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Effects of Nitridation and Fluorine Incorporation on the
Electrical Characteristics and Reliabilities of MOSFETs

with HfO,/SiON Gate Stack
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Abstract

As CMOS devices are scaled aggressively into nanometer regime, SiO, gate
dielectric is approaching its physical and electrical limits. The primary issue is the
intolerably huge leakage current caused by the direct tunneling of carriers through the
ultrathin oxide. To substantially suppress the leakage current, high-k materials are
recently employed by exploiting the increased physical thickness at the same
equivalent oxide thickness (EOT). In this dissertation, the electrical characteristics of
pMOSFETs with HfO,/SiON gate stack subjected various Nitridation, i.e.,
pre-deposition plasma treatments, post-deposition N,O plasma Nitridation, low
temperature NH3 Nitridation, and incorporated with Fluorine were discussed. The
related reliabilities, including CVS stress, NBTS, dynamic unipolar AC stress, and

charge traping, were comprehensively investigated. In addition, the characteristics of



plasma charging damage of the HfO, high k film few reported and the impact of
plasma charging damage on NBTI effects also were studied in detail. Moreover, we
also investigate the threshold voltage instability in high k film, due to fast charge
trapping at Fast Transient Charge Trap (FTCT), by using the single pulse IV,
measurement.

First, we investigated the effects of various pre-deposition plasma treatments
(NHj3 and N,O) on Si surface to form an interfacial layer before deposition HfO, gate
dielectric. In order to significantly reduce gate leakage current, a good quality
interfacial layer is essential before deposition of high k film. However, our results
show that samples with various gas plasma pre-treatments still result in poor electrical
properties and the leakage current does not meet device criterion. A conventional
RTA is found to be necessary to repair the damage in the interfacial layer. Samples
with plasma pre-treatment and- RTA annealsdepict: lower leakage current, smaller
hysteresis and frequency dispersion, ‘and-higher,breakdown voltage. In addition, NH3
pre-treatment also results in longer time.to-bteakdown, larger charge to breakdown
and better characteristics life time. The samples with conventional RTA show much
lower leakage current, lower frequency dispersion, and smaller hysteresis than
as-deposited, spike RTA and no RTA samples because of a thicker interfacial layer.
Therefore, RTA is still an essential process after pre-treatment to densify nitrided
interfacial layer. We also found that the dominant charge trapping mechanism in the
high-k gate stack is hole trapping rather than electron trapping. This behavior can be
well described by the distributed capture cross section model. In particular, the
flatband voltage shift (AVp) is mainly caused by the trap filling instead of the trap
creation. The dominant hole trapping can be ascribed to a higher probability for hole

tunneling from the substrate, compared to electron tunneling from the gate, due to a
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shorter tunneling path over the barrier for holes due to the work function of the TiN

gate electrode.

Second, we proposed a post-deposition low-temperature (~ 400°C)

NHj;-treatment on the HfO,/Si0, gate stacks with TiN gate electrode. Our results

indicate that samples subject to the LTN treatment exhibit superior C-V characteristics,

less frequency dispersion, and lower gate leakage. In addition, the defect density in

the bulk and the immunity against trap generations are significantly improved,

especially for samples with subsequent 700°C PDA. Moreover, we find that the

trap-assisted hole tunneling mechanism is responsible for the increase in gate leakage

current after constant voltage stress.

Next, we used post-deposition“N>O -plasma treatment to improve the

characteristics of pMOSFETs with HfO3/SiON" gate stack. We have found that the

improvements include many aspects, such as the reduced leakage current, the better

subthreshold swing, the enhanced normalized tranconductance, and the higher driving

current. Those were ascribed to the lower interface states and bulk traps, confirmed by

various type of charge pumping measurement. In evaluation of the reliability, it was

found that the degradation caused by the voltage stress and NBTI was dominated by

the charge trapping in the bulk of HfO, films rather than interface states generation no

matter whether the N>O plasma treatment was employed or not. In addition, it was

observed that the N,O plasma treatment did significantly improve the charge trapping
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characteristics and the electron trapping is the main mechanism during stressing,

which was opposite to the hole trapping observed in the case without the N,O plasma

treatment. Under dynamic AC stress, both the off-time de-trapping and the lack of

hole trapping due to short on-time are required to explain the behavior of threshold

voltage degradation. Finally, through the help of carrier separation experiments, we

have clarified whether the breakdown originates in the bulk or the interfacial layer.

