C-V curves of
low-leakage high-k gate dielectrics could be effectively eliminated by using this
two-frequency C-V correction method, and the area dependence and physical origin of
parasitic components have also bgen clarified im.detail. Also, the severe capacitance
drop in the C-V curves of ultrathin oxides could be effectively suppressed and then
simulated to obtain the equivalent oxide-thickness (EOT) of ultrathin oxides by using
the C-V simulation program which*has. already taken the poly depletion and quantum
size effects into account.

Chapter 5 illustrates the space and energy distribution of border traps in the
dual-layer HfO,/Si0; high-k gate stack by the low-frequency capacitance-voltage (C-V)
measurements. Border traps here represent the detected fast high-k traps located near
the high-k/oxide interface which can instantly exchange the charge carriers with the
underlying Si substrate through direct tunneling. The capacitance increase at low
frequencies could be regarded as the border trap capacitance which is in parallel with
the ideal dielectric capacitance if the transient charging and discharging of these border
traps could follow the small-signal measurement frequency immediately. Border trap

capacitance has been proved to be linearly proportional to the gate area as expected and
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highly associated with the Si composition in HfSiO films, and its frequency and gate
bias voltage dependences could also be transformed into the relationships of the
tunneling distance from Si substrate surface and the trap energy depth from HfO,
conduction band edge. Based on a physical model of elastic direct tunneling through
trapezoidal potential barriers, the space and energy distribution of border traps in the
dual-layer HfO,/SiO, high-k gate stack could be smoothly profiled as a 3D-mesh.
According to the model-extracted results, we may conclude that most of the
pre-existing high-k traps are located in the HfO, bulk layer and that considerable parts
of these traps are positioned at the shallow energy levels.

Chapter 6 clarifies the transient charging and discharging of border traps in the
dual-layer HfO,/SiO; high-k gate stack by low-frequency charge pumping method.
Similar to the border trap capaeitance at low-frequency C-V curves, additional
recombined charge per cycle atdow-frequency charge pumping measurements could be
attributed to the repetitive recombination—ef-majority and minority carriers which
instantly tunnel into and out of the botder traps located near the high-k/oxide interface.
The tunneling path and physical mechanism of transient charging and discharging
behaviors of these border traps could be further understood by varying the rise time and
fall time, peak and base level voltages, and duty cycles of input pulse waveform, and
the transient charging and discharging behaviors may occur within only 50-100 ns.
Based on an elastic direct tunneling model with symmetric forward and reverse
tunneling time constants, the space and energy distribution of border traps could also be
obtained as a smoothed 3D-mesh. A comparison of analysis results was made between
the low-frequency C-V measurement and low-frequency charge pumping method, and
identical conclusions were drawn from these two different methods.

Finally, chapter 7 summarizes the findings and contributions of this dissertation,
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and also indicates the topics that have not yet been understood clearly nor verified with
strong evidence supports. These topics could help us direct the development of future

technologies and deserve to be studied with great activities.
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Table Captions

Chapter 1

Table 1-1  Equivalent oxide thickness (EOT) requirements for three logic technology
applications projected by the 2005 ITRS roadmap.

Table 1-I  Summarized material and electrical properties of various selected high-k
gate dielectrics.

Chapter 2

Table 2-1  Gate bias voltage dependence of the three fitting parameters, AV} qx, T and

B, in the physical model of charge trapping in high-k gate dielectrics.
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Chapter 1

Fig. 1-1

Fig. 1-2

Fig. 1-3

Fig. 1-4

Fig. 1-5

Chapter 2

Fig. 2-1

Figure Captions

Scaling limits (solid lines) of many different gate dielectrics as a function of
the specifications for (a) high-performance, (b) low operating-power, and (c)
low stand-by power logic technologies. The gray area represents the
recommended Ty ¢ values.

Bandgap and band alignment of various high-k gate dielectrics with respect
to silicon. The dashed lines represent 1 eV above/below the conduction/
valence bands, which indicate the minimum barrier height to suppress the
gate leakage current.

Ternary phase diagrams for (a) Ta-Si-O, (b) Ti-Si-O, and (c) Zr-Si-O
compounds. As compared toTa;O5.and.TiO,, ZrO, is thermo-dynamically
stable with S10, and"Si; and no phase separation would occur into the MO,
and M,Si, phases.

Schematic band diagram of ‘the’ dual-layer HfO,/SiO, high-k gate stack
biased with (a) negative gate bias, (b) flatband condition, and (c) positive
gate bias. A defect band in the HfO, layer is positioned just above the Si
conduction band edge.

Schematic illustration of the interface states, fixed oxide traps, and border
traps in terms of (a) the spatial location of defects, and (b) their electrical
responses. Border traps are the near-interface oxide traps which could be

detected within the time scale of electrical measurements being performed.

High-resolution Rutherford backscattering spectrometry (RBS) depth profile

of the HfSiO(2.0 nm)/SiOy(1.2 nm) high-k gate stack with 50% Si
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Fig. 2-2

Fig. 2-3

Fig. 2-4

Fig. 2-5

Fig. 2-6

Fig. 2-7

Fig. 2-8

Chapter 3

composition in the HfSiO film.

Carrier transport mechanism in the HfSiO/SiO, high-k gate stack under
substrate electron injection conditions at temperatures ranging from 25 to
200°C.

Time evolution of (a) I¢-V, and (b) G-V, curves of the nMOSFETs with
HfSi10/S10; high-k gate stacks under static PBTTI stress.

(a) Threshold voltage shift and (b) saturation drain current degradation of
the nMOSFETs under various positive gate bias voltages as a function of
stress time.

Linear relation between the threshold voltage shift and saturation drain
current degradation under static PBTTI stress, which can be equally applied
to various gate bias voltages.

Threshold voltage shift.as a function of stress time under +2.0 V gate bias
voltage at various temperatures-—Fhe inset indicates that the V; shift follows
the Arrhenius equation with.the-activation energy of 0.0357 eV under V=
+2.0V.

Saturation drain current degradation under +1.6 V gate bias voltage as a
function of stress time for the HfSiO/SiO; high-k gate stacks with different
(a) base oxide thickness and (b) Si composition in the HfSiO film. Base
oxide thickness of 1.2 nm and Si composition of 75% are preferred for the
reduction of charge trapping.

Power law dependence of saturation drain current degradation on the gate
bias voltage for the HfSiO/SiO, high-k gate stacks with various

combinations of base oxide thickness and Si composition in the HfSiO film.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-1

3-2

3-3

3-5

3-6

3-7

3-8

Threshold voltage shift of the dual-layer HfO,/SiO; high-k gate stack as a
function of the static stress/recovery time with fixed stress voltage V= +2.0
V and various recovery voltages Vo= 0 ~-2.0 V.

Threshold voltage shift of the dual-layer HfO,/SiO; high-k gate stack as a
function of the static stress/recovery time with various stress voltages V,=
+1.6 ~+2.8 V and fixed recovery voltage V= -1.6 V.

Time evolution of (a) I4-V, and (b) G-V, curves of the nMOSFET with
dual-layer HfO,/SiO, high-k gate stack under dynamic positive bias stress
(stress V= 12.0 V, recovery V=0V, frequency= 100k Hz, and duty cycle=
50%).

Threshold voltage shift of the dual-layer HfO,/SiO, high-k gate stack as a
function of the stress time under dynamic positive bias stress with various
stress voltages V= +1.2.~ +2.8 V: As.can be seen, the V; shift follows the
power law relation ~'® as that-under static positive bias stress.

Linear relationship between. the. threshold voltage shift and drain current
degradation biased in the linear region. The increase of V. is mainly
responsible for the I, degradation as that under static positive bias stress.
Threshold voltage shift as a function of stress time under the bipolar
dynamic stress at f= 100k Hz with fixed peak level voltage Vyea= 2.0 V
and various base level voltages Vpae= 0 ~-2.0 V.

Threshold voltage shift of the dual-layer HfO,/SiO; high-k gate stack as a
function of the stress time under dynamic positive bias stress with various
duty cycles ranging from 0.1 to 90%. Negligible V; shift could be observed
at very small duty cycles ~0.1-0.2%.

Threshold voltage shift as a function of the pulse width of stress pulse
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waveform under dynamic positive bias stress (f= 100k Hz, Vpea= 2.0 'V,
and Vpase= 0 V) at various stress times, where the pulse width is the pulse
period multiplied by duty cycles.

Fig. 3-9  Threshold voltage shift as a function of effective stress time under dynamic
positive bias stress (f= 100k Hz, Vpea= +2.0 V, and Viaee= 0 V) with various
duty cycles, where the effective stress time is transformed from the stress
time multiplied by duty cycles.

Chapter 4

Fig.4-1  Small-signal equivalent circuit models of MOS capacitors: (a) simple
parallel circuit model, (b) new five-element circuit model, (c¢) four-element
circuit model for low leakage high-k dielectrics, and (d) four-element circuit
model for ultrathin oxides and leaky high-k dielectrics.

Fig. 4-2  Measured and two-frequency corrected C-V curves of the TiN/HfO,/SiO,/
p-Si MOS capacitor with ‘gate-area-of 10000 um?. The frequency dispersion
of clamped C-V curves could be observed at high frequencies (>500k Hz).

Fig. 4-3  Measured and two-frequency corrected C-V curves of the TiN/HfO,/SiO,/
p-Si MOS capacitor with gate area of 400 pm”. The frequency dispersion of
amplified C-V curves could be observed at high frequencies (>500k Hz).

Fig. 4-4  Electric flow lines from the small top-gate contact on the flat surface of a
semi-infinite substrate to the large wafer backside contact. This situation is
similar to that of measuring the spreading resistance.

Fig. 4-5 Linear relationship between the Ls and 1/C, in the connection schemes
with/without switch matrix. Larger Ly would be observed when probing
through the chuck with switch matrix due to the phase compensation

problems.
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Fig. 4-6

Chapter 5

Fig. 5-1

Fig. 5-2

Fig. 5-3

Fig. 5-4

Fig. 5-5

Measured, two-frequency corrected, and theoretical C-V curves of the
ultrathin oxynitride with EOT= 1.65 nm. Adopting two high frequencies in
the two-frequency C-V correction and then using the C-V simulation
program to perform the curve fitting may provide a simple and practical way

to extract the EOT of ultrathin oxides.

Capacitance-voltage curves of the TiN/HfO,/Si0O,/n-Si MOS capacitor at
various frequencies with gate area of 10000 um?” The inset shows that the
carrier transport mechanisms of injected substrate electrons are ohmic
conduction and Frenkel-Poole emission under low and high electric fields,
respectively.

Border trap capacitance as a function of the measurement frequency at
various gate bias voltages. Therdielectric capacitance increase at low
frequencies could be explained-by- proposing a frequency- and voltage-
dependent border trap capacitance in parallel with the ideal gate dielectric
capacitance as shown in the inset.

Capacitance-voltage curves of the TiN/HfO,/Si0,/n-Si MOS capacitor at
various frequencies with gate areas of (a) 400 and (b) 2500 pm?”. Similar
dielectric capacitance increase at low frequencies has been observed for the
capacitors with different gate areas.

Area dependence of the border trap capacitance Cy under various gate bias
voltages. As can be seen, the Cy is linearly proportional to the gate area as
proposed in the physical model.

Capacitance-voltage curves of the TiN/Hf-based high-k/SiO,/n-Si MOS

capacitor at various frequencies with (a) pure HfO,, (b) low Si composition
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in the HfSiO film, and (c) high Si composition in the HfSiO film.

Fig. 5-6  Multi-frequency capacitance-voltage curves of the nMOSFET device with
TiN/HfO,/SiO,/p-Si  high-k gate stack. Similar dielectric capacitance
increase at low frequencies could also be observed in the strong inversion
region

Fig. 5-7  Schematic band diagram of the TiN/HfO,/SiO,/n-Si MOS capacitor biased
in the accumulation region with the illustration of tunneling distance and
carrier energy coordinates.

Fig. 5-8 Space and energy distribution of the border trap volume density in the
dual-layer HfO,/SiO; high-k gate stack. Symbols are model-extracted data
points, and 3D-mesh is the smoothed surface profiling of these points.

Chapter 6

Fig. 6-1 Measurement system:setup of charge pumping method. The gate of a NMOS
device is connectedto a'pulse-generator, and a reverse bias voltage V; is
applied to the source and drain; while the charge pumping current L, is
measured at the grounded substrate.

Fig. 6-2  Charge pumping current I, of the poly-Si/TaC/HfO,/SiO,/p-Si high-k gate
stack with EOT= 1.77 nm as a function of peak level voltage V. at various
frequencies.

Fig. 6-3  Trapped charge density N; of the dual-layer HfO,/Si0; high-k gate stack as a
function of peak level voltage Ve at various frequencies. The inset
illustrates the definition of input pulse waveform parameters.

Fig. 6-4  Trapped charge density N; as a function of the rise time and fall time (here
T,=Ty) of input pulse waveform at various frequencies (1k, 10k, 100k, and

IM Hz). Rise time and fall time are highly associated with the scanned
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Fig. 6-5

Fig. 6-6

Fig. 6-7

Fig. 6-8

Fig. 6-9

Fig. 6-10

energy range of interface states in the Si forbidden bandgap.

Trapped charge density N; as a function of the base level voltage Vyase of
input pulse waveform at various frequencies (1k, 10k, 100k, and 1M Hz).
The negative bias voltage of Vi plays a significant role to pull out the
trapped charge carriers during the transient discharging stage.

Trapped charge density N; as a function of the duty cycle of input pulse
waveform at various frequencies (1k, 10k, 100k, and 1M Hz). Symmetric
transient charging and discharging behaviors could be observed at very
small and very large duty cycles.

Trapped charge density N; as a function of transient charging time at various
peak level voltages V. by changing the ON time of input pulse waveform
at f= 10k Hz. Symbols: are measurement data, dotted line is the fitting line
for the interface state-density, and solid.lines are the model fitting results.
Trapped charge density Ni as-a-function of transient discharging time at
various peak level voltages Vpea by changing the OFF time of input pulse
waveform at f= 10k Hz. Symbols are measurement data, dotted line is the
fitting line for the interface state density, and solid lines are the model fitting
results.

Border trap area density Ny, of the dual-layer HfO,/S10, high-k gate stack as
a function of the frequency of input pulse waveform at various peak level
voltages Vpeak. As can be seen, Ny increased exponentially with the
decreasing frequency and the increasing peak level voltage.

Schematic band diagram of the dual-layer HfO,/SiO, high-k gate stack
biased in the strong inversion region with the illustrations of tunneling

distance and carrier energy coordinates.
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Fig. 6-11 Space and energy distribution of border trap volume density py; in the
dual-layer HfO,/S10, high-k gate stack. Symbols are model-extracted data

points, and 3D-mesh is the smoothed surface profiling of these points.
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Chapter 1: Introduction

1.1 Why Use Hf-Based High-k Gate Dielectrics

As the Moore’s law continues to drive the continuous scaling of gate dielectric
thickness, it is becoming increasingly clear that we are approaching the materials limit
of conventional SiO;-based ultrathin oxides. The aggressive scaling of CMOS device
technology in recent years has reduced the equivalent oxide thickness (EOT) of
silicon oxynitirde SiON below 2.0 nm, thus leading to the serious concerns of gate
dielectric integrity, reliability issues, and stand-by power consumption. Moreover, the
rapidly-increasing tunneling gate leakage current has been identified as one of the
major challenges to fulfill the specifies EOT: requirements in sub-65nm technology
nodes as projected by the intérnational| technology roadmap for semiconductors

(ITRS) in Table 1-1 [1.1].

In order to avoid the intolerable tunneling leakage and power consumption in the
ultrathin oxides, high dielectric permittivity (high-k) gate dielectric has been proposed
to offer thicker dielectric physical thickness while maintaining the same equivalent
oxide thickness (EOT) in electrical properties [1.2]. An analysis method for predicting
the scaling limits of different high-k gate dielectrics has been proposed by Yeo et al.,
and the selection guidelines for appropriate alternative high-k gate dielectrics (Fig.
1-1) were provided in terms of three logic technology applications, including the high
performance (HP), low operating power (LOP), and low stand-by power (LSTP) logic
technologies [1.3]. Table 1-1I shows the summarized material and electrical properties
of various high-k gate dielectrics such as SizN4, Al,O3, Ta,0s, Lay,O3, Gd,03, Y05,
HfO,, ZrO,, SrTiO;, HfSiO4, and ZrSiO4 [1.4], and Fig. 1-2 illustrates the bandgap

and band alignment of these high-k gate dielectrics with respect to Si [1.5]. The
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dashed lines represent 1eV above/below the conduction/valence bands, which indicate
the minimum barrier height for electrons and holes to reduce the gate leakage current.
Fig. 1-3 shows the ternary phase transition diagrams for (a) Ta-Si-O, (b) Ti-Si-O, and
(¢) Zr-Si-O compounds [1.6]. As compared to the unstable Ta,Os and TiO,, ZrO,
high-k dielectric is thermo-dynamically stable with SiO, and Si, and no phase
separation would occur into the MOy and M,Si, phases [1.7]. Thus, ZrO,:SiO, and
HfO,:Si0, silicates within an appropriate composition range could be obtained with
very low gate leakage current, moderate dielectric constant, and excellent thermal
stability. Among these investigated high-k gate dielectrics, Hf-based high-k gate
dielectrics (including HfO,, HfSiO, and HfSiON) have been recognized as the most
promising candidates due to their moderate dielectric constant (~20-25), large energy
bandgap (~5.7-6.0 eV), high conduction band offset (~1.5-1.9 eV), excellent thermal
stability on the Si substrate (~950°C), and stable.amorphous crystalline structure by
incorporating the Si or N atoms; However;-it-has been reported that there is plenty of
pre-existing bulk traps in the HfO, high-k gate dielectrics, thus leading to the critical
reliability issue of threshold voltage instability induced by charge trapping and

de-trapping.

1.2 Threshold Voltage Instability in the Hf-Based High-k Gate

Dielectrics

Unlike the conventional SiO; or SiON, there is a large number of pre-existing
bulk traps in the Hf-based high-k gate dielectrics, and this is believed to be an
intrinsic problem related to the specific properties or crystal structure of high-k gate
dielectrics, regardless of the deposition technique or process conditions. Charge

trapping in these pre-existing high-k bulk defects would cause the continued threshold

2



voltage shift and drain current degradation with the operation time, especially the fast
electron trapping in high-k nMOSFETs. In general, a defect band filled with plenty of
pre-existing bulk traps is assumed to be positioned just above the Si conduction band
edge as shown in Fig. 1-4 [1.8]. As can be seen, the position of trapped charge carriers
in the energy levels would change rapidly with the applied gate bias voltage due to the
asymmetric band structures in SiO, and HfO,. For positive gate bias, the pre-existing
bulk traps in the HfO, layer would be charged by the injected electrons through the
interfacial oxide. For negative gate bias, these trapped electrons would be discharged
in the reverse direction into the Si conduction band. Moreover, these high-k bulk traps
could be divided into the slow and fast traps, depending on their de-trapping time

constants when the gate bias voltage is removed.

First, the hysteresis of Capacitance-vieltage cutves and the threshold voltage shift
determined by static I4-V, characteristics have been widely used to study the slow
high-k traps from which the trapped charge'carriers could not de-trap immediately
[1.9], [1.10]. Then, the pulse 13-V, technique ‘and charge pumping method have been
proposed and employed to investigate the fast high-k traps which could instantly
capture and emit the charge carriers by tunneling through the thin interfacial oxide
[1.8], [1.11]-[1.13]. The tunneling model through the thin interfacial oxide is similar
to that of tunneling into near-interface oxide traps in the heavily-irradiated SiO; that
has already been studied and proposed [1.14]-[1.19]. These near-interface oxide traps
are defined as the oxide traps located near the interface that can instantly exchange
charge carriers with the underlying Si substrate through direct tunneling [1.20], [1.21]
and are suggested to be named as “border traps” to be distinguished from the
conventional interface states and oxide traps [1.22]. Fig. 1-5 shows the schematic

illustration of the interface states, fixed oxide traps, and border traps in terms of (a)



the spatial location of defects, and (b) their electrical response. Border traps are the
near-interface oxide traps which can be detected within the time scale of electrical
measurements being performed. Similarly, the detected fast high-k traps by the C-V
measurement or charge pumping method at low frequencies could also be defined as
the pre-existing high-k traps located near the high-k/SiO, interface that can instantly
exchange charge carriers with the underlying Si substrate through direct tunneling,
and are called the border traps in the high-k dielectrics to be distinguished from other
fast high-k traps (which have not been detected, depending on the measurement

frequency).

Compared to the negative bias temperature instability (NBTI) in ultrathin oxide
pMOSFETs, threshold voltage instability induced by charge trapping and de-trapping
is believed to be the limiting reliability, factor in high-k devices. Therefore, this
dissertation will concentrate on using various electrical characterization methods to
better understand the fundamental characteristics and physical mechanism of charge

trapping and de-trapping in Hf-based high-k gate dielectrics.

1.3 Dissertation Organization

The organization of this dissertation is briefly described below. Chapter 2 studies
the characteristics and physical model of charge trapping in the pre-existing high-k
traps under positive bias temperature instability (PBTI) stress. The dependences of
gate bias voltage, temperature, and gate stack structure have also been investigated.
Chapter 3 discusses the charge trapping and de-trapping behaviors under static and
dynamic positive bias stress, and a universal charge trapping model has been proved
in terms of the effective stress time. These two chapters could help us realize the
threshold voltage instability in high-k devices and predict the long-term reliability
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lifetime. Chapter 4 illustrates the two-frequency C-V correction method using a
five-element circuit model for high-k gate dielectrics and ultrathin oxides. The
physical origin of dynamic energy loss and the area dependences of parasitic
components are also explained in detail. This C-V correction technique could be used
later to eliminate the impact of parasitic components on the dielectric capacitance at
high frequencies. Chapter 5 indicates the border trap capacitance determined by
low-frequency C-V measurement as a specific characteristic of the transient charging
and discharging of border traps in high-k dielectrics. Moreover, the space and energy
distribution of border traps could be transformed from the frequency and voltage
dependences of border trap capacitance. Chapter 6 explains the transient charging and
discharging behaviors observed by low-frequency charge pumping method, and an
elastic direct tunneling model with symmetric forward and reverse tunneling time
constants has been proposed te extract the space and energy distribution of border
traps in high-k dielectrics. Also, a comparison;between the low-frequency C-V and
charge pumping methods has been made to clarify the differences. Finally, chapter 7
summarizes the findings and contributions of this dissertation, and provides the

suggested directions for future studies.



Table 1-1 Equivalent oxide thickness (EOT) requirements for three logic technology

applications projected by the 2005 ITRS roadmap [1.1].

Year of Production 2005

2007 2010 2013 2016

DRAM 1/2 Pitch (nm) 80

65 45 32 22

High-Performance Logic

Technology EOT Requirements

Extended Planar Bulk (A) 12
UTB FD (A)
DG (A)

11

Low Operating

Power Logic Technolo,

EOT Requirements

Extended Planar Bulk (A)
UTB FD (A)
DG (A)

14

12

Low Stand-by Power Logic Technolog EOT Requirements

Extended Planar Bulk (A)
UTB FD (A)
DG (A)

21"

*UTB FD: ultra-thin body fully- depleted SOI DG double- gate MOSFET.

[l : manufacturable solutions are NOT known



Table 1-II Summarized material and electrical properties of various selected high-k

gate dielectrics [1.4].

Dielectric Dielectric Bandgap  Conduction band Leakage Thermal stability
constant (eV) offset (eV) reduction on Si substrate

Si0, 3.9 9 3.5 N/A >1050°C
SisN, 7 5.3 2.4 >1050°C
AlLO; ~10 8.8 2.8 10%-10°x ~1000°C
Ta,05 25 4.4 0.36 Not stable
La,0; ~21 6* 23

Gd,03 ~12
Y,0; ~15 6 2.3 10*-10°x  Silicate formation
HfO, ~20 6 1.5 10*-10°x ~950°C
710, ~23 5.8 1.4 10*-10°x ~900°C
SrTiO; 3.3 ~0.1

ZrSi0y 6* 15

HfSiO, 6% 15

*Estimated value
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Ta Ta,Si TaSi; Si Ti TisSiz TiSi TiSi, Si

Zr Zr,Si ZrSi ZrSi, Si

Fig. 1-3 Ternary phase diagrams for (a) Ta-Si-O, (b) Ti-Si-O, and (c) Zr-Si-O
compounds. As compared to Ta,Os and TiO,, ZrO; is thermo-dynamically
stable with SiO; and Si, and no phase separation would occur into the MOy

and M,Si, phases [1.6], [1.7].
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Fig. 1-4 Schematic band diagram of the dual-layer HfO,/SiO, high-k gate stack

biased with (a) negative gate bias, (b) flatband condition, and (c) positive

gate bias. A defect band in the HfO, layer is positioned just above the Si

conduction band edge [1.8].
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Gate Oxide Si

(a)

+ + T F
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+F-
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+
7
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(b)
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«——TFixed States —» | |
Gate Oxide Si

Fig. 1-5 Schematic illustration of the interface states, fixed oxide traps, and border
traps in terms of (a) the spatial location of defects, and (b) their electrical
response. Border traps are the near-interface oxide traps which could be
detected within the time scale of electrical measurements being performed

[1.22].
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Chapter 2: Threshold Voltage Instability in nMOSFETs with

HfSi0/SiO, High-k Gate Stack under Static PBTI Stress

2.1 Introduction

Threshold voltage (V;) instability induced by charge trapping has been recognized
as one of the critical reliability issues in Hf-based high-k gate dielectrics, especially
for the nMOSFETs under substrate electron injection conditions (positive bias stress)
[2.1]. The channel electrons are injected into the HfO, high-k gate dielectric with
pre-existing bulk trap density of 3-6x10'> cm™ by tunneling through the thin base
oxide. In general, a defect band filled with plenty of pre-existing high-k traps is
positioned above the Si conduction band edge inrenergy and in the HfO, bulk layer in
space [2.2]. In other words, these pre-existing high-k traps are distributed in a wide
range of space and energy, thusimakingthe charge trapping model different from that
of conventional SiO; or SiON. The high-k traps located at deep energy levels are
believed to be responsible for the C-V hysteresis or V; instability determined by static
I4-V, characteristics [2.3], [2.4], and the high-k traps located at shallow energy levels
are indicated as the physical origins of stress-induced leakage current (SILC) in
HfO,/S10, high-k gate stacks [2.5]. In addition, the initial high-k bulk trap density has
been demonstrated to be highly associated with the event of dielectric breakdown in
HfO; high-k gate dielectrics, thus influencing the device reliability and yield [2.6].

As reported in the literature, Si atoms could be incorporated into the HfO, high-k
gate dielectrics to suppress the dielectric re-crystallization during high temperature
rapid thermal annealing (RTA) and to reduce the high-k bulk trap density [2.7], [2.8].

Moreover, the thickness of base oxide SiO; plays a significant role in the charging and
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discharging dynamics of threshold voltage instability in the HfO,/SiO, high-k gate
stacks, and the tunneling time constant decreases exponentially with the decrease of
base oxide thickness [2.9]. Although thin base oxide thickness is preferred for the
continuous scaling of equivalent oxide thickness (EOT) below 1.0nm, this may further
degrade the problem of threshold voltage instability due to fast charge trapping. Both
the composition of high-k bulk layer and base oxide thickness are being modified to
obtain the appropriate high-k gate stack structure with required EOT value and
reduced threshold voltage instability.

This chapter will first study the fundamental characteristics of charge trapping in
the HfSi0/S10, high-k gate stack under positive bias temperature instability (PBTI)
stress in section 2.3, including the carrier transport mechanism, threshold voltage shift,
drain current degradation, and transconductance variation. Then, a charge trapping
model with dispersive capture time.constantsswill be used to describe and to predict
the charge trapping behavior in section-2:4-—Finally, section 2.5 will investigate the
temperature dependence of charge ‘trapping and the appropriate HfSiO/SiO, high-k

gate stack structure for future CMOS technology nodes.

2.2 Device Fabrication and Analysis Method

MOSFET devices with the HfSiO/SiO, high-k gate stacks and poly-Si gate
electrodes were fabricated using the standard CMOS process technology. After the
definition of shallow trench isolation (STI) and active areas, dual gate oxide (DGO)
process was employed to grow both core and I/O oxides on a single chip. For the core
devices, base oxides SiO, ranging from 0.8 to 1.2 nm were thermally grown, followed
by the deposition of metal-organic chemical vapor deposition (MOCVD) HfSiO

high-k dielectrics with 50, 60 or 75% Si composition, which is defined as the atomic
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ratio of Si/(Hf+Si) in the HfSiO films. Then the poly-Si gate electrodes were
deposited and patterned, followed by the source/drain extension ion implantation and
spacer formation. After the deep S/D ion implantation, spike rapid thermal annealing
(RTA) was applied to fully activate the implanted dopants while reducing the thermal
budget. Finally, cobalt salicide (CoSiy), inter-metal dielectric (IMD), tungsten (W)
plug, and single-damascene Cu metallization were used to complete the devices and
facilitate the electrical characterization. Fig. 2-1 shows the high-resolution Rutherford
backscattering spectrometry (RBS) depth profile of the HfSiO(2.0 nm)/SiO»(1.2 nm)
high-k gate stack with 50% Si composition in the HfSiO film. The optical thickness of
the HfSiO and SiO; layers is determined by transmission electron microscopy (TEM,
not shown here). A homogeneous HfSiO bulk layer with 50% Si composition has been
demonstrated using the MOCVD deposition technique.

The use of base oxide is intended to improve the interface quality and provide
better device performance. The HfSiO/SiO, high-k gate stacks with various
combinations of base oxide thickness and.Si composition in the HfSiO film were
elaborately fabricated to produce an equivalent oxide thickness (EOT) of about 2 nm
for the purpose of comparison. In addition, a 1.96-nm oxynitride gate dielectric was
also prepared to serve as the control sample. In order to study the various charge
trapping characteristics in the HfSiO/SiO, high-k gate stacks, the static PBTI stress
was widely used in this study to examine the charge trapping in the nMOSFETs with
various high-k gate stacks as mentioned above. In this stressing scheme, a positive
bias voltage ranging from 1.2 to 1.6 V was applied to the gate at 125°C for a defined
period of time, while the S/D and substrate were grounded. Positive gate bias voltage
can inject inversion electrons from the channel region into the HfSiO bulk layer, and

parts of these injected electrons might be trapped by the pre-existing HfSiO bulk

15



defects and become oxide-trapped charge. Then static I4-V, characteristics' were
immediately measured at linear and saturation regions to determine the threshold
voltage (V) and saturation drain current (I at Vo=V¢=1.2 V) at that moment. This
procedure was consecutively repeated to extract the V; shift and Igs degradation
(Algsar/ldsar) until the end of the static PBTI stress, which are used as indicators to

quantify the extent of charge trapping in the HfSi0/Si0, high-k gate stacks.

2.3 Static Positive Bias Temperature Instability (PBTI) Stress

In order to investigate the carrier transport mechanism in the HfSi0/Si0O, high-k
gate stacks under static PBTI stress (substrate electron injection conditions), the
In(Jo/Entsio) versus EHfSiOl/z at temperatures ranging from 25 to 200°C are plotted in
Fig. 2-2. If the dielectric constantix and.physical“thickness d of the base oxide and
HfSiO high-k dielectric are known, the -electric -field in each layer could be

determined by the following equations:

D =¢&yKg0,Ego, = gOKHfSiOEHfSiO, 2.1
Vg - Vfb =dg0,Eg0, + dHﬁiOEHfSiO ) (2.2)

where D is the electric displacement which is supposed to be kept constant throughout
this dual-layer HfSiO/Si0, high-k gate stack, and & is the permittivity of free space.
At low fields and high temperatures, the thermally-excited electrons hopping from
one isolated state to the other yield the ohmic characteristic, which is represented by
the horizontal lines and is exponentially dependent on the temperature. At high fields

and low temperatures, however, the field-enhanced thermal excitation of trapped

! Since the threshold voltage shift and drain current degradation were determined by static I4-V,
characteristics, not by pulse 13-V, technique, the possible concern of transient charge de-trapping may
arise. However, the focused physical entities in this chapter and chapter 3 are slow high-k traps from
which the trapped charge carriers can not be de-trapped immediately when the stress bias voltage is
removed. Also, the behaviors and model fitting are mainly concerning about the slow high-k traps.
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electrons into the conduction band produces the Frenkel-Poole emission, which is
represented by the slash lines and whose barrier height (Og ~1.05 eV from F-P model
fitting) for carrier re-emission is the depth of the trap potential well [2.10]. Both the
ohmic and Frenkel-Poole emission are generally recognized as the trap-assisted
conduction mechanisms, thus suggesting that there is a large number of trapping
centers in the HfSiO bulk layer.

Fig. 2-3 shows the time evolution of (a) 13-V, and (b) transconductance G-V,
curves under static PBTI stress with V= +1.6 V. As can be seen, the 13-V, and G-V,
curves exhibited continuous positive voltage shifts under the static PBTI stress,
presumably due to the threshold voltage shift induced by electron trapping in the
HfSi0 bulk layer. Moreover, the parallel shifts of the I4-V, and G-V, curves indicate
that both the subthreshold slope.and maximum:transconductance Gpmax remained
unchanged under the static PBTI stress even<if a. great amount of channel electrons
had been injected into and trapped in.the-HfSiO bulk layer. From these observations,
it appears that no degradation of the interface ‘quality occurred due to the carrier
injection, whereas the amount of trapped charge in the HfSiO bulk layer continued to

grow and eventually became saturated.

2.4 Modeling of Static PBTI Stress Behavior

Fig. 2-4 shows (a) the threshold voltage (Vi) shift and (b) the saturation drain
current (Iys) degradation as a function of stress time for nMOSFETs under static
PBTI stress at various gate bias voltages. The symbols are measurement data, while
the solid lines are the curve fitting results using the physical model proposed by Zafar
et al., which depicts the phenomena of charge trapping in HfO, and Al,Os high-k gate

dielectrics [2.11]. This model assumes that the injected charge carriers are captured in
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the pre-existing bulk traps in the high-k gate dielectrics with dispersive capture time
constants and that no additional new traps are generated during the static PBTT stress.

The V; shift induced by charge trapping is formulated as a function of stress time:
AV, () = AV, x(1=exp(~( 1)), (23)

where AV, 4y 1s the maximum threshold voltage shift if all the high-k bulk traps are
filled with trapped charge, ¢ is the PBTI stress time, 7 is the characteristic capture time
constant, and B is the distribution factor of the capture time constants (If f=1, this
model would be the same as the charge trapping model in SiO, with discrete capture
time constant). This three-parameter fitting model can well describe the behavior of
charge trapping in the HfSiO high-k dielectrics under various gate bias voltages.
According to the results of curve fitting shown in Table 2-1, the fitting parameters
AV mar and T vary with the gate.bias voltage, but’p remains constant at about 0.32.
This is consistent with Zafar’s previous work; and it suggests that charge trapping is a
field-enhanced process and that-the “distribution of bulk traps with different capture
time constant is independent of V, and might be a materials issue. As can be seen in
Fig. 2-4, both V, shift and ;¢ degradation increased with the stress time in a power
law relation when the stress time is much less than the capture time constant t, and
they may eventually become saturated after prolonged charge injection. These
findings can also be explained by the above physical model.

Fig. 2-5 shows a linear relation between the V. shift and I degradation (V;
shift= 4.3(mV/%) X I degradation), and this linear relation can be equally applied
to various gate bias voltages ranging from +1.2 to +1.6 V. Since the subthreshold
swing and maximum transconductance Gpmax remain unchanged during the PBT
stress, the increase of the threshold voltage is mainly responsible for the saturation

drain current degradation.
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2.5 Dependences of Temperature and Gate Stack Structure

Fig. 2-6 shows the V; shift as a function of stress time at temperatures ranging
from 25 to 160°C. The V; shift induced by charge trapping increased exponentially
with temperature and followed the Arrhenius equation with activation energy E, of
0.0357 eV under V,= +2.0 V (the inset), which is a function of the applied electric
field and process conditions. These findings can be explained by considering the
carrier transport process from inversion channel to poly-Si gate under positive gate
bias voltages. At first the channel electrons tunnel through the ultrathin base oxide and
penetrate into the HfSiO bulk traps. Then these injected charge carriers may hop from
trap to trap due to the thermal excitation (ohmic conduction) or they may directly
jump into the conduction band .due to. the field.enhancement during the hopping
process (Frenkel-Poole emission), depending on the-applied gate bias voltage. Since
quantum direct tunneling is essentially indépendent of temperature, the temperature
dependence of the V. shift should result largely from the trap-assisted tunneling
process. Moreover, the number of the trapped charge carriers that possess enough
kinetic energy to overcome the trap potential barrier and to emit into the conduction
band per unit time would increase exponentially due to the thermal excitation. In fact,
the activation energy E,= 0.0354 eV for the gate current density under the same gate
bias voltage (V= +2.0 V) is almost identical to that of the V, shift in Fig. 2-6. Thus,
the temperature dependence of the V; shift is mainly attributed to the increase of the
charging current density at high temperatures.