Finally, we investigate the effects of fluorine (F) incorporation into HfO2/SiON

gate stack on the reliabilities of pMOSFETs with HfO2/SiON gate stack. Fluorine was

incorporated before the source/drain implant step, which was subsequently diffused

into the gate stack during later-dopant activation. We found that F introduction only

negligibly impacts the fundamental electrical properties of the fabricated transistors.

In addition, under constant voltage stress (CVS) and negative bias temperature stress

(NBTS), lower generation rates of interface states and charge trapping are observed

for devices with F incorporation, thus enhances high-k devices’ stability and reliability.

Next, effects of plasma charging and fluorine incorporation were also explored

thoroughly. We find that the interface-state density is increased for devices with large

antenna ratio, both before and after the BTS. It is clearly shown that the threshold

voltage shift during negative bias-temperature stressing (NBTS) is deteriorated by

plasma charging damage, causing severe hole traps, which is different from that
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observed in traditional pMOSFETs with SiO, gate dielectric where electron trapping

is dominant. More importantly, we also found that hole trappings are aggravated in

HfO2 film as compared to interface trap generation by plasma charging. Fluorine

incorporation would effectively improve plasma charging immunity, thus reducing the

severe hole trapping under NBTS for devices with large antenna area ratios. F

incorporation is effective in suppressing hole trapping as well as interface trap

generation, thus improving threshold voltage instability. Furthermore, fluorine

incorporation maintains almost the same activation energies of threshold voltage shift

is 0.08 eV and that of interface trap generation 1s*0.14 eV for both devices. Fluorine is

found to be able to electrically passivate traps without changing the NBTI mechanism.

The experimental results of dynamic AC stréssing show that threshold voltage shifts

toward more negative voltage in DC stress, but shifts toward more positive voltage

under AC unipolar stress. This is believed to be due to less hole charge trapping

during on-time of a AC cycle and more hole charge de-trapping during off-time of a

AC cycle. The interface trap generation depends weakly on both frequency and duty

cycle. Instead of interface trap, the bulk trap of HfO, eventually plays a preponderant

role during AC stress.
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Table Captions

Chapter 1

Table 1.1 Metal oxides thermodynamically stability in direct contact with silicon.

Xiv



Figure Captions

Chapter 1

Fig. 1.1

Measured and simulated /-7, characteristics under inversion condition for
nMOSFETs. The dotted line indicates the 1A/cm® limit for the leakage

current.

Fig. 1.2 By using high k material to suppress gate direct tunneling current.

Fig. 1.3 Bandgap and band alignment of high-k dielectric with respect to silicon.
The dash line represents 1eV above/below the conductive/valence bands.

Fig. 1.4  Several high-k gate dielectric materials with their bandgaps and dielectric
constants.

Chapter 2

Fig. 2.1 (a) C-V and (b) J-V cutves 'of sNH; pre-treatment with different N,
conventional RTA temperature.

Fig.2.2 The HRTEM images show the (a) as-deposited sample, and the sample
with NH; pre-treatment and conventionak N, RTA at (b) 900°C (¢) 950°C
(d) 1000°C annealing;

Fig. 2.3  The (a) C-V and (b) J-V*curves of NHj3 pre-treatment with N, spike RTA
temperature.

Fig.24 The (a) C-V and (b) J-V curves of N,O pre-treatment with N,
conventional RTA.

Fig. 2.5 The (a) C-V and (b) J-V curves of N,O pre-treatment with N, spike RTA.