The effects of the base oxide thickness and Si composition in the HfSiO films on
lysat degradation are illustrated in Fig. 2-7. The extent of charge trapping in the

HfSi0/Si0; high-k gate stacks increased with the decrease of base oxide thickness as
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well as the Si composition in the HfSiO films, whereas the oxynitride SiON gate
dielectric exhibited negligible charge trapping under the static PBTI stress. These
findings can be explained by considering the channel-to-bulk tunneling time constant
and the amount of neutral Hf-OH trapping centers in the HfSiO bulk layer [2.1], [2.9].
The tunneling time constant decreases exponentially with decreasing base oxide
thickness, and the typical tunneling time constants are calculated to be 0.1 and 100 ps
for 1- and 2-nm base oxides, respectively [2.12]. Since the Si composition in the
HfSiO films (the ratio of Si/(Hf+Si) atoms) represents the percentage of Hf atoms in
the HfO, high-k dielectrics replaced by Si atoms, the higher the Si composition is, the
lower the number of neutral Hf-OH trapping centers is in the HfSiO bulk layer.
Consequently, the extent of charge trapping decreases with the increase of Si
composition in the HfSiO films. Fig. 2-8 shows that the 14 degradation at a specific
stress time (3000 sec) increased-rapidly in a power law relationship with the gate bias
voltage for various combinations of'base-exide thickness and Si composition in the
HfSiO film. The exponent of the power.law relationships declined with the decrease
of base oxide thickness and Si composition, which follows the same trend in Fig. 2-7,
thus implying that there should be more significant charge trapping in the further
scaled Hf-based high-k gate stacks. Therefore, the HfS10/S10, high-k gate stack with
appropriate base oxide thickness and Si composition in the HfSiO film should be
employed to minimize the charge trapping while achieving the requirements of EOT

scaling and gate leakage current.

2.6 Summary

In this chapter, charge trapping characteristics in the HfSiO/SiO, high-k gate

stacks are investigated with regard to the base oxide thickness and Si composition in
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the HfSiO film. It was found that ohmic and Frenkel-Poole emission are the major
carrier transport mechanisms in the HfSiO/Si0, high-k gate stacks under static PBTI
stress conditions. During the PBTI stress, V; shift and I4s: degradation continue to
grow and eventually become saturated, whereas the subthreshold swing and maximum
transconductance remain unchanged. Positive gate bias voltage can introduce a great
number of channel electrons into the pre-existing HfSiO bulk defects without
degrading the interface quality. The V; shift induced by charge trapping is mainly
responsible for the 4z degradation, and there exists a linear relation between the V;
shift and I4 s degradation, which can be equally applied to various gate bias voltages
(+1.2 to +1.6 V in this study). The gate bias and temperature dependence reveals that
the V; shift induced by charge trapping is field-enhanced and thermally—activated,
presumably due to the physical nature of trap-assisted tunneling process. Moreover,
the extent of charge trapping increases with decteasing base oxide thickness and Si
composition in the HfSiO film, and 'the-channel-to-bulk tunneling time constant and
the amount of neutral Hf-OH trapping. centets are believed to be the determining
factors for these observed phenomena. Finally, the decreasing exponent of the power
law relation of saturation drain current degradation indicates that charge trapping
would become more significant if thin base oxide and low Si composition were

employed in the further scaled HfS10/Si10, high-k gate stacks.
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Table 2-1 Gate bias voltage dependence of the three fitting parameters, AV, 4y, T and

B, in the physical model of charge trapping in high-k gate dielectrics.

Parameter | Unit Gate Bias Voltage Dependence
AV max \% AV, .. ~358.53xIn(V,)+5.96, logarithmic
T S 7 ~3.55x10° xexp(-3.79xV,), exponential decay
B - B~0.32, independent of gate bias voltage
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Chapter 3: Charge Trapping and De-trapping Behaviors
in the Dual-Layer HfO,/SiO, High-k Gate Stack under

Static and Dynamic Positive Bias Stress

3.1 Introduction

Unlike the negative bias temperature instability (NBTI) in PMOS devices with
conventional ultrathin oxide, threshold voltage instability in Hf-based high-k gate
dielectrics has been recognized as the most critical reliability issue that needs to be
solved urgently, especially the positive bias temperature instability (PBTI) in high-k
NMOS devices even stressed at moderate, temperatures [3.1]-[3.3]. This is attributed
to the fast charge trapping and.de-trapping in pre-existing bulk traps in the HfO,
high-k gate dielectric [3.4]-[3.6]. ‘Since these charge carriers could be quickly and
easily trapped/de-trapped by applying a forward/reverse bias voltage, this may lead to
the underestimate of charge trapping in high-k gate dielectrics due to the switching
and measurement delays within the stress/measure cycles [3.7]. Also, it is found that
the trapped charge carriers could recover to the pre-stress condition after prolonged
recovery time, and the recovery rate depends more on the recovery voltage and
recovery time rather than the amount of injected charge carriers in high-k gate
dielectrics. However, the trapping rate within the stress/recovery cycles would
become gradually saturated and follow the initial stress time dependence (pre-
recovery) due to the repelling build-in potential of trapped charge carriers [3.8], [3.9].
In other words, these reversible charge trapping and de-trapping behaviors are highly
related to the stress history of previously trapped charge carriers, thus implying these

high-k traps are pre-existing bulk traps in the Hf-based high-k gate dielectrics.
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In this chapter, the charge trapping and de-trapping behaviors under various static
stress and recovery voltages will be first studied in detail to understand the charging
and discharging physical model during the consecutive static stress/recovery cycles in
section 3.3. Then in section 3.4, the fundamental characteristics of charge trapping
will be studied under dynamic positive bias stress at a specific frequency (f= 100 kHz)
so as to realize the differences between the static and dynamic positive bias stresses.
Finally, the transient charging behavior will be analyzed by changing the effective
stress time within one cycle to realize the dynamics of charge trapping model in

section 3.5.

3.2 Device Fabrication and Analysis Method

NMOS devices with the poly-Si/TaC/H{O,/S10;, high-k gate stack were fabricated
using the conventional CMOS-process technology. Interfacial oxide (~0.8 nm) was
thermally grown, followed by the deposition-6f HfO> (~3.2 nm) high-k gate dielectric
using atomic layer deposition (ALD) technique. Then n-type metal gate electrode TaC
(O~ 4.3 eV on HfO, [3.10]) was deposited using physical vapor deposition (PVD)
method, and the poly-Si gate served as the capping layer to ensure the process
compatibility. The equivalent oxide thickness (EOT) of the above mentioned high-k
gate stack was extracted to be 1.48 nm by using the C-V simulation program which
has taken the quantum effect into account [3.11]. The dynamic stress was performed
by applying a series of pulse trains to the gate. The typical pulse waveforms are
illustrated as follows unless specified otherwise: the frequency is 100k Hz, duty cycle
is 50%, rise time and fall time are both 10 ns, and peak and base level voltages are

+2.0 and 0 V, respectively.
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3.3 Charge Trapping and De-trapping Behaviors during the Stress/

Recovery Cycles under Static Positive Bias Stress

Fig. 3-1 shows the threshold voltage shift of the dual-layer HfO,/SiO; high-k gate
stack as a function of the static stress/recovery time with a fixed stress voltage V=
+2.0 V and various recovery voltages V,= 0 ~ -2.0 V. The threshold voltage shift in
this study is determined from the static 14-V, characteristics. Basically, the recovery
voltage plays a significant role to clean up the trapped charge carriers before the next
stress cycle. Under strong recovery voltage V,= -2.0 V, almost all the trapped
electrons in the HfO, high-k traps could be de-trapped immediately, and similar
charge trapping/de-trapping behaviors could be observed and repeated during the
three consecutive stress/recovery cycles of static positive bias stress. However, the
charge trapping/de-trapping behaviors changed under weak recovery voltages since
the trapped charge carriers had not been. completely removed during the previous
recovery cycles. Fig. 3-2 shows the threshold-voltage shift as a function of the static
stress/recovery time with various stréss' voltages V= +1.6 ~ +2.8 V and a fixed
recovery voltage V,=-1.6 V. Similar charge trapping/de-trapping behaviors could also
be observed and repeated during the three stress/recovery cycles even under strong
stress voltages. Here a moderate recovery bias voltage V,= -1.6 V has been used to
avoid the hole trapping under strong negative bias voltages. These findings suggest
that these high-k traps are the pre-existing bulk traps in the HfO, high-k dielectrics
and that no additional high-k bulk traps have been generated during the stress cycles

[3.4], [3.6].

3.4 Threshold Voltage Instability under Dynamic Positive Bias Stress
Fig. 3-3 shows the time evolution of (a) Ig-V, and (b) G-V, curves of the
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nMOSFET with dual-layer HfO,/Si0, high-k gate stack under dynamic positive bias
stress (stress Vg= +2.0 V, recovery V,= 0V, frequency= 100k Hz, and duty cycle=
50%). The 13-V, and G-V, curves also exhibited continuous positive shifts with
stress time under dynamic positive bias stress, presumably due to the threshold
voltage instability induced by charge trapping in the HfO, bulk layer. Moreover, the
parallel shifts of these I4-Vy and G-V, curves indicate that both the subthreshold
swing and maximum transconductance remained constant under dynamic positive bias
stress even if a great number of charge carriers had been trapped and de-trapped in the
HfO; bulk layer. These findings are consistent with those under static positive bias
stress. Fig. 3-4 shows the threshold voltage shift of the dual-layer HfO,/SiO, high-k
gate stack as a function of the stress time under dynamic positive bias stress with
various stress voltages V,= +1.2 =+ +2.8 V. As'can be seen, the V, shift follows the
power law relation AV~ t*1* under various stress voltagesz, and the V; shift would
eventually become saturated under high-stress-voltages or after prolonged stress time.
These findings are consistent with these under static positive bias stress, thus
suggesting charge trapping in the pre-existing traps in HfO; high-k dielectrics [3.12].
Fig. 3-5 shows the linear relationship between the V; shift and I degradation (Iqin
degradation = 0.3(%/mV) X V; shift), and this linear relationship can be equally
applied to various stress bias voltages ranging from +1.2 to +2.8 V. Since the
subthreshold swing and maximum transconductance remain constant during the
dynamic positive bias stress, the threshold voltage shift is mainly responsible for the

drain current degradation biased in the linear region. It appears that the trapped charge

% The time dependence of power law here could be regarded as another function form of the previous
charge filling model with dispersive capture time constants (stretched exponential growth model). If the
term (t/1)° is much smaller than 1, the Taylor series expansion of stretched exponential growth model
could be transformed into this power law model ~t*. In addition, this model could also be transformed
into the logarithmic time dependence log(t) when 0<(t/1)’<I. In other words, we may observe different
time dependence under different situations due to the change of (t/7)° value.
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carriers in the HfO, high-k dielectric follow the same physical rules whether under

dynamic or static positive bias stress.

3.5 Charge Trapping and De-trapping Behaviors during the Stress/

Recovery Cycles under Dynamic Positive Bias Stress

Fig. 3-6 shows the threshold voltage shift as a function of stress time under the
bipolar dynamic stress at f= 100k Hz with a fixed peak level voltage Vpea= +2.0 V
and various base level voltages Vp,e=0 ~ -2.0 V. As can be seen, the amount of
trapped charge carriers decreased drastically with the increasing negative base level
voltage. Similar to the charge de-trapping during the static recovery cycles, the
negative Vi bias voltage is also significant to instantly pull out the trapped electrons
from the pre-existing HfO, high-k traps even within the short recovery time period of
the bipolar dynamic stress.

Fig. 3-7 shows the threshold wvoltage shift'of the-dual-layer HfO,/S10, high-k gate
stack as a function of the stress time under dynamic positive bias stress with various
duty cycles ranging from 0.1 to 90%. As can be seen, V; shift is highly associated with
the duty cycle, and V; shift is not linearly proportional to the duty cycle. Negligible V;
shift could be observed at very small duty cycles ~0.1-0.2%, thus implying the
transition time for the charge carriers to be injected. Fig. 3-8 shows the threshold
voltage shift as a function of the pulse width of stress pulse waveform under dynamic
positive bias stress at various stress times ranging from 1 to 1000 sec, where the pulse
width is the pulse period multiplied by duty cycles. By changing the pulse width of
stress pulse waveform, the charge trapping behavior could be analyzed over a wide
range of stress time period. It was found that the number of trapped charge carriers is

not linearly proportional to the stress time period within one pulse cycle and that the
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transient charge trapping might occur within only 10-50 ns. The kink near 1us pulse
width implies that some slower high-k traps may have trapping/de-trapping time
constants longer than 1us. Fig. 3-9 shows the threshold voltage shift as a function of
effective stress time under dynamic positive bias stress, where the effective stress time
is transformed from the stress time multiplied by duty cycles in Fig. 3-8. It has been
demonstrated that a universal charge trapping model should be followed in terms of
the effective stress time even under the dynamic positive bias stress with different
duty cycles if the amount of de-trapped charge carriers is negligible during the short
recovery time period as compared to the total injected charge carriers. These findings
could also explain and support the frequency dependence of threshold voltage
instability in the previous studies about dynamic positive bias stress, where the
amount of trapped charge carriers.decreased with'the increasing frequency due to the

shorter stress time period within-one pulse cyele [3.13]-[3.15].

3.6 Summary

The charge trapping and de-trapping behaviors in the dual-layer HfO,/Si0; high-k
gate stack have been extensively studied under the static and dynamic positive bias
stress with various stress and recovery voltages. Similar charge trapping and
de-trapping behaviors could be observed and repeated during the consecutive static
stress/recovery cycles if the recovery bias voltage is strong enough to remove most of
the trapped charge carriers, thus suggesting that these high-k traps are the pre-existing
bulk traps in the HfO, high-k dielectric and that no additional high-k bulk traps have
been generated during the stress cycles. Moreover, the charge trapping behavior at
different stress times could be analyzed over a wide range of stress time period within

one pulse cycle by changing the pulse width of stress pulse waveform at a specific
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frequency. Transient charge trapping phenomenon could be observed within only
10-50 ns, and a universal charge trapping model has also been demonstrated in terms

of the effective stress time.
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Fig. 3-4 Threshold voltage shift of'the dual-layet HfO,/SiO, high-k gate stack as a
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stress voltages V= +1.2 ~ +2.8 V. As can be seen, the V; shift follows the

power law relation ~t™'® as that under static positive bias stress.
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Chapter 4: Two-Frequency C-V Correction Method
Using Five-Element Circuit Model

for High-k Gate Dielectric and Ultrathin Oxide

4.1 Introduction

With the rapid progress of VLSI technologies, the gate dielectric thickness
continues to scale down to keep the device performance in advanced progress. The
gate dielectric capacitance of advanced MOSFET devices is of great importance for
obtaining the equivalent oxide thickness (EOT), inversion layer charge, and interface
state density. However, the tunneling leakage current through ultrathin gate oxides
may lead to the difficulties in.performing .thequasi-static and typical 100k-Hz
capacitance-voltage (C-V) characterizations: Although the problem of severe
capacitance drop under large tunneling léakage current can be improved by measuring
at higher frequencies (>IM Hz), the influences of parasitic components on the
measured dielectric capacitance must be taken into account at such high frequencies.

The series resistance R; arising from well/substrate and contact resistance was first
added to the parallel circuit model (C,-G), and a two-frequency C-V correction
method was proposed to extract the accurate dielectric capacitance from this
three-element circuit model [4.1], [4.2]. In practice, the validity of this correction
method seems to depend upon the two frequencies adopted and the device area. The
applicability limits of this two-frequency C-V correction method had been further
examined in terms of the frequency and device area selection guidelines [4.3]. Later,
some researchers recommended that the dielectric energy absorption and other

parasitic components should be considered as well. An improved two-frequency
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method of capacitance measurement using a four-element circuit model was proposed
for the SrTiOs high dielectric constant (high-k) dielectrics [4.4]. The shunt resistance
was replaced by the loss tangent tano (or called the dissipation factor) due to the
dynamic dielectric loss of high-k dielectrics, and series inductance Ly was added due
to cables and the probing system. In addition, a new C-V correction method using
another four-element circuit model to extract the EOT of ultrathin gate dielectrics with
high gate leakage current was also proposed [4.5]. The shunt resistance R, was to
simulate the static dielectric loss from the gate leakage current, and the parasitic
capacitance C; in parallel with Ry was added due to the device structure, probe contact
arrangement, and stray cable capacitance.

In this chapter, a new five-element circuit model has been proposed in section 4.3
to consider both the dielectric imperfections and-the parasitic components, and this
circuit model could also be transformed into-another-two four-element circuit models
to simplify the analysis and calculations;depending on the gate leakage current. In
section 4.4, the two-frequency C-V correction method using a 5-element circuit model
will be used to correct the clamped and amplified C-V curves of low-leakage high-k
gate dielectrics, and the area dependence of parasitic components will also be studied.
Finally, in order to obtain the EOT of ultrathin oxides, the severe capacitance drop due
to tunneling leakage current will be suppressed and corrected by measuring at high

frequencies with two-frequency C-V correction in section 4.5.

4.2 Device Fabrication and Analysis Method

The fabrication process of the TiN/HfO,/Si0,/p-Si metal-oxide-semiconductor
(MOS) capacitor is explained in detail as follows: after the definition of shallow

trench isolations (STI), the base oxide SiO, (~1.0 nm) was thermally grown on
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300-mm p-type silicon wafers. Then the HfO, (~3.2 nm) high-k gate dielectric was
deposited using atomic layer deposition (ALD) technique, followed by rapid thermal
annealing (RTA) to improve the dielectric quality. Finally, the mid-gap TiN metal
gate electrode was deposited using physical vapor deposition (PVD) technique, and
the gate stack was subsequently patterned using lithography and dry etching
technologies.

The test structures used in this chapter are the simple MOS capacitors with two-
terminal top gate and wafer backside contacts, and all the C-V measurements were
performed using the Agilent 4284 A precision LCR meter in parallel mode. In addition,
the EOT of the TiN/HfO,/S10, high-k gate stack mentioned above was extracted to be
1.38 nm using the C-V simulation program which has taken the quantum effect into

account [4.6].

4.3 General Circuit Model of Five - Elements

Fig. 4-1(a) is the two-element parallel ¢ircuit model used for capacitance-voltage
characterization in a typical impedance meter. However, this simple parallel circuit
model may not be enough to describe the behavior of small-signal frequency response
of ultrathin oxides and high-k gate dielectrics in various situations. Therefore, a more
general circuit model of five elements as shown in Fig. 4-1(b) is proposed to be
employed in the two-frequency C-V correction. In this five-element circuit model, Cy
is the ideal dielectric capacitance, R, is the shunt resistance due to gate leakage
current, tan¢ is the loss tangent due to dielectric energy absorption, R is the series
resistance due to well/substrate and contact resistance, and L is the series inductance
due to extension cables and the probing system. It seems to have two types of

dielectric losses in a lossy MOS capacitor: one is the static dielectric loss due to the
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actual flow of charge carriers, and the other one is the dynamic dielectric loss due to
the local movements or vibrations of atoms or molecules in an alternating electric
field.

Equating the real and imaginary parts of the total impedance in Figs. 4-1(a) and

4-1(b) results in two complicated equations:

R (1+tan’ 6 +wC R tans
Real: %:RS+ »! o ) 4.1
G +o°C, 1+(wCyR, +tan o)
C C,R’
Imaginary: ——2——=-L i (4.2)

+
G*+0’C; ' 1+(wC,R,+tans)’

p

The above two equations could be simplified for easy algebraic operations if the

criteria tan’ §<<1<<((DC0Rp)2 are satisfied:

G tan o 1
Real: o 5=k, - + 5 4.3)
+ Cp 0 (0] CO Rp
1
Imaginary; ——~2—— =] + 4.4

»
If R, is defined as V /I, from the static 1,-V, measurement since R,>>R; is valid in
most cases, the above criteria could be re-arranged as tand<0.1 and J;<0.01 A/cm” for
the quick verification. In addition, Cy and the other three circuit elements could be
easily solved from (4.3) and (4.4) with the known R, by measuring C, and G in

parallel mode at two different frequencies’:

o (@ —0" )G +0C, )G 0, C,)) “5)
L 00, 10,6, +0,’C,)" )= C oG 4 0C,)] |
As it comes to the high-k dielectrics with low gate leakage current, R, could

almost be regarded as infinity (open circuit), and the tano in series with Cy could be

transformed into the equivalent one in parallel. This four-element circuit model as

3 See appendix A for the details of equations to obtain the values of five circuit elements by the
two-frequency C-V correction method.
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shown in Fig. 4-1(c) is the one proposed by H. T. Lue et al. for SrTiOs high-k
dielectrics [4.4]. Equations (4.3) and (4.4) can apply to their model if the 1/0°Cy’R,
term in (3) is deleted, and the same results were obtained from Lue’s and our
equations.

As it comes to ultrahin oxides or leaky high-k dielectrics, the static dielectric loss
due to tunneling leakage current is much more significant than the dynamic one. This
is the four-element circuit model for leaky MOS capacitors as shown in Fig. 4-1(d)
[4.7]. Equations (4.3) and (4.4) can also apply to this model if the tand/®Cy term in (3)
is deleted. Sometimes, if the dielectric is too leaky, the criteria 1<<(03C0Rp)2 and
R,>>R, may not be valid. The two equations from just equating the total impedance in
Figs. 4-1(a) and 4-1(d) without any reduction should be employed to obtain CoR,, first
in similar ways as shown above,«and then use this CoR, to obtain the Cy and other

. . 4
circuit elements:

C R = C'pl(cyz2 +a)22Cp22)_Cp2(G12 +a)12CP12) (46)
UGG, +0,°C, ) HGG, 4@ C )

4.4 Corrections for the Amplified and Clamped C-V Curves in Low-

Leakage High-k Gate Dielectrics

Figs. 4-2 and 4-3 show the measured and two-frequency corrected C-V curves of
the TiN/HfO,/SiO»/p-Si MOS capacitors with gate areas of 10000 and 400 pm?
respectively. It has been demonstrated that the frequency dispersion of clamped and
amplified C-V curves at high frequencies (>500k Hz) can be effectively eliminated if
the influences of parasitic components Ry and L are taken into account and that the

value of each circuit element at a specific applied gate voltage could be independently

71 See appendix B for the details of equations to obtain CyR,, first and then C, and R, of ultrathin oxides
step by step.
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determined from (4.3) and (4.4) for the given device as shown in the figures. The
frequency dispersions of the clamped and amplified C-V curves have been extensively
reported in previous studies [4.1]-[4.6], and this could be understood by formulating
the measured parallel capacitance C, as a function of the extracted circuit elements

with similar reduction procedures:

- (1- Q)ZCOLS )Co
" (1-@’C,L,)* +(wCyR,)*"

(4.7)

Thus, the C; at a specific frequency could be obtained from (4.7) with known parasitic
components, and the calculated results at = 500k and 1M Hz are consistent with the
measured frequency dispersions in Figs. 4-2 and 4-3. Thus the clamped and amplified
C-V curves could be well explained by considering the influences of the series
resistance R and series inductance leg:

Note that the tano is ~0.320.35% and is_independent of the gate area, and this
dynamic dielectric loss might be a intrinsic materials issue. It has been reported that
tano is ~3% in BaSrTiOs high-k “dielectrics-and can be improved to 1% with the
appropriate doping of Al,Os; [4.7]. In general, the tand is defined as ej/e; by
considering the dielectric permittivity as a complex number €= e,+je;. Or the tand can
also be defined as the ratio of the dynamic energy loss to the energy stored inside the
capacitor in the viewpoint of circuit level. The physical origin of this dielectric energy
absorption in Hf-based high-k dielectrics could be attributed to the local molecular
vibration of the flexible Hf-O bondings in an alternating electric field.

The parasitic components such as the series resistance R and series inductance Ly

exhibit significant area dependences (Rs~1/area” 2

[4.8] and L¢~1/area) as shown in the
two insets in Figs. 4-2 and 4-3. The R; could be attributed to the well/substrate and

contact resistance, and this speculation has been confirmed by the same Ry extracted
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from the high-k gate stacks with different EOT values. In addition, the area
dependence of Rg can be explained by considering the electric flow lines from the
small top gate electrode on the flat surface of a semi-infinite substrate to the wafer
backside contact as shown in Fig. 4-4. This situation is similar to that of measuring
the spreading resistance Ry~ p/2a, where Ry, is the spreading resistance (ohm), p is
the substrate resistivity (ohm-cm), and a is the probe radius (cm). Moreover, the area
dependence of L is attributed to the phase compensation problems between the
measurement signal voltage V., and signal current I,,, particularly in the connection
scheme of probing through the chuck with switch matrix. When the wafer chuck and
switch matrix are employed in the probing system, the unequal signal path lengths
from the Hi and Lo terminals of Agilent 4284A precision LCR meter may lead to the

phase shift problems of the meastirementsignal cutrent I, (/,, =C % ~ Area), and
t

part of the capacitive signal current could be recognized as the inductive signal

dl, 1 1
dr "’ C Area

current by the impedance meter (V=L ). This may explain the

root cause of the L area dependence and why the Ly is inversely proportional to C,, as

shown in Fig. 4-5.

4.5 Corrections for the Capacitance Drop in Ultrathin Oxides

Fig. 4-6 shows the measured, two-frequency corrected, and theoretical C-V curves
of the ultrathin oxynitride with EOT= 1.65 nm. Although the severe capacitance drop
could not be completely recovered, adopting two high frequencies in the
two-frequency C-V correction using (4.6) could obtain the corrected C-V curve more
close to the theoretical one. Then, the C-V simulation program considering both the

poly-depletion and quantum effects [4.6] is used to perform the curve fitting at the
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overlapping transition region. This may provide a simple and practical approach to
extract the EOT of the ultrathin oxides. Since the influences of the parasitic
components R and Lg have been eliminated by the two-frequency C-V correction
using the 4-element (Co, R;,, Ry, and Ly) circuit model, the severe capacitance drop in
ultrathin oxides may result from the decrease of the accumulation charge due to the
large tunneling leakage current. One possible solution is to use higher measurement
frequencies (shorter period) to reduce the impacts of the tunneling gate leakage.
Instruments which provide wider frequency range (e.g., Agilent 4294A precision
impedance analyzer, freq= 40 to 110 MHz) are strongly suggested to be accompanied
with the two-frequency C-V correction method to eliminate the influences of the
parasitic components and tunneling leakage current simultaneously. In addition, radio-
frequency (RF) C-V measurement.and short channel devices are also highly suggested

to be accompanied with the above method [4.9], [4.10].

4.6 Summary

A general circuit model of five elements has been proposed to solve the problem
of accurate capacitance extraction from ultrathin oxide or high-k dielectric MOS
capacitors. This circuit model can simulate the imperfections of the MOS capacitors
(static and dynamic energy losses) and the parasitic components (series resistance Ry
and series inductance Ls). The value of each circuit element can be readily extracted
from the two-frequency C-V correction and static I,-V, measurements if the criteria
tan25<<l<<((oC0Rp)2 and R<<R, are well satisfied. This five-element circuit model
can also be transformed into another two four-element circuit models to further
simplify the analysis and calculations, depending on the level of gate leakage current.

In addition, the two-frequency C-V correction method using 5-element circuit model
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can effectively eliminate the frequency dispersion of the clamped and amplified C-V
curves for low leakage high-k dielectrics, and this C-V correction method can also
improve the capacitance drop of ultrathin oxides to an acceptable level in order to
perform the curve fitting using a C-V simulation program. This technique could be
readily integrated into the routine C-V measurements since only simple algebraic

operations are needed.
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(a) ®

Co
= 2R
tano
Cp__ G
Rs
L

Co CO
— tano . -— § Rp

Fig. 4-1 Small-signal equivalent circuit models of MOS capacitors: (a) simple
parallel circuit model, (b) new five-element circuit model, (c) four-element
circuit model for low leakage high-k dielectrics, and (d) four-element circuit

model for ultrathin oxides and leaky high-k dielectrics.

56



2

1

Capacitance (pF)

Fig. 4-2

50

50

100

50

10k-1M C-V Correction @V,=-1.5V:
C,= 198 (pF), tand= 0.354%,

R,= 243 (Mohm), R;= 596 (ohm),
$0a L.=18.5 (uH).

4000
’é‘ 3000
S
~ 2000

7]
14
1000
0
0

1/Area'? (cm™)

Il Il Il Il Il )
100 200 300 400 500 600

—e&—— 10k

....... O. 100k
——-%-—— 500k
—..W.—.. 1M

— —m— - 10k-100k
——O-—  10k-1M

— —&-—- 100k-1M

TiN/ALD HfO,/SiO,/p-Si
EOT=1.38 nm
Area= 100x100 um2

vvvvvvvvvvvvv

-1.0

-0.5

Gate Voltage (V)

0.5

Measured and two-frequency corrected €-V curves of the TiN/HfO,/Si0,/

p-Si MOS capacitor with gate area of 10000 um?. The frequency dispersion

of clamped C-V curves could be observed at high frequencies (>500k Hz).
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amplified C-V curves could be observed at high frequencies (>500k Hz).
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Fig. 4-4 Electric flow lines from the $mall top-gate contact on the flat surface of a

semi-infinite substrate-to the large wafer backside contact. This situation is

similar to that of measuring the spreading resistance.
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Measured, two-frequency corrected, and theoretical C-V curves of the
ultrathin oxynitride with EOT= 1.65 nm. Adopting two high frequencies in
the two-frequency C-V correction and then using the C-V simulation
program to perform the curve fitting may provide a simple and practical

way to extract the EOT of ultrathin oxides.

61



Chapter 5: Space and Energy Distribution of Border Traps
in the Dual-Layer HfO,/SiO, High-k Gate Stack by Low-

Frequency Capacitance-Voltage Measurement

5.1 Introduction

Compared to the threshold voltage instability determined by C-V hysteresis or
static 13-V, characteristics in chapters 2 and 3, transient threshold voltage shift has
been reported to be much more significant by using the pulse 13-V, technique with
reduced switching and measurement time delays [5.1], [5.2]. This problem can be
addressed by considering the different charge trapping and de-trapping kinetics of fast
and slow high-k bulk traps in the time'Scales, ranging from psec to sec. Since the
trapped charge carriers in the fast high-k traps could be instantly emitted into the Si
conduction band during the transitiondelay-between the stress/measure cycles or
within the static C-V or [-V sweeps, ‘the impact of charge trapping on device
performance might be greatly underestimated or overestimated if not considering the
contribution of fast high-k traps, thus leading to the faulty conclusion of device
lifetime. Therefore, the lifetime projection made by static or pulse I-V technique may
not be appropriate to reflect the actual operation conditions in the circuit level. For
instance, the transient charging effect has been demonstrated to be negligible or
significantly improved in the high-speed digital circuits such as ring oscillator or
single-stage inverter [5.3].

The transient charging and discharging effects may originate from the direct
tunneling between the injected charge carriers and pre-existing high-k bulk traps

located near the high-k/base oxide interface. The direct tunneling model through the
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thin base oxide is similar to that of tunneling into the near-interface oxide traps that
has already been studied and proposed [5.4]-[5.6]. These near-interface oxide traps are
defined as the oxide traps located near the SiO,/Si interface that can instantly
exchange charge carriers with the underlying Si substrate through direct tunneling and
are designated as “border traps” to be distinguished from the interface states and fixed
oxide traps. These border traps have also been reported to be highly associated with
the low-frequency (1/f) noise level and radiation response in MOS transistors with
conventional SiO; or SiON gate oxides [5.7]-[5.9].

In this chapter, it is found that the border traps in Hf-based high-k gate dielectrics
could be detected by low-frequency capacitance-voltage (C-V) measurement, and this
border trap capacitance is highly related to the measurement frequency and applied
gate voltage. An elastic direct tunneling model through trapezoidal potential barriers
has been proposed to profile the space and energy distribution of the border traps in

the dual-layer HfO,/Si0O; high-k gate'stacks-

5.2 Device Fabrication and Analysis Method

In this chapter, simple TiN/HfO,/SiO,/n-Si metal-oxide-semiconductor (MOS)
capacitors with two-terminal top gate and backside contacts are used as the devices
under testing (DUT). The fabrication process is explained in detail as follows. After
the definition of shallow trench isolations (STI), the base oxide (~1.0 nm) was
thermally grown on 300-mm n-type silicon wafers. Then the HfO, and HfSiO (3.2~
4.5 nm) high-k gate dielectrics were deposited using atomic layer deposition (ALD)
technique, followed by the rapid thermal annealing (RTA) in oxygen ambient to
improve the dielectric quality. Finally, the mid-gap TiN metal gate electrode was

deposited using physical vapor deposition (PVD) technique, and then the gate stack
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was patterned using lithography and dry etching technologies.

Since the test structures used in this chapter are the simple MOS capacitors with
two-terminal top gate and wafer backside contacts, the connection scheme of probing
through the chuck (not probing directly to the wafer surface) must be used, and all the
C-V measurements were performed using the Agilent 4284A precision LCR meter in
parallel mode. Therefore, in order to obtain the accurate dielectric capacitance, the
two-frequency C-V correction method in chapter 4 was employed to eliminate the
unwanted influences of parasitic components at high measurement frequencies. In
addition, the EOT of the HfO,/SiO; high-k gate stack was extracted using the C-V

simulation program which has taken the quantum effect into account [5.10].

5.3 Border Trap Capacitance at Low Frequencies

Fig. 5-1 shows the capacitancé-voltage characteristics of the TiN/HfO,/SiO; /n-Si
MOS capacitor with gate area-of 100007 [im* measured and corrected at various
frequencies. The dielectric capacitance inerease at low frequencies could be clearly
observed in the strong accumulation region, and the dielectric capacitance measured
at low frequencies seems to increase with the decrease of measurement frequency and
the increase of applied gate bias voltage. In order to eliminate the influences of the
parasitic components on the measured dielectric capacitance, the two-frequency C-V
correction method using a S5-element circuit model explained in chapter 4 was
employed in the high-frequency C-V curves (=500 kHz) to extract the substrate/well
resistance Ry and external inductance Ls, which were found to be 240 (ohm) and 22
(uH), respectively. Then, it can be demonstrated that such parasitic components are
insignificant to the measured dielectric capacitance C, at frequencies lower than 500

kHz, as can be seen from the formulation of C, as a function of the measurement
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frequency, the ideal dielectric capacitance Cy, and the parasitic components

C,(1- Q)ZCOLS)

C ~
(€, (1-w*C,L,)* +(wC,R,)

-). In addition, the dielectric capacitance increase at

low frequencies could not be observed in conventional SiO, or SiON gate dielectrics
even with the tunneling leakage current density much higher than that of the above
mentioned high-k gate stack (J{@Vy= +2.5 V is merely 8.31x10 A/cm?). The inset
shows the dominant carrier transport mechanisms are ohmic conduction and
Frenkel-Poole emission under low and high electric fields, respectively, therefore
suggesting the trap-assisted carrier conduction process in the dual-layer HfO,/Si0,
high-k gate stack.

The dielectric capacitance increase at low frequencies could be explained by
proposing a frequency- and voltage=dependent border trap capacitance Cy, in parallel
with the ideal dielectric capacitance Cy-as shown-in the inset of Fig. 5-2. If the
charging and discharging of the bordeér traps in the HfO, high-k dielectric can
immediately follow the small-signal frequency, these border traps could contribute an
additional dielectric capacitance Cy.. Moreover, the Cy can be obtained by measuring
at high frequencies (>500 kHz) with appropriate correction of parasitic components
since the Cy 1s negligible at such high frequencies. Fig. 5-2 shows the extracted
border trap capacitance Cy; as a function of measurement frequency under various
gate bias voltages, and these frequency and voltage dependences of Cy can be
transformed into the relations corresponding to the tunneling distance from the Si
substrate surface and the trap energy depth from the HfO, conduction band edge,
respectively. These findings are similar to those of near-interface oxide traps observed
by low-frequency charge pumping technique or the transient capacitance signal by

tunneling deep-level transient spectroscopy (T-DLTS) [5.11]-[5.13].
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In order to verify the assumption of the border trap capacitance Cy;, low-frequency
C-V measurements of the Hf-based high-k gate stack with various gate areas and Si
compositions in the HfSiO film have been studied extensively. Fig. 5-3 shows the
multi-frequency C-V curves of the TiN/HfO,/SiO,/n-Si MOS capacitors with gate
areas of (a) 400 and (b) 2500 pm®. As can be seen, the dielectric capacitance increase
at low frequencies still exhibit similar frequency and voltage dependences as the one
with gate area of 10000 pm” as shown in Fig. 5-1. Moreover, Fig. 5-4 shows that the
border tarp capacitance Cy extracted at Vo= +1.0, +1.5, and +2.0 V and f= 1k and 1M
Hz are linearly proportional to the gate area. Fig. 5-5 illustrates the multi-frequency
C-V curves of the Hf-based high-k gate stack with (a) pure HfO,, (b) low Si
composition in the HfSiO film, and (c) high Si composition in the HfSiO film. The
dielectric capacitance increase at low frequencies seems to be highly associated with
the Si composition in the HfSiO-film, and it 1s*generally agreed that the appropriate Si
incorporation into Hf-based high-K.dielectrics could effectively reduce the trap
density in the Hf-based high-k dielectrics.. These findings are well consistent with our
assumption that the capacitance increase at low-frequency C-V curves could be
attributed to the existence of the border tarp capacitance Cy; which is in parallel with
the ideal gate dielectric capacitance Coy. Note that the dielectric capacitance increase of
Hf-based high-k gate dielectrics at low frequencies could not only be observed in the
high-k MOS capacitors with n-type Si substrate biased in strong accumulation region
but also in the high-k nMOSFETs biased in strong inversion region as shown in Fig.
5-6. In other words, the charge carriers tunneling through the thin base oxide must be
electrons due to their smaller effective mass and energy barrier height as compared to
holes. It should be noted that the MOS capacitors with conventional SiO, or SiON as

gate dielectric do not exhibit similar capacitance increase at low frequencies because
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the amount of border traps in these oxide-based dielectrics are not as many to be
detectable. These findings could further support the assumption that the dielectric
capacitance increase at low frequencies is attributed to the contribution of border traps

in the Hf-based high-k gate dielectrics.

5.4 Physical Model of Elastic Direct Tunneling through Trapezoidal

Potential Barriers

Similar to the interface state capacitance Cj;, the border trap capacitance Cy, may
result from an equivalent surface density of border traps Dy (cm™eV™"), which is the
integration of the border trap volume density from the base oxide thickness x; to the
maximum tunneling distance Xp.x in the, HfO, high-k dielectric if the density of

border traps is negligible in the thermally=grown base oxide:
C = qdg[ ™ Ny (x, E, (5.1)

where q is the electron charge, Ag‘is the gate area, and Ny, is the border trap volume
density (cm™eV™") as a function of the tunneling distance x and trap energy depth E..
Furthermore, it has been proved in Fig. 5-4 that Cy; is linearly proportional to the gate
area as proposed in the physical model.

Fig. 5-7 shows the schematic band diagram of the TiN/HfO,/Si0,/n-Si MOS
capacitor biased in the accumulation region with the illustration of tunneling distance
and carrier energy coordinates. Assume that the charging and discharging of the
border traps mainly occur at the Si conduction band edge through elastic direct

tunneling’ and that the border traps are widely distributed over a defect band, not

> The assumption of elastic direct tunneling is the fundamental basis to derive the space and energy
distribution of border traps. Since elastic direct tunneling occurs at a single energy level, it allows us to
perform the energy scan of border traps inside the high-k dielectrics. However, if there is any thermal
transition among different energy levels, it may lead to inaccurate energy distribution of border traps.

67



merely at a single energy level, in the HfO, high-k dielectrics [5.1]. Then the trap
energy depth E; from the HfO, conduction band edge could be approximately
obtained under various gate bias voltages if the two-band structure (SiO, and HfO;)
with trapezoidal potential barriers is assumed by neglecting the field re-distribution
due to the trapped charge:

E (x,&)=¢., —qe,x, —q&,(x —x,) (5.2)
where @, (1.9 eV) is the conduction band offset of HfO, [5.14], €, and ¢, are the
electric fields in the Si0, and HfO, dielectrics, respectively, and x; is the base oxide
thickness (0.8 nm). Assume the above tunneling transition is an elastic tunneling
process with symmetric forward and reverse tunneling probability, and then the
tunneling time constants between the available Si conduction band states and
localized border traps should be.equal to,or less than a quarter of the measurement

period 1/f:

B W 2m; (B = ey L 2miE (¢ e)
=7, exp(2 jo . dx' + ZL . dx") (5.3)

where f is the measurement frequency, Ty is the pre-exponential factor (~10™° sec)
which is relatively insensitive to the tunneling distance and trap energy depth [5.15], h
is the reduced Planck constant, ®.; (3.1 eV) is the conduction band offset of SiO,, and
ml* (0.42 mgp) and mz* (0.18 my) are the effective mass of electrons in SiO, and HfO,,
respectively [5.4], [5.14]. Subsequently, the maximum tunneling distance xy,x that can
be reached during the measurement cycle could be extracted from (5.3) with the given
parameters above. Finally, the space and energy distribution of the border trap volume
density could also be obtained as follows:

—2.2mE (x,
N, (%,E,) = mE (%) _dC, (5.4)

qA:h dIn(f)
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5.5 Space and Energy Distribution of Border Traps

Multi-frequency C-V measurements were first performed to obtain the border trap
capacitance Cy as the difference between the measured dielectric capacitances at a
specific frequency (<IM Hz) and at f= 1M Hz (two-frequency C-V correction should
be employed if the frequency is higher than 500k Hz). Then, the trap energy depth
from the HfO, conduction band edge could be obtained from (5.2) if the applied
electric fields across the SiO, amd HfO, dielectrics and the tunneling distance x are
known. The tunneling distance from the Si substrate surface that can be reached
within the measurement period could be obtained from (5.3) by using an elastic direct
tunneling model with symmetric forward/reverse tunneling time constant. Finally, the
border trap volume density Ny ifrom (5.4). could be profiled in a truly three-
dimensional coordinates as a function of the tunneling distance and trap energy depth.

Fig. 5-8 shows the space and energy distribution of border trap volume density Ny,
(~10"%-10* cmeV™) in the dual-layer HfO,/Si0, high-k gate stack. Symbols are
model-extracted data points, and 3D-mesh is the smoothed surface profiling of these
points. As the tunneling distance reaches the HfO, high-k dielectrics (x >0.8 nm), Ny
begins to increase gradually and eventually becomes saturated. Furthermore, Ny
increases exponentially with the decrease of the trap energy depth, and it appears that
Nyt is insensitive to the tunneling distance inside the high-k bulk layer. These results
suggest that most of the pre-existing high-k traps are located in the HfO, bulk layer

and that considerable parts of these traps are positioned at the shallow energy levels.

5.6 Summary

Dielectric capacitance increase of the dual-layer HfO,/SiO; high-k gate stack has
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been observed in the low-frequency C-V curves. This strange phenomenon could be
well explained by proposing a frequency- and voltage-dependent border tarp
capacitance in parallel with the ideal dielectric capacitance as long as the transient
charging and discharging of these border tarps could immediately follow the
measurement frequency. In addition, these frequency and voltage dependences of the
border trap capacitance could be transformed into the relations corresponding to the
tunneling distance from Si substrate surface and the trap energy depth from HfO,
conduction band edge using an elastic tunneling model between the Si conduction
band states and localized border traps through trapezoidal potential barriers. Based on
this physical model, the space and energy distribution of border trap volume density
in the HfO, high-k dielectric could be profiled as a smoothed 3D-mesh. This
technique can be easily integrated into the routine measurement and analysis
procedure to monitor the quality of Hf-based:high-k dielectrics since only the MOS

capacitors with n-type Si substrate are needed-
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Fig. 5-1 Capacitance-voltage curves. of the TiN/HfO,/Si0,/n-Si MOS capacitor at
various frequencies with gate area of 10000 um?”. The inset shows that the
carrier transport mechanisms of injected substrate electrons are ohmic
conduction and Frenkel-Poole emission under low and high electric fields,

respectively.
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Fig. 5-2 Border trap capacitance as a function of the measurement frequency at
various gate bias voltages. "The dielectric capacitance increase at low
frequencies could be explained by proposing a frequency- and
voltage-dependent border trap capacitance in parallel with the ideal gate

dielectric capacitance as shown in the inset.
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Fig. 5-3 Capacitance-voltage curves of the TiN/HfO,/S10,/n-Si MOS capacitor at
various frequencies with gate areas of (a) 400 and (b) 2500 um?”. Similar
dielectric capacitance increase at low frequencies has been observed for the

capacitors with different gate areas.
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Fig. 5-4 Area dependence of the border trap capacitance Cy; under various gate bias
voltages. As can be seen, the Gy 1s linearly proportional to the gate area as

proposed in the physical model.
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Fig. 5-5 Capacitance-voltage curves  of. the TiN/Hf-based high-k/SiO,/n-Si MOS
capacitor at various frequencies with (a) pure HfO,, (b) low Si composition

in the HfS10 film, and (c) high Si composition in the HfSiO film.
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Multi-frequency capacitance-voltage curves of the nMOSFET device with
TiN/HfO,/S10,/p-Si high-k gate stack. Similar dielectric capacitance
increase at low frequencies could also be observed in the strong inversion

region.
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Chapter 6: Transient Charging and Discharging of Border
Traps in the Dual-Layer HfO,/SiO, High-k Gate Stack by

Low-Frequency Charge Pumping Method

6.1 Introduction

Charge pumping is a well-known electrical characterization method to determine
the accurate SiO,/Si interface state density for the past several decades. The basic
theory of charge pumping current is the repetitive recombination at the interface states
of minority carriers with majority carriers when the gate pulses are switching
continuously between the accumulation ;and_inversion regions. In other words, the
carrier recombination mainly oceurs,at the transitions from accumulation to inversion
or from inversion to accumulation, and the charge pumping current is supposed to be
independent of the duration of ON:and OFF times within one pulse cycle since there
is only one type of charge carriers being trapped at the interface states (no carrier
recombination). Moreover, the energy distribution of these interface states within the
Si forbidden bandgap could be obtained by varying the rise and fall times of gate
pulses, without knowing the dependence of surface potential on the applied gate
voltage, due to the non-steady-state emissions of electrons and holes to the conduction
and valence bands, respectively [6.1]. Briefly speaking, chare pumping is a powerful
tool to determine not only the degradation mechanisms under all kinds of stress
conditions (such as irradiation, hot carrier injection, and Fowler-Nordheim tunneling)
but also the position and quantity of device degradation whether under uniform or

localized aging conditions [6.2].

As reported in the literature, charge pumping method could also be used to
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determine the bulk oxide traps located near the SiO,/Si interface by measuring at low
frequencies (longer injection and relaxation times). These near-interface oxide traps
could only be found in the conventional SiO, gate oxide with heavy irradiation
damage or the poly-Si/oxide/nitride/oxide/Si (SONOS) nonvolatile memory with thin
tunneling oxide [6.3], and the additional recombined charge per cycle at low
frequencies is attributed to the transient charging and discharging of these
near-interface oxide traps located within the tunneling distance that can be reached at
a specific frequency. The space distribution of these near-interface oxide traps (or
called slow oxide traps as compared to the fast responses of interface states) could be
profiled by varying the gate pulse frequency in the charge pumping method
[6.4]-[6.6]. In summary, these near-interface oxide traps are defined as the oxide traps
located near the interface that can instantly exchange charge carriers with the
underlying Si substrate through-direct tunneling, and are designated to be named as
“border traps” to be distinguished from-the-eonventional interface states and fixed

oxide traps [6.7].

The direct tunneling model through thin interfacial oxide into the border traps in
the dual-layer HfO,/SiO; high-k gate stack is similar to that of tunneling into the
near-interface oxide traps in heavily-irradiated SiO, or SONOS nonvolatile memory
that has already been studied and proposed [6.8]-[6.11]. Based on these tunneling
models, we are able to determine the space and energy distribution of border traps by
varying the amplitude and frequency of input gate pulses. Similar to the border traps
detected by the low-frequency C-V measurement in chapter 5, the detected fast high-k
traps by low-frequency charge pumping method could also be defined as the
pre-existing high-k traps located near the high-k/SiO, interface that can instantly

exchange charge carriers with the underlying Si substrate through direct tunneling,
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and thus designated as the border traps in the high-k dielectrics to be distinguished
from other fast high-k traps (which have not been detected, depending on the

measurement frequency).

In this chapter, it is found, in section 6.3, that not only the interface states but also
the border traps located near the high-k/base oxide interface could be detected by the
charge pumping method at low frequencies. Moreover, the transient charging and
discharging behaviors of these border traps in the dual-layer HfO,/SiO, high-k gate
stack are extensively studied by the low-frequency charge pumping method with
various input pulse waveforms in section 6.4. Finally, an elastic direct tunneling
model through trapezoidal potential barriers is proposed to profile the space and
energy distribution of the border traps as a smoothed 3D-mesh surface profiling in
section 6.5, and we also made «a fair eemparison of analysis results between the

low-frequency charge pumpingmethod and low-frequency C-V measurement.

6.2 Device Fabrication and Analysis Method

NMOS devices with poly-Si/TaC/HfO,/SiO,/p-Si high-k gate stack were
fabricated using the conventional CMOS process technology. The thin interfacial
oxide SiO; (~1.0 nm) was thermally grown on 300-mm p-type silicon wafers,
followed by the deposition of HfO, (~3.2 nm) high-k gate dielectric using atomic
layer deposition (ALD) technique. Then n-type metal gate electrode TaC (®,,~4.3 eV
on HfO, [6.12]) was deposited using physical vapor deposition (PVD) method, and
the poly-Si gate served as the capping layer to ensure the process compatibility.
Finally, the high-k gate stack was patterned using lithography and dry etching

technologies, and the equivalent oxide thickness (EOT) of the above mentioned
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HfO,/Si0; high-k gate stack was extracted to be 1.77 nm by using the C-V simulation
program which has taken the quantum effect into consideration [6.13].

An extension of the well-known charge pumping method to low frequencies has
been employed to distinguish the border traps in the HfO,/Si0; high-k gate stack from
the conventional interface states at the SiO,/Si interface. Fig. 6-1 shows the
measurement system setup of the charge pumping method. The gate of a NMOS
device is connected to a pulse generator, and a reverse bias voltage (V.= 50 mV) is
applied to the source and drain, while the charge pumping current I, is measured at
the grounded substrate. By applying a series of input pulse waveforms with various
frequencies to the gate, the charge pumping current due to the contributions from both
the interface states and border traps could be measured at the substrate. Then the
individual contributions could be®separated by -analyzing the recombined trapped
charge density per cycle as a function of 'the frequency of input pulse waveform. If
there is no contribution from the bordet-traps;-the recombined trapped charge density
per cycle would be constant over a wide frequency range. However, in the presence of
border traps, the recombined trapped charge density per cycle would increase with the
decreasing frequency due to the longer time for charge carrier exchanges between the
interface states and border traps located spatially near the interface. In this study, the
low-frequency charge pumping method with various input pulse waveform parameters
has been employed to study the transient charging and discharging behaviors of
border traps, the related tunneling physical model, and the space and energy

distribution of the border traps in the dual-layer HfO,/Si0; high-k gate stack.

6.3 Low-Frequency Charge Pumping Results

Fig. 6-2 shows the charge pumping current I, of the high-k NMOS device as a
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function of peak level voltage Ve at various frequencies. As can be seen, different
I, curves could be observed at high and low frequencies. At low frequencies, the I,
continued to increase exponentially with the increasing peak level voltage, and this
particular phenomenon could not be seen in SiO, and SiON ultrathin oxides.

Fig. 6-3 shows the trapped charge density N; of the dual-layer HfO,/Si0, high-k
gate stack as a function of peak level voltage Vi, at frequencies ranging from 1k to
IM Hz, and the inset illustrates the definition of input pulse waveform parameters
such as the peak and base level voltages, pulse period, pulse width, and rise/fall time.
The typical pulse waveform parameters are illustrated as follows unless specified
otherwise: duty cycle is 50%, rise time and fall time are both 10 ns, and peak and base
level voltages are +2.0 and -1.0 V, respectively. The N; detected at a specific
frequency is calculated as follows:

N,=1,/qf4;, (6.1)
where I, is the charge pumping currént measured at the substrate, q is the
fundamental electron charge, f'is the frequency of input pulse waveform, and Ag is the
gate area. As compared to the N; measured at f= 1M Hz (which is believed to mainly
stand for the interface state density Nj), the additional N; measured at lower
frequencies is attributed to the contributions from the pre-existing bulk traps in the
HfO, high-k dielectric since the amount of oxide traps should be negligible in the
well-fabricated, thermally-grown interfacial oxide [6.14], [6.15]. Moreover, it was
found that these border traps could not be detected in the HfO,/Si0; high-k gate stack
with the same HfO, high-k dielectric (~3.2 nm) but having thicker interfacial oxide
(~1.6 nm), or in the HfSiON/SiO, high-k gate stack with the optimized HfSiON
high-k dielectric (~3.5 nm) and the same interfacial oxide (~1.0 nm). It appears that

the pre-existing high-k bulk traps located near the HfO,/S10, interface or the so called
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border traps could instantly exchange charge carriers with the underlying Si substrate
if the interfacial oxide is thin enough for these charge carriers to tunnel through within
the given pulse cycle. In addition, the N; increased exponentially with the decreasing
frequency and increasing peak level voltage, and these findings are consistent with
those of tunneling into and from the near-interface oxide traps in heavily-irradiated

thermal oxides SiO, [6.3]-[6.6].

6.4 Transient Charging and Discharging Behaviors

Fig. 6-4 shows the trapped charge density N; as a function of the rise time and fall
time (here T,=Ty) of input pulse waveform at various frequencies (f= 1k, 10k, 100k,
and 1M Hz). The N; remained constant even with a great variety of rise time and fall
time ranging from 2 ns to 1 ps except the one measured at = 1M Hz. Since the rise
time and fall time are highly associated with the scanned energy range of interface
states in the Si forbidden bandgap [6.1]7and the N, at low frequencies are almost
independent of rise time and fall time, the injected channel electrons from the Si
conduction band states may directly tunnel into and out of the border traps in the HfO,
high-k dielectric within the durations of transient charging (Vpea, ON state) and
discharging (Viase, OFF state) stages, respectively. This may also eliminate the
possibility of two-step capture and emission process (in which an efficient thermal
Shockley-Read-Hall capture into an interface trap followed by a trap-to-trap tunneling
transition and vice versa [6.16]).

Fig. 6-5 shows the trapped charge density N; as a function of the base level
voltage Vpase 0f input pulse waveform at various frequencies. When the negative Vigse
was increased, the N; at low frequencies grew gradually and eventually became

saturated. Also, note that the N; at various frequencies are almost identical at Vi,se= 0
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~-0.2 V. This suggests that the negative bias voltage of Vs plays a significant role to
pull out the trapped electrons from the border traps during the transient discharging
stage. Fig. 6-6 shows the trapped charge density N; as a function of the duty cycle of
input pulse waveform at various frequencies. Similar to the capture and emission of
the interface states, the transient charging and discharging of border traps should both
occur within one pulse cycle to constitute the recombination charge pumping current.
With very small (~0%) or very large (~100%) duty cycles, the charge carriers may not
have enough time to tunnel into or out of the border traps in the HfO, high-k dielectric,
and only the interface states that can exchange charge carriers in a very short time
could be observed such as the one measured at f= 1M Hz. In addition, symmetric
transient charging and discharging behaviors could also be clearly observed at very
small and very large duty cycles; therefore suggesting equal forward and reverse
tunneling time constant in the elastic direct tunneling-model°.

Fig. 6-7 shows the trapped charge density-IN; as a function of transient charging
time at various peak level voltages Vg by changing the ON time within one pulse
cycle at f= 10k Hz. The N; began to increase rapidly at the transient charging time
~107 sec in a power law relation and eventually became saturated except the one with
Vpea= +0.5 V where only the interface states were observed, thus implying the
transient charging effect may occur within 50-100 ns. Symbols are measurement data,
dotted line is the fitting line for the interface state density, while solid lines are the
model-fitting results using the charge trapping model with dispersive capture time

constants [6.17], [6.18]:

N,(1)=N, () +N, =N, [1-exp(~(t/ 7))+ N, (6.2)

% This proves our previous assumption of elastic direct tunneling due to the symmetric transient charge
trapping and de-trapping behaviors, and the temperature dependence observed before may result from
the following-up lattice-relaxation multi-phonon emissions (thermal energy transitions) by changing
the positions of surrounding lattice ions before and after the capture of injected charge carriers.
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where t is the transient charging time, Ny(t) is the detected border trap area density
(cm'z) as a function of transient charging time, Ny is the interface state density, Ny is
the pre-existing border trap area density in the HfO, high-k dielectric, t is the capture
time constant, and B is the distribution factor of capture time constant (3= 1 for Si0O,).
Although the Ny and t vary, the B is ~0.32 for various Ve, and this also confirms
that the border traps in the HfO,/Si0, high-k gate stack should be spatially located at
the bulk layer of HfO, high-k dielectric, not at the SiO, interfacial oxide.

Fig. 6-8 shows the trapped charge density N; as a function of transient discharging
time at various peak level voltages V.. by changing the OFF time within one pulse
cycle at f= 10k Hz. Similar to the transient charging behavior, transient discharging
behavior could also be well described by the charge de-trapping model with
dispersive emission time constants‘which is similar to the charge trapping model. The
Niio and T of transient discharging behavior-are near to those of transient charging
behavior, and the B is also ~0.32. Bécause-the-distribution of tunneling time constant
is highly associated with the tunneling distance from the Si substrate surface to the
localized border traps and the previous studies about slow high-k traps using positive
bias temperature instability (PBTI) stress and static Ig-V, characteristics [6.18] also
exhibited the same P (~0.32) value, it may be concluded that the fast and slow traps in
the HfO, high-k dielectric have similar space trap distribution and that the fast high-k
traps might be identical to the slow high-k traps in properties but just located deeper

inside the Hf-based high-k dielectric.

6.5 Space and Energy Distribution of Border Traps

Fig. 6-9 shows the detected border trap area density Ny as a function of the

frequency of input pulse waveform at various peak level voltages Ve by
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transforming the frequency and voltage dependences as shown in Fig. 6-3. These
frequency and voltage dependences of Ny; could also be transformed into the relations
corresponding to the tunneling distance from the Si substrate surface and the trap
energy depth from the HfO, conduction band edge, respectively.

Fig. 6-10 shows the schematic band diagram of the TaC/HfO,/Si0,/p-Si NMOS
device biased in the strong inversion region with the illustrations of tunneling distance
and carrier energy coordinates. If the transient charging and discharging of border
traps mainly occur at the Si conduction band edge through direct tunneling and the
border traps are widely distributed over a defect band in the HfO, high-k dielectric
[6.14], the Ny, could be regarded as the equivalent border trap area density Dy at one
specific energy level (cm™eV™'), which is the integration of border trap volume
density pu (cm'3eV'1) from the base oxide thickness x; to the maximum tunneling
distance Xmax in the HfO, high-k, dielectric since there should be negligible border

traps in the thermally-grown interfacial oxide-SiO-:
Ny ~ Dy = [ p,,(x,E, ) (6.3)

The trap energy depth E; from the HfO, conduction band edge could be approximately
obtained at various peak level voltages if the two-band structure (SiO, and HfO,) with
trapezoidal potential barriers is assumed:

E (x,&)=¢.,—q&5x, —q&,(x —Xx,), (6.4)
where @, (1.9 eV) is the conduction band offset of HfO, [6.19], €, and ¢, are the
electric fields in the Si0, and HfO, dielectrics, respectively, and x; is the base oxide
thickness (1.0 nm). If the tunneling transition is an elastic direct tunneling process
with symmetric forward and reverse tunneling time constants, the tunneling time
constants between the available Si conduction band states and localized border traps

should be equal to or less than 1/2f if the duty cycle is 50%:
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% =1, eXI)(ZJAOxl \/2m:(¢c;_l_ g6x') dx' + ZJ:: i 2m;E;; ', ¢) dx'), (6.5)
where f is the frequency, 1o is the pre-exponential factor (~10"" sec) which is
relatively insensitive to the tunneling distance and trap energy depth [6.20], h is the
reduced Planck constant, ®¢; (3.1 eV) is the conduction band offset of SiO,, and m;"
(0.42 mp) and m,’ (0.18 my) are the effective mass of electrons in the SiO, and HfO,
dielectrics, respectively [6.12], [6.26]. Then, the maximum tunneling distance Xpax
that can be reached during the given pulse cycle could be extracted from (6.5) with

the above physical model parameters. Finally, the space and energy distribution of

border trap volume density py could be obtained as follows:

—2\2m;E,(x,€) dN,, 6.6)

h din(f)

pbt(x9Ez) =

Fig. 6-11 shows the space and energy distribution of border trap volume density
bt (~<10'7-10" em™eV™!") in the-dual-layer HfO,/Si0, high-k gate stack. Symbols are
model-extracted data points, and 3D-mesh is the smoothed surface profiling of these
points. As the tunneling distance reaches the HfO, high-k dielectric (x >1.0 nm), the
Pt began to increase gradually and eventually became saturated. Moreover, the py
increases exponentially with the decreasing trap energy depth E;, and the variation of
the py: seems to be less sensitive to the tunneling distance. These results suggest that
most of the pre-existing high-k border traps are located in the HfO, bulk layer and that
considerable parts of these border traps are positioned at the shallow energy levels.
Moreover, similar space and energy distribution of border traps could be observed by
the low-frequency charge pumping in this chapter and the low-frequency C-V
measurement in chapter 5. However, there is some discrepancy in the order of
magnitude of detected border trap volume densities due to the different testing

conditions, rapid recombination of majority and minority carriers for charge pumping
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and small-signal frequency response for C-V measurement.

6.6 Summary

The pre-existing high-k traps located near the HfO,/Si0, interface or the so called
border traps could instantly exchange charge carriers with the underlying Si substrate
through direct tunneling, and these border traps (detected fast high-k traps) could be
measured and analyzed by the low-frequency charge pumping method with fixed base
level voltage and varying amplitude. As compared to the interface state density
measured at f= 1M Hz, the additional trapped charge density measured at lower
frequencies could be attributed to the contribution from the border traps in the HfO,
high-k dielectric. Moreover, various transient charging and discharging characteristics
of these border traps could be observed by varying the rise time and fall time, peak
and base level voltages, and duty cycle of input pulse waveform. In addition, the
transient charging and discharging behaviors-of 'the border traps could be observed in
the time scale of 10®-10™ sec by changingthe ON and OFF times within one pulse
cycle at a specific frequency, and this method is much faster than the known pulse
I4-V, technique (~1-10 ps). Also, the transient charging/discharging behavior could be
well described by the charge trapping/de-trapping model with dispersive capture/
emission time constants used in the static positive bias stress, thus suggesting similar
space trap distribution of fast and slow traps in the HfO, high-k dielectric. Finally, the
frequency and voltage dependences of the border trap area density could be
transformed into the relations corresponding to the tunneling distance and trap energy
depth by using an elastic direct tunneling model between the Si conduction band
states and localized border traps through trapezoidal potential barriers. Based on this

physical model, the space and energy distribution of the border traps in the HfO,
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high-k dielectric could be profiled as a smoothed 3D-mesh. Although the energy scan
of border traps over a defect band is based on the assumption of elastic direct
tunneling at a specific single energy level, this assumption could help us realize and
profile the truly three dimensional border trap distribution in space and in energy

levels to a certain extent.
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Fig. 6-1 Measurement system setup .of .charge pumping method. The gate of a
NMOS device is connected to/a pulsSe generator, and a reverse bias voltage
V. is applied to the source and drain, while the charge pumping current I, is

measured at the grounded substrate:

91



10-6 ! T T T

 f= 1k, 2K, 5k, 10k, 20k, 50k,
100k, 200k, 500k, and 1M Hz

107

Poly-Si/TaC/HfO,/SiO,/p-Si
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Fig. 6-2 Charge pumping current I of the-poly-S1/TaC/HfO,/Si0,/p-Si high-k gate
stack with EOT= 1.77 nm ‘as a function of peak level voltage Ve at

various frequencies.
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Fig. 6-3 Trapped charge density.N; ‘of the-dual-layer HfO,/S10, high-k gate stack as
a function of peak level voltage "V e at various frequencies. The inset

illustrates the definition of input pulse waveform parameters.
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T,=Ty) of input pulse waveform‘at various frequencies (1k, 10k, 100k, and
IM Hz). Rise time and fall time are highly associated with the scanned

energy range of interface states in the Si forbidden bandgap.
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Fig. 6-5 Trapped charge density N as-afunction of the base level voltage Vi of
input pulse waveform at various-fréquencies (1k, 10k, 100k, and 1M Hz).
The negative bias voltage of Vp,se plays a significant role to pull out the

trapped charge carriers during the transient discharging stage.
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Fig. 6-6 Trapped charge density Ni as a function.'of the duty cycle of input pulse
waveform at various frequencies (1k, 10k, 100k, and 1M Hz). Symmetric
transient charging and discharging behaviors could be observed at very

small and very large duty cycles.
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Fig. 6-7 Trapped charge density N, as.a function of transient charging time at various
peak level voltages V. by changing the ON time of input pulse waveform
at f= 10k Hz. Symbols are measurement data, dotted line is the fitting line

for the interface state density, and solid lines are the model fitting results.
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Fig. 6-8 Trapped charge density Ni as a-function” of transient discharging time at
various peak level voltages Ve by changing the OFF time of input pulse
waveform at f= 10k Hz. Symbols are measurement data, dotted line is the
fitting line for the interface state density, and solid lines are the model

fitting results.
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voltages V.. As can be seen, Ny increased exponentially with the

decreasing frequency and the increasing peak level voltage.
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Fig. 6-10 Schematic band diagram of the dual-layer HfO,/SiO, high-k gate stack

biased in the strong inversion region with the illustrations of tunneling

distance and carrier energy coordinates.
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Chapter 7: Conclusions

7.1 Summary of Findings and Contributions

In this dissertation, many different electrical characterization methods have been
extensively and intensively studied to understand the fundamental characteristics and
physical mechanisms of charge trapping and de-trapping in the pre-existing traps in
Hf-based high-k gate dielectrics. Trapped charge carriers in Hf-based high-k gate
dielectrics would lead to the serious reliability concern of threshold voltage instability,
which is a major issue of performance degradation whether in digital or analog
circuits. In chapter 2, charge trapping behavior in the HfSiO high-k gate dielectric
could be well described by the charge. trapping model in the pre-existing high-k traps
with dispersive capture time constants, and.it has been demonstrated to be a
field-enhanced and thermally-activated. process due to the physical nature of
trap-assisted tunneling processes (ohmic conduction and Frenkel-Poole emission).
Thick interfacial oxide and high Si composition in the HfSiO film have also been
proved to be effective approaches to reduce the extent of charge trapping in Hf-based
high-k gate dielectrics, while both measures are not preferred for the ultimate scaling
of the equivalent oxide thickness (EOT) of gate dielectric. In chapter 3, similar charge
trapping behavior could be observed and repeated during the consecutive
stress/recovery cycles under static positive bias stress if the recovery bias voltage is
strong enough to clean up most trapped charge carriers. This confirms that the high-k
traps are pre-existing traps in the high-k gate dielectrics and that no additional traps
are generated during the stress cycles. In addition, transient charging behavior could
be observed within 10-50 ns by changing the duty cycle of stress pulse waveform

under dynamic positive bias stress, and a universal charge trapping model has also
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been demonstrated in terms of the effective stress time.

In chapter 4, two-frequency C-V correction using a five-element circuit model has
been used to eliminate the faulty clamped and amplified C-V curves in low-leakage
high-k gate dielectrics due to the impacts of parasitic components, series resistance Ry
and series inductance L,. The tand (or called dissipation factor) represents the
dynamic energy loss resulting from the local movement or vibration of flexible Hf-O
bonds, which might be an intrinsic materials issue in high-k gate dielectrics. Moreover,
this five-element circuit model could be modified as another four-element circuit
model to reduce the severe capacitance drop due to tunneling leakage current and to
obtain the equivalent oxide thickness of ultrathin oxides or high-k gate dielectrics
with high leakage current. In chapter 5, the additional dielectric capacitance increase
at low-frequency C-V curves could be regarded as the specific characteristic of the
transient charging and discharging.of border-traps m high-k gate dielectrics, which
could only be observed in the high‘k-MOS-¢apacitors with n-Si substrate biased in
strong accumulation region or the high-k. nMOSFETs biased in strong inversion
region. In addition, the frequency and voltage dependences of border trap capacitance
could be transformed into the space and energy distribution of border traps in the
high-k dielectric based on an elastic direct tunneling model through trapezoidal
potential barriers. In chapter 6, the transient charging and discharging of border traps
could also be observed by the low-frequency charge pumping method. By changing
the rise/fall time and duty cycle of input pulse waveform, the assumption of elastic
direct tunneling model with symmetric forward and reverse tunneling time constant
could be further verified and proved. Also, the transient charging and discharging
behaviors could be well described by the charge trapping model with dispersive

capture time constants in static positive bias stress, thus suggesting similar space
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distribution of fast and slow traps in high-k dielectrics. In addition, consistent space
and energy distribution of border traps could be obtained by both the low-frequency

C-V measurement and low-frequency charge pumping method.

7.2 Suggestions for Future Work

A variety of electrical characterization methods have been adopted to draw the
complete picture of charge trapping and de-trapping in the pre-existing traps in
Hf-based high-k gate dielectrics, including the physical model of charge trapping, the
charge trapping and de-trapping behaviors of slow and fast high-k traps, and the space
and energy distribution of fast high-k traps. With all these pieces of information, we
could have a better understanding of the over-all charge trapping and de-trapping in
Hf-based high-k gate dielectrics. However, there are some topics which have not yet
been understood clearly nor verified with sttong evidence support. Therefore, these
topics deserve to be further studied in the near future:

1. In chapter 2, the physical meaning of the ‘charge trapping model with dispersive
capture time constants (stretched exponential growth) and its model parameters
should be further studied. It is important to understand why this physical model
could well describe the charge trapping behavior in high-k gate dielectrics and
how this model could be used to predict the device lifetime under normal
operation conditions. Also, this model could be re-arranged as the Weibull
distribution (weakest link relation) which is commonly used in time-dependent
dielectric breakdown (TDDB) studies. The similarity and discrepancy between
these two reliability issues should be understood as well.

2. In chapter 3, the repetitive, reversible charge trapping and de-trapping behaviors

indicate the charge carriers are trapped in the pre-existing high-k traps without
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generating new high-k traps during the stress/recovery cycles or the amount of
generated high-k traps is negligible as compared to the pre-existing high-k traps.
Moreover, the transient charging effect could be observed within 10-50 ns even
for the slow high-k traps, and this asymmetric capture and emission time
constants imply that these trapped charge carriers are located deeply in space
distance or in energy levels. These uncertainties deserve to be clarified.

In chapter 4, the physical origin of dynamic energy loss tand and its relationship
to the composition of high-k dielectrics (such as HfO,, HfSiO, and HfSiON)
should be studied. Furthermore, the severe capacitance drop due to tunneling
leakage current could not be completely recovered by the two-frequency C-V
correction only. New circuit element should be added or higher measurement
frequencies (Agilent 4294A,.f= 40~110M Hz) should be used with appropriate
phase compensation and OPEN/SHORT/LOAD calibrations.

In chapter 5 and 6, much-effort-sheuld-be made to understand the correlation
between the border trap properties (such-as the magnitude of border trap density,
the space and energy distribution, and the transient charging and discharging
behaviors) by low-frequency C-V measurement and by low-frequency charge
pumping, and these results could be further verified by pulse 13-V, technique in
some extent. Moreover, the application limits of these two characterization
methods should also be studied in terms of the frequency, gate area, and applied
gate voltage since both methods may suffer measurement errors under testing
conditions of huge tunneling leakage current. Also, the assumption of elastic
direct tunneling at single energy level could be modified as the direct tunneling
from multiple sub-bands in the Si conduction band states to obtain more accurate

energy distribution of border traps.
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Much effort should be made to study the charge trapping and de-trapping
behaviors under static and dynamic negative bias stress in pMOSFETs with
Hf-based high-k gate dielectric. Since gate electrons from metal gate electrode
and channel holes from inverted n-Si substrate may be injected into the high-k
gate dielectric simultaneously, threshold voltage instability should be considered
as the combinational effect of both electron and hole trapping in the high-k gate
dielectric, and charge recombination may also occur. This may lead to the faulty
understanding of charge trapping and de-trapping behaviors under negative bias
stress if the respective contributions of electrons and holes have not been clearly
separated.

Optimized process conditions should be studied to reduce the number of the
pre-existing traps in Hf-based high-k gate. dielectric. Oxygen vacancies or
crystalline defects in the grain boundaries have been identified as the possible
causes to explain the physical lorigin-of-these pre-existing high-k traps, which
seems to be an intrinsic materials problem regardless of deposition technique,
post-deposition annealing temperature, or heat treatment ambient. Effective
measures such as the Si incorporation, plasma nitridation, and fluorine
implantation have to be taken to passivate these trapping centers, and the
low-frequency C-V measurement in chapter 5 or low-frequency charge pumping
method in chapter 6 could be readily used to monitor the amount of high-k traps
located near the high-k/base oxide interface.

The function form of charge trapping model should be further clarified to explain
different time dependences (power law, logarithmic, and stretched exponential
growth) observed in this dissertation. An appropriate function form should be the

basis to describe and to determine the charge trapping behavior and related
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mechanisms with consistent physical concepts. In addition, the implications of
time dependence should be further studied to understand the charge trapping
behavior (charge filling in the pre-existing traps or additional trap generation).

The tunneling path into and out of high-k traps deserves to be further studied to
realize the actual energy distribution of high-k bulk traps. Since the temperature
and time dependences of charge trapping and de-trapping behaviors suggest the
two-step thermal-assisted tunneling process (elastic direct tunneling plus lattice-
relaxation multi-phonon emission), the thermal transition among different energy
levels (ground and many excited states) by cascade phonon emission should be
considered to determine the more accurate energy distribution of high-k traps.

Charge trapping and de-trapping into and out of the pre-existing high-k traps
should be studied in terms of'the 1/f low-frequency noise and random telegraph
signal (RTS) methods, which have been widely-used in the study of oxide traps.
In-depth understanding ofdifferent-analysis methods could help us distinguish
the similarities and discrepanciesjof charge trapping and de-trapping behaviors in

conventional oxides and Hf-based high-k gate dielectrics.

107



References

Chapter 1

[1.1]

[1.2]

[1.3]

[1.4]

[1.5]

[1.6]

[1.7]

[1.8]

[1.9]

“International technology roadmap for semiconductors: process integration,
devices, and structures,” ITRS 2005 edition, San Jose, California.

G. D. Wilk, R. M. Wallace, and J. M. Anthony, “High-k gate dielectrics:
current status and materials properties considerations,” J. Appl. Phys., vol.
89, no. 10, pp. 5243-5275, May 2001.

Y. C. Yeo, T. J. King, and C. Hu, “MOSFET gate leakage modeling and
selection guide for alternative gate dielectrics based on leakage
considerations,” [EEE Trans. Electron Devices, vol. 50, no. 4, pp.
1027-1035, Apr. 2003.

H.-S. P. Wong, “Beyond the conventional.transistor,” IBM J. Res. Develop.,
vol. 46, no. 2/3, pp. 133-168, 2002.

J. Robertson, “Band offsets of wide-band-gap oxides and implications for
future electronic devices,” “J." Wac. Sci. Tech. B, vol. 18, no. 3, pp.
1785-1791, May/Jun 2000.

R. Beyers, “Thermodynamic considerations in refractory metal-silicon-
oxygen systems,” J. Appl. Phys., vol. 56, no. 1, pp. 147-152, Jul. 1984.

S. Q. Wang and J. W. Mayer, “Reactions of Zr thin films with SiO,
substrates,” J. Appl. Phys., vol. 64, no. 9, pp. 4711-4716, Nov. 1988.

A. Kerber, E. Cartier, L. Pantisano, M. Rosmeulen, R. Degraeve, T.
Kauerauf, G. Groeseneken, H. E. Maes, and U. Schwalke, “Characterization
of the Vi-instability in SiO,/HfO, gate dielectrics,” IEEE Intl. Rel. Phys.
Symp., 2003, pp. 41-45.

W. J. Zhu, T. P. Ma, S. Zafar, and T. Tamagawa, “Charge trapping in

108



[1.10]

[1.11]

[1.12]

[1.13]

[1.14]

[1.15]

[1.16]

ultrathin hafnium oxide,” IEEE Electron Device Lett., vol. 23, no. 10, pp.
597-599, Oct. 2002.

K. Onishi, R. Choi, C. S. Kang, H. J. Cho, Y. H. Kim, R. E. Nieh, J. Han, S.
A. Krishnan, M. S. Akbar, and J. C. Lee, “Bias-temperature instabilities of
poly-silicon gate HfO, MOSFETSs,” IEEE Trans. Electron Devices, vol. 50,
no. 6, pp. 1517-1524, Jun. 2003.

L. Pnatisano, 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 the interfacial
oxide,” IEEE Symp. VLSI Tech. Dig., 2003, pp. 163-164.

C. Leroux, J. Mitard, G. Ghibaudo, X. Garros, G. Reimbold, B. Guillaumot,
and F. Martin, “Charactefization and modeling of hysteresis phenomenon in
high-k dielectrics,” IEEE IEDM Tech. Dig.;72004, pp. 737-740.

C. Shen, M. F. Li, X. P. Wang, - H--¥-—Yu, Y. P. Feng, A. T.-L. Lim, Y. C. Yeo,
D. S.-H. Chan, and D. L. Kwong, “Negative U traps in HfO, gate dielectrics
and frequency dependence of dynamic BTI in MOSFETs,” IEEE IEDM
Tech. Dig., 2004, pp. 733-736.

F. P. Heiman and G. Warfield, “The effects of oxide traps on the MOS
capacitance,” IEEE Trans. Electron Devices, vol. 12, no. 4, pp. 167-178,
Apr. 1965.

I. Lundstrom and C. Svensson, “Tunneling to traps in insulators,” J. Appl.
Phys., vol. 43, no. 12, pp. 5045-5047, Dec. 1972.

H. Lakhdari, D. Vuillaume, and J. C. Bourgoin, “Spatial and energetic
distribution of Si-SiO; near-interface states,” Phys. Rev. B, vol. 38, no. 18,

pp- 13124-13132, Dec. 1988.

109



[1.17]

[1.18]

[1.19]

[1.20]

[1.21]

[1.22]

T. L. Tewksbury, and H. S. Lee, “Characterization, modeling, and
minimization of transient threshold voltage shifts in MOSFETs,” IEEE J.
Solid-State Circuits, vol. 29, no. 3, pp. 239-252, Mar. 1994.

Y. Maneglia and D. Bauza, “Extraction of slow oxide trap concentration
profiles in metal-oxide-semiconductor transistors using the charge pumping
method,” J. Appl. Phys., vol. 79, no. 8, pp. 4187-4192, Apr. 1996.

D. Bauza and Y. Maneglia, “In-depth exploration of Si-SiO; interface traps
in MOS transistors using the charge pumping technique,” IEEE Trans.
Electron Devices, vol. 44, no. 12, pp. 2262-2266, Dec. 1997.

R. E. Paulsen, R. R. Siergiej, M. L. French, and M. H. White, “Observation
of near- interface oxide traps with charge pumping technique,” /EEE
Electron Device Lett., vol: 13, no. 12, pp. 627-629, Dec. 1992.

R. E. Paulsen and M.-H. White, *“Theory and application of charge pumping
for the characterization of Si=SiQ.-interface and near-interface oxide traps,”
IEEE Trans. Electron Devicessvol.41,no. 7, pp. 1213-1216, Jul. 1994.

D. M. Fleetwood, P. S. Winokur, R. A. Reber, Jr., T. L. Meisenheimer, J. R.
Schwank, M. R. Shaneyfelt, and L. C. Riewe, “Effects of oxide traps,
interface traps, and border traps on metal-oxide-semiconductor devices,” J.

Appl. Phys., vol. 73, no. 10, pp. 5058-5074, May 1993.

Chapter 2

[2.1]

[2.2]

K. Onishi, R. Choi, C. S. Kang, H. J. Cho, Y. H. Kim, R. E. Nieh, J. Han, S.
A. Krishnan, M. S. Akbar, and J. C. Lee, “Bias-temperature instabilities of
poly-silicon gate HfO, MOSFETSs,” IEEE Trans. Electron Devices, vol. 50,
no. 6, pp. 1517-1524, Jun. 2003.

A. Kerber, E. Cartier, L. Pantisano, M. Rosmeulen, R. Degraeve, T.

110



[2.3]

[2.4]

[2.5]

[2.6]

[2.7]

[2.8]

Kauerauf, G. Groeseneken, H. E. Maes, and U. Schwalke, “Characterization
of the Vi-instability in SiO,/HfO, gate dielectrics,” IEEE Intl. Rel. Phys.
Symp., 2003, pp. 41-45.

W. J. Zhu, T. P. Ma, S. Zafar, and T. Tamagawa, “Charge trapping in
ultrathin hafnium oxide,” /IEEE Electron Device Lett., vol. 23, no. 10, pp.
597-599, Oct. 2002.

R. Degraeve, F. Crupi, D. H. Kwak, and G. Groeseneken, “On the defect
generation and low voltage extrapolation of Qpp in SiO,/HfO, stacks,”
IEEE VLSI Tech. Dig., 2004, pp. 140-141.

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

R. Degraeve, A. Kerbet, Ph. Roussel;-E. Cartier, T. Kauerauf, L. Pantisano,
and G. Groeseneken, “Effect of bulk trap density on HfO, reliability and
yield,” IEEE IEDM Tech. Dig., 2003, pp. 935-938.

A. Morioka, H. Watanabe, M. Miyamura, T. Tatsumi, M. Saitoh, T. Ogura, T.
Iwamoto, T. Ikarashi, Y. Saito, Y. Okada, H. Watanabe, Y. Mochizuki and T.
Mogami, “High mobility MISFET with low trapped charge in HfSiO films,”
IEEE Symp. VLSI Tech. Dig., 2003, pp. 165-166.

T. Iwamoto, T. Ogura, M. Terai, H. Watanabe, H. Watanabe, N. Ikarashi, M.
Miyamura, T. Tatsumi, M. Saitoh, A. Morioka, K. Watanabe, Y. Saito, Y.
Yabe, T. Ikarashi, K. Masuzaki, Y. Mochizuki and T. Mogami, “A highly
manufacturable low power and high speed HfSiO CMOSFET with dual

poly-Si gate electrodes,” IEEE IEDM Tech. Dig., 2003, pp. 639-642.

111



[2.9]

[2.10]

[2.11]

[2.12]

L. Pnatisano, 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 the interfacial
oxide,” IEEE Symp. VLSI Tech. Dig., 2003, pp. 163-164.

W. J. Zhu, T. P. Ma, T. Tamagawa, J. Kim and Y. Di, “Current transport in
metal/hafnium oxide/silicon structure,” IEEE Electron Device Lett., vol. 23,
no. 2, pp. 97-99, 2002.

S. Zafar; A. Callegari; E. Gusev; and M. V. Fischetti, “Charge trapping
related threshold voltage instabilities in high permittivity gate dielectric
stacks,” J. Appl. Phys., vol. 93, no. 11, pp. 9298-9303, Jun. 2003.

I. Lundstrom and C. Svensson, “Tunneling to traps in insulators,” J. Appl.

Phys., vol. 43, no. 12, pp:5045-5047, Dec. 1972.

Chapter 3

[3.1]

[3.2]

[3.3]

[3.4]

W. J. Zhu, T. P. Ma, S. Zafar;-and: T.. Tamagawa, “Charge trapping in
ultrathin hafnium oxide,”" IEEE Electron Device Lett., vol. 23, no. 10, pp.
597-599, Oct. 2002.

K. Onishi, R. Choi, C. S. Kang, H. J. Cho, Y. H. Kim, R. E. Nieh, J. Han, S.
A. Krishnan, M. S. Akbar, and J. C. Lee, “Bias-temperature instabilities of
poly-silicon gate HfO, MOSFETSs,” IEEE Trans. Electron Devices, vol. 50,
no. 6, pp. 1517-1524, Jun. 2003.

A. Shanware, M. R. Visokay, J. J. Chambers, A. L. P. Rotondaro, H. Bu, M.
J. Bevan, R. Khamankar, S. Aur, P. E. Nicollian, J. McPherson, and L.
Colombo, “ Evaluation of the positive biased temperature stress stability in
HfSiON gate dielectrics,” IEEE Intl. Rel. Phys. Symp., 2003, pp. 208-213.

A. Kerber, E. Cartier, L. Pantisano, M. Rosmeulen, R. Degraeve, T.

112



[3.5]

[3.6]

[3.7]

[3.8]

[3.9]

[3.10]

Kauerauf, G. Groeseneken, H. E. Maes, and U. Schwalke, “Characterization
of the Vi-instability in SiO,/HfO, gate dielectrics,” IEEE Intl. Rel. Phys.
Symp., 2003, pp. 41-45.

L. Pnatisano, 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 the interfacial
oxide,” IEEE Symp. VLSI Tech. Dig., 2003, pp. 163-164.

S. Zafar; A. Callegari; E. Gusev; and M. V. Fischetti, “Charge trapping
related threshold voltage instabilities in high permittivity gate dielectric
stacks,” J. Appl. Phys., vol. 93, no. 11, pp. 9298-9303, Jun. 2003.

C. Leroux, J. Mitard, G. Ghibaudo, X. Garros, G. Reimbold, B. Guillaumot,
and F. Martin, “Charactetization and modeling of hysteresis phenomenon in
high-k dielectrics,” IEEE IEDM Tech. Dig.;72004, pp. 737-740.

G. Ribes, S. Bruyere, D. Roy, M=-Muller, M. Denais, V. Huard, T. Skotnicki,
and G. Ghibaudo, “Trapping and.de-trapping mechanism in hafnium based
dielectrics characterized by pulse gate voltage techniques,” IEEE
International Integrated Reliability Workshop (IIRW), pp. 125-127, 2004.

R. Choi, S.J. Rhee, J. C. Lee, B. H. Lee, and G. Bersuker, “Charge trapping
and de-trapping characteristics in hafnium silicate gate stack under static
and dynamic stress,” [EEE Electron Device Lett., vol. 26, no. 3, pp.
197-199, Mar. 2005.

Y. T. Hou, F. Y. Yen, P. F. Hsu, V. S. Chang, P. S. Lim, C. L. Hung, L. G
Yao, J. C. Jiang, H. J. Lin, Y. Jin, S. M. Jang, H. J. Tao, S. C. Chen, and M.
S. Liang, “High performance tantalum carbide metal gate stacks for

nMOSFET application,” IEEE IEDM Tech. Dig., 2005, pp. 31-34.

113



[3.11]

[3.12]

[3.13]

[3.14]

[3.15]

J. R. Hauser and K. Ahmed, “Characterization of ultrathin oxides using
electrical C-V and I-V measurements,” Characterization and Metrology for
ULSI Technology, AIP Conf. Proc., vol. 449, 1998, pp. 235-239.

W. H. Wu, Y. T. Hou, Y. Jin, H. J. Tao, S. C. Chen, M. S. Liang, B. Y. Tsui,
and M. C. Chen, “Threshold voltage instability in nMOSFETs with HfSiO/
SiO, high-k gate stacks,” Solid State Devices and Materials 2005, pp.
498-499.

S. J. Rhee, Y. H. Kim, C. Y. Kang, C. S. Kang, H. J. Cho, R. Choi, C. H.
Choi, M. S. Akbar, and J. C. Lee, “Dynamic positive bias temperature
instability characteristics of ultrathin HfO, nMOSFET,” [EEE Intl. Rel.
Phys. Symp., 2004, pp. 269-272.

C. Shen, H. Y. Yu, X. P.Wang, M. F.'Li,. Y. C. Yeo, S. H. Chan, K. L. Bera,
and D. L. Kwong, “Frequency dependent dynamic charge trapping in HfO,
and threshold voltage instability-in-MOSFETs,” IEEE Intl. Rel. Phys. Symp.,
2004, pp. 601-602.

X. Wang, J. Peterson, P. Majhi, M. 1. Gardner, and D. L. Kwong, “Impacts
of gate materials on threshold voltage instability in nMOS HfO, gate stacks
under DC and AC stressing,” IEEE Electron Device Lett., vol. 26, no. 8, pp.

553-556, Aug. 2005.

Chapter 4

[4.1]

[4.2]

J. F. Lonnum and J. S. Johannessen, “Dual-frequency modified C/V
technique,” Electron. Lett., vol. 22, no. 9, pp. 456-457, Apr. 1986.

K. J. Yang and C. Hu, “MOS capacitance measurements for high-leakage
thin dielectrics,” IEEE Trans. Electron Devices, vol. 46, no. 7, pp.

1500-1501, Jul. 1999.

114



[4.3]

[(4.4]

[4.5]

[4.6]

[4.7]

[4.8]

[4.9]

A. Nara, N. Yasuda, H. Satake, and A. Toriumi, “Applicability limits of the
two-frequency capacitance measurement technique for the thickness
extraction of ultrathin gate oxide,” IEEE Trans. Semi. Manuf., vol.15, no. 2,
pp. 209-213, May 2002.

H. T. Lue, C. Y. Liu, and T. Y. Tseng, “An improved two-frequency method
of capacitance measurement for SrTiOs; as high-k gate dielectric,” IEEE
Electron Device Lett., vol. 23, no. 9, pp. 553-555, Sep. 2002.

Z. Luo and T. P. Ma, “A new method to extract EOT of ultrathin gate
dielectric with high leakage current,” IEEE Electron Device Lett., vol. 25,
no. 9, pp. 655-657, Sep. 2004.

J. R. Hauser and K. Ahmed, “Characterization of ultrathin oxides using
electrical C-V and I-V measurements,” Characterization and Metrology for
ULSI Technology, AIP-Conf. Proc., vol. 449, 1998, pp. 235-2309.

K. B. Chong, L. B. Kong, L. Chen;-L: Yan, C. Y. Tan, T. Yang, C. K. Ong,
and T. Osipowicz, “Improvement of dielectric loss tangent of Al,O3 doped
Baj sSrysTiO3 thin films for tunable microwave devices,” J. Appl. Phys.,
vol. 95, no. 3, pp. 1416-1419, Feb. 2004.

S. H-M. Jen, C. C. Enz, D. R. Pehlke, M. Schroter, and B. J. Sheu,
“Accurate modeling and parameter extraction for MOS transistors valid up
to 10 GHz,” IEEE Trans. Electron Device, vol. 46, no. 11, pp. 2217-2227,
Nov. 1999.

J. Schmitz, F. N. Cubaynes, R. J. Havens, R. de Kort, A. J. Scholten, and L.
F. Tiemeijer, “RF capacitance-voltage characterization of MOSFETs with
high leakage dielectrics,” IEEE Electron Device Lett., vol. 24, no. 1, pp.

37-39, Jan. 2003.

115



[4.10]

J.-S. Goo, T. Mantei, K. Wieczorek, W. G. En, and A. B. Icel, “Extending
two-element capacitance extraction method toward ultraleaky gate oxides
using a short-channel length,” IEEE Electron Device Lett., vol. 25, no. 12,

pp- 819-821, Dec. 2004.

Chapter 5

[5.1]

[5.2]

[5.3]

[5.4]

[5.5]

[5.6]

[5.7]

A. Kerber, E. Cartier, L. Pantisano, M. Rosmeulen, R. Degraeve, T.
Kauerauf, G. Groeseneken, H. E. Maes, and U. Schwalke, “Characterization
of the Vi-instability in SiO,/HfO, gate dielectrics,” IEEE Intl. Rel. Phys.
Symp., 2003, pp. 41-45.

C. Leroux, J. Mitard, G. Ghibaudo, X. Garros, G. Reimbold, B. Guillaumot,
and F. Martin, “Characterization and modeling of hysteresis phenomenon in
high-k dielectrics,” IEEEIEDM Tech. Dig., 2004, pp. 737-740.

C. Y. Kang, R. Choi, 4. H. Sim, C. Young, B. H. Lee, G. Bersuker, and J. C.
Lee, “Charge trapping effects-in-HfSiON dielectrics on the ring oscillator
circuit and the single stage inmvertet operation,” /[EEE [EDM Tech. Dig.,
2004, pp. 485-488.

F. P. Heiman and G. Warfield, “The effects of oxide traps on the MOS
capacitance,” IEEE Trans. Electron Devices, vol. ED-12, pp. 167-178, Apr.
1965.

I. Lundstrom and C. Svensson, ‘Tunneling to traps in insulators,” J. Appl.
Phys., vol. 43, no. 12, pp. 5045-5047, Dec. 1972.

T. L. Tewksbury, and H. S. Lee, “Characterization, modeling, and
minimization of transient threshold voltage shifts in MOSFET’s,” IEEE J.
Solid-State Circuits, vol. 29, no. 3, pp. 239-252, Mar. 1994.

D. M. Fleetwood, “Border traps in MOS devices,” IEEE Trans. Nucl. Sci.,

116



[5.8]

[5.9]

[5.10]

[5.11]

[5.12]

[5.13]

[5.14]

[5.15]

vol. 39, no. 2, pp. 269-271, Apr. 1992.

D. M. Fleetwood, P. S. Winokur, R. A. Reber, Jr., T. L. Meisenheimer, J. R.
Schwank, M. R. Shaneyfelt, and L. C. Riewe, “Effects of oxide traps,
interface traps and border traps on metal-oxide-semiconductor devices,” J.
Appl. Phys., vol. 73, no. 10, pp. 5058-5074, May 1993.

D. M. Fleetwood, T. L. Meisenheimer, and J. H. Scofield, “1/f noise and
radiation effects in MOS devices,” IEEE Trans. Electron Devices, vol. 41,
no. 11, pp. 1953-1964, 1994.

J. R. Hauser and K. Ahmed, “Characterization of ultrathin oxides using
electrical C-V and I-V measurements,” Characterization and Metrology for
ULSI Technology, AIP Conf. Proc., vol. 449, 1998, pp. 235-239.

R. E. Paulsen, R. R. Siergiej, M. L. French, and M. H. White, “Observation
of near-interface oxide traps withthe charge-pumping technique,” /EEE
Electron Device Lett.,vol. 13, 00:-12;pp. 627-629, Dec. 1992.

R. E. Paulsen and M. H. White, “Theory and application of charge pumping
for the characterization of Si-Si0O, interface and near-interface oxide traps,”
IEEFE Trans. Electron Devices, vol. 41, no. 7, pp. 1213-1216, Jul. 1994.

H. Lakhdari and D. Vuillaume, “Spatial and energetic distribution of
Si-Si0, near-interface states,” Phys. Rev. B, vol. 38, no. 18, pp.
13124-13132, Dec. 1988.

Y. T. Hou, M. F. Li, H. Y. Yu, Y. Jin, and D. L. Kwong, “Quantum tunneling
and scalability of HfO, and HfAIO gate stacks,” IEEE IEDM Tech. Dig.,
2002, pp. 731-734.

S. Christensson, I. Lundstrom, and C. Svensson, “Low frequency noise in

MOS transistors,” Solid-State Electron, vol. 11, pp. 797-812, 1968.

117



Chapter 6

[6.1]

[6.2]

[6.3]

[6.4]

[6.5]

[6.6]

[6.7]

[6.8]

G. Groeseneken, H. E. Maes, N. Beltran, and R. F. De Keersmaecker, “A
reliable approach to charge pumping measurements in MOS transistors,”
IEEFE Trans. Electron Devices, vol. ED-31, no. 1, pp. 42-53, Jan. 1984.

P. Heremans, J. Witters, G. Groesenken, and H. E. Maes, “Analysis of the
charge pumping technique and its application for the evaluation of
MOSFET degradation,” IEEE Trans. Electron Devices, vol. 36, no. 7, pp.
1318-1335, Jun. 1989.

R. E. Paulsen, R. R. Siergiej, M. L. French, and M. H. White, “Observation
of near- interface oxide traps with charge pumping technique,” /EEE
Electron Device Lett., vol. 13, no. 12, pp. 627-629, Dec. 1992.

R. E. Paulsen and M. H..White, “Theory.and application of charge pumping
for the characterization of Si-Si0; interface and near-interface oxide traps,”
IEEE Trans. Electron Devices;vol—41; no..7, pp. 1213-1216, Jul. 1994.

Y. Maneglia and D. Bauza; “Extraction of slow oxide trap concentration
profiles in metal-oxide-semiconductor transistors using the charge pumping
method,” J. Appl. Phys., vol. 79, no. 8, pp. 4187-4192, Apr. 1996.

D. Bauza and Y. Maneglia, “In-depth exploration of Si-SiO; interface traps
in MOS transistors using the charge pumping technique,” [EEE Trans.
Electron Devices, vol. 44, no. 12, pp. 2262-2266, Dec. 1997

D. M. Fleetwood, P. S. Winokur, R. A. Reber, Jr., T. L. Meisenheimer, J. R.
Schwank, M. R. Shaneyfelt, and L. C. Riewe, “Effects of oxide traps,
interface traps, and border traps on metal-oxide-semiconductor devices,” J.
Appl. Phys., vol. 73, no. 10, pp. 5058-5074, May 1993.

F. P. Heiman and G. Warfield, “The effects of oxide traps on the MOS

118



[6.9]

[6.10]

[6.11]

[6.12]

[6.13]

[6.14]

[6.15]

capacitance,” IEEE Trans. Electron Devices, vol. 12, no. 4, pp. 167-178,
Apr. 1965.

I. Lundstrom and C. Svensson, “Tunneling to traps in insulators,” J. Appl.
Phys., vol. 43, no. 12, pp. 5045-5047, Dec. 1972.

H. Lakhdari, D. Vuillaume, and J. C. Bourgoin, “Spatial and energetic
distribution of Si-SiO; near-interface states,” Phys. Rev. B, vol. 38, no. 18,
pp.- 13124-13132, Dec. 1988.

T. L. Tewksbury, and H. S. Lee, “Characterization, modeling, and
minimization of transient threshold voltage shifts in MOSFETs,” IEEE J.
Solid-State Circuits, vol. 29, no. 3, pp. 239-252, Mar. 1994.

Y. T. Hou, F. Y. Yen, P. F. Hsu, V. S. Chang, P. S. Lim, C. L. Hung, L. G
Yao, J. C. Jiang, H. J. Lin, Y. Jin, S. M:*Jang, H. J. Tao, S. C. Chen, and M.
S. Liang, “High performance tantalum -carbide metal gate stacks for
nMOSFET application,” IEEE-LEDM-Tech. Dig., 2005, pp. 31-34.

J. R. Hauser and K. Ahmed,. “Chatacterization of ultrathin oxides using
electrical C-V and I-V measurements,” Characterization and Metrology for
ULSI Technology, AIP Conf. Proc., vol. 449, 1998, pp. 235-239.

A. Kerber, E. Cartier, L. Pantisano, M. Rosmeulen, R. Degraeve, T.
Kauerauf, G. Groeseneken, H. E. Maes, and U. Schwalke, “Characterization
of the Vi-instability in SiO,/HfO, gate dielectrics,” IEEE Intl. Rel. Phys.
Symp., 2003, pp. 41-45.

L. Pnatisano, 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 the interfacial

oxide,” IEEE Symp. VLSI Tech. Dig., 2003, pp. 163-164.

119



[6.16]

[6.17]

[6.18]

[6.19]

[6.20]

H. S. Fu and C. T. Sah, “Theory and experiments on surface 1/f noise,”
IEEFE Trans. Electron Devices, vol. 19, no. 2, pp. 273-285, Feb. 1972.

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

S. Zafar; A. Callegari; E. Gusev; and M. V. Fischetti, “Charge trapping
related threshold voltage instabilities in high permittivity gate dielectric
stacks,” J. Appl. Phys., vol. 93, no. 11, pp. 9298-9303, Jun. 2003.

Y. T. Hou, M. F. Li, H. Y. Yu, Y. Jin, and D. L. Kwong, “Quantum tunneling
and scalability of HfO, and HfAlO gate stacks,” IEEE IEDM Tech. Dig.,
2002, pp. 731-734.

S. Christensson, I. Lundstrom, and C. Svensson, “Low frequency noise in

MOS transistors,” Solid-State Electron,vol. 11, pp. 797-812, 1968.

120



Appendix A

For the general circuit model of five elements, the equations from equating the
total impedance of Fig. 4-1(a) and 4-1(b) could be reduced as egs. (A-1) and (A-2) if
the criteria tan6<<1<<(coC0Rp)2 are well satisfied. This could also be quickly verified
by tan<0.1 and J,<0.01 A/em?®. Then each circuit element could be readily obtained

by measuring the dielectric capacitance C and conductance G at two frequencies.

Real: — O _-—p4@mo, 1 (A-1)
G +(a0) oC, o°CyR,
Img: % =-L + 21 (A-2)
G +(wC) o C,
First, consider the imaginary part,
C C 1 1 1
2 : I - = " %% W (A-3)
G +(@C)" G, +(,Cy) Go- 0" ho,
_ ((022 _a)lz)(Glz +a)12C12)(G22 +(022C22) (A-4)
"0, [C(G, +0,"C) - 6 (G T 0 C))]
2 2
C C
2 0)1 1 2 - 2 wz 2 2 = _LS (0)12 - 0)22) (A-S)
G +(@C)" G, +(0,C,)
I = w12C1(G22 +a)22C22)_a)22C2(G12 +a)12C12) (A-6)

(@, -0, )G, +0,°C’ )G, +0,°C,?)

Then, the shunt resistance R;, could be determined from static I,-V, measurement
(Rp= V/I,) since the R, (10% ~ 10" ohm) is much larger than R, (300 ~ 1500 ohm) in
most cases. Then apply this given R, to obtain R, and tand in the real part of the
circuit impedance using two-frequency C-V correction method.

G G tano 1 1 1 1 1
ST B () (A)
G +(C)" G, +(w,C,) C, o o, C(C, R, o o,
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G, G, 11 1

C,[ - - -——)]
tan S = (;12"'(0)1C1)2 Gzz‘:(wziz)z Cosz a)lz 6')22 (A-8)
(—=—)
W, @,
oG 2% R )t (-1 (A-9)
G +(@C) G, +(,C) CyR, 0 o,
@G @G 1 1 1
g = Gt @G) Gl +@C) C'R, @ o A-10)

0, — W,

Or we can use the curve fitting technique to obtain R;, tand and R;. If we look
into the insight of eq. (A-1), the real part of the impedance is similar to the 2" order

polynomial equation: y= ax” + bx +ic where = L G X= E a= 1
. y_ y G2 +(a)C)2 b a) b COZR

b:tan5

and ¢ =R, . Since Cg.is already known.from equating the imaginary part
0

of circuit impedance, the coefficients (a, b, and c¢) obtained from curve fitting results
can be transformed into the R,, tand, and Rs. Moreover, these findings can also
confirm the hypothesis that R, can be determined as the shunt resistance from static

I;-V measurement.
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Appendix B

For ultrathin oxides or very leaky high-k gate dielectrics with tunneling leakage
current density J,>1 A/em?, the criteria tan25<<1<<(coC0Rp)2 may not be valid due to
the rapidly decreasing R,. Since R, represents the static energy loss due to the
tunneling leakage current through the gate dielectric, the dynamic energy loss tand
could be neglected to simply the equations of 5-element circuit model under these
circumstances. Thus, the two equations from just equating the total impedance of Figs.
4-1(a) and 4-1(d) in chapter 4 should be employed without any reduction equations.
The equated real and imaginary parts of total circuit impedance are listed below as eqgs.

(B-1) and (B2), respectively:

R
Real: %:RS +— g (B-1)
G2+a)2cp 1+(C{)C0Rp)
C CR
Img: —————=-L + #2 (B-2)
G’ +o°C, 1+ (0GR,
Apply the two-frequency C-V correction method to obtain R;, and Cosz:
G G 1 1
R 22 =R, ( 2 ) (B-3)
G +o 'C, G, +0,C, I1+(o,CR,)” 1+(0,CiR))
C C
2 plz 2 2 p22 2~ COsz( 1 2 1 2) (B-4)
G +oC,, G, +0,C, 1+(a)1C0Rp) 1+(a)2C0Rp)

Divide eq. (B-4) by eq. (B-3) to obtain C,R,:

CR = Cpl(G22 +a)22Cp22)_Cp2(G12 +a)12Cp12) (B-5)
v G\(G,” +a)22Cp22)_G2 (G’ +a)12Cp12)

Substitute this CyR;, into eq. (B-3) or (B-4) to obtain R, first, and then the Cy could be
obtained from the known CoR, and R, values. In addition, the other two circuit

elements Rg and L can be obtained from eqgs. (B-6) and (B-7) in the same way of
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two-frequency C-V correction method:

G1+(@CR,)'] Gy[1+(@,CyR,)’]

R = G12 +(0,C)’ Gzz +(@,C,)’ (B-6)
' (a)lcoRp)2 _((‘)zCoRp)2

B 1+ (a)lCORp)z] N G 1+ (a)ZCORp)z]

[ . G +@C) G +(@C) B
’ (a)lCoRp)2 _(a)zcoRp)2

Using this four-element circuit model (Co-R,-Rs-Lg) could avoid the possible
calculation errors resulting from the reduced equations of five-element circuit model
since the assumptions of tan2§<<1<<(03C0Rp)2 may not be satisfied anymore. By
neglecting the dynamic energy loss tang, only simple algebraic manipulations are

needed rather than the complicated iterative, numerical analysis method.

124



B 4 # & (Vita)

2|
|4
<k
=
A=
%
=3
4
bt
o+
§
P
| =
A
)

LA~ AP

M F R AR R AT KRN T A Y T A
gl T LA

Electrical Characterization of Charge Trapping and De-trapping
in Hf-Based High-k Gate Dielectrics

125



Publication List

Journal Paper:

1.

[28L > £ < ] Wei-Hao Wu, Mao-Chieh Chen, Bing-Yue Tsui, Yong-Tian Hou,
Liang-Gi Yao, Yin Jin, Hun-Jan Tao, Shih-Chang Chen, and Mong-Song Liang,
“Effects of base oxide thickness and Si composition on charge trapping in
HfSi0/S10, high-k gate stacks,” Jpn. J. Appl. Phys., vol. 44, no. 8, pp.
5977-5981, 2005.

[% = ] Wei-Hao Wu, Bing-Yue Tsui, Mao-Chieh Chen, Yong-Tian Hou, Yin Jin,
Hun-Jan Tao, Shih-Chang Chen, and Mong-Song Liang, “Transient charging
and discharging of border traps in the dual-layer HfO,/Si10, high-k gate stack by
low-frequency charge pumping method,” submitted to the /EEE Trans. Electron

Devices for possible publication.

Letter Paper:

1.

[38: > &=~ | Wei-Hao Wu, Bing-Yue Tsui, Yun-Pei Huang, Feng-Chiu Hsieh,
Mao-Chieh Chen, Yong-Tian Hou, Yin Jin, Hun-Jan Tao, Shih-Chang Chen, and
Mong-Song Liang, “Two-frequency C-V cotrection using five-element circuit
model for high-k gate dielectrie.and ulfrathin oxide,” IEEE Electron Device
Lett., vol. 27, no. 5, pp. 399-401, May 2006.

[38L > &~ | Wei-Hao Wu, Bing-Yue Tsui, Mao-Chieh Chen, Yong-Tian Hou,
Yin Jin, Hun-Jan Tao, Shih-Chang Chen, and Mong-Song Liang, “Spatial and
energetic distribution of border traps in the dual-layer HfO,/SiO, high-k gate
stack by low-frequency capacitance-voltage measurement,” accepted by the
Appl. Phys. Lett. and will be published soon.

[~ ] Wei-Hao Wu, Bing-Yue Tsui, Mao-Chieh Chen, Yong-Tian Hou, Yin Jin,
Hun-Jan Tao, Shih-Chang Chen, and Mong-Song Liang, “Charge trapping and
de-trapping behaviors in the dual-layer HfO,/SiO, high-k gate stack under static
and dynamic positive bias stress,” submitted to the /EEE Electron Device Lett.

for possible publication.

International Conference Paper:

1.

[12:] Wei-Hao Wu, Mao-Chieh Chen, Ming-Fang Wang, Tuo-Hung Hou,

126



Liang-Gi Yao, Yin Jin, Shih-Chang Chen, and Mong-Song Liang, “Effects of
base oxide in HfSiO/SiO, high-k gate stacks,” IEEE the 11™ International
Symposium on the Physical and Failure Analysis of Integrated Circuits (IPFA),
2004, pp. 25-28.

Wei-Hao Wu, Mao-Chieh Chen, Ming-Fang Wang, Tuo-Hung Hou, Liang-Gi
Yao, Yin Jin, Shih-Chang Chen, and Mong-Song Liang, “Effects of base oxide
and silicon composition on charge trapping in HfSiO/Si0, high-k gate stacks,”
Extended Abstracts of the 2004 International Conference on Solid State Devices
and Materials, Tokyo, 2004, pp. 740-741.

Wei-Hao Wu, Yong-Tian Hou, Yin Jin, Hun-Jan Tao, Shih-Chang Chen,
Mong-Song Liang, Bing-Yue Tsui, and Mao-Chieh Chen, “Threshold voltage
instability in nMOSFETs with HfSiO/SiO, high-k gate stacks,” FExtended
Abstracts of the 2005 International Conference on Solid State Devices and
Materials, Kobe, 2005, pp. 498-499.

Bing-Yue Tsui, Yun-Pei Huang,-Feng=Chiu Hsieh, and Wei-Hao Wu, “A new
method to correct capacitance of ~high-leakage ultra-thin gate dielectric,”
Extended Abstracts of the=2005 International Conference on Solid State Devices
and Materials, Kobe, 2005, pp. 496-497.

FOEREEC O B (RATE )

127