Fig.2.6  The (a) C-V and (b) J-V curves of 900°C N, annealing with N,O/NHj3
plasma pre-treatment by conventional RTA and spike RTA.

Fig. 2.7  Frequency dispersion as a function of various RTA temperature for N,O
and NHj pre-treatment samples.

Fig. 2.8  Hysteresis seems to be improved by using conventional N, RTA following
the interfacial layer formation. The formation of interfacial layer by using
NH; plasma treatment shows the better hysteresis characteristics.

Fig. 2.9  (a) The J-V characteristics with different I.L (RTO, N,O, NH3) treatment

method at same post-treatment annealing (900°C). (b) The Weibull plot
shows the gate current densities at Vg= —1V with different L.L. treatment
method (RTO, N,O, NH3).
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Fig.

2.10

2.11

2.12

2.13

2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

The TEM images of the HfO, with (a) RTO I.L.(b) N,O pre-treatment and
900°C N, RTA annealing. (c) NH; pre-treatment and 900°C N, RTA

annealing.

The Weibull plot shows the effective breakdown field with different I.L.
treatment method (RTO, N,O, NH3) at same post-treatment annealing
(900°C).

(a) Definition of breakdown for the sample under constant voltage stress
(b)The Weibull plot shows the time to breakdown under constant voltage
stress with different I.L. treatment method (RTO, N,O, NHj3) at same
post-treatment annealing (900°C).

The Weibull plot shows the charges to breakdown under —4.8V stress
voltage with different I.L. treatment method (RTO, N,O, NHj3).

10-year lifetime projection for the samples with different I.L. treatment
method (RTO, N,O, NH3) at same post-treatment annealing (900°C).

(a) C-V curves and (b) G-V curves measured at 100 kHz with increasing
stress time as a parameter. The stress voltage (V,) was — 3.5 V. The curve

labeled t = 0 s corresponds to the data before stressing.

Dependence of flat band voltage on(a) injected charge density (b)stress
time at various stress voltages; symbols are measured data; solid curves are

fitting curves.

Energy diagram of Hf0Q,/S10, gate stack capacitor with mid-gap TiN metal
gate electrode under constant voltage stress (Vo =—4.2 V).

Gate current density as a function of injection charge density for various

stress voltages.

(a) Flat band voltage versus stress time under positive constant voltage
stress, and (b) Flat band voltage shift versus stress time under dynamic
stressing with stress and passivation duration both 1000 sec.

(a) The J-V curves measurement under various temperatures from 25°C to
150°C (a) before and (b) after stress of — 4.0V 600s.

(a) In (J/E) v.s. 1000/T under different HfO,/ SiOy stack voltage, and the
symbols are experiment data and the solid line are fit curve. (b) Energy
band diagram of HfO,/SiO, stack to illustrate the conduction mechanism

of Frankel-Poole emission.
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Cross-sectional HRTEM images of the HfO,/SiO, gate stacks (a) for as
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3.2

33

34

3.5

3.6

3.7

3.8

3.9

3.10

deposited film; (b) annealed at 600°C; (c) annealed at 700°C; (d) annealed
at 700°C and subjected to LTN treatment.

(a) C-V characteristics and (b) frequency dispersion rates and EOT values
of the HfO,/Si0, gate stacks with/without LTN for various temperatures
PDA.

Plot of hysteresis as a function of the PDA temperature of the HfO,/SiO,
gate stacks with/without LTN.

J-V characteristics of HfO,/SiO, gate stack with/without LTN for various
PDA temperature treatments.

Dependences of gate leakage current density on temperature for the
700°C- PDA-treated HfO,/Si0O, gate stacks with or without LTN.

Weibull distributions of dielectric breakdown voltage for the HfO,/SiO,
gate stacks, with/without LTN, with various temperatures PDA treatments.
J-V characteristics as a function of stress time under constant voltage stress
(Vg = —3.75 V) for the 700°C- PDA-treated HfO,/SiO, gate stacks
without LTN.

C-V curves measured.at 100 _kHz with. stress time as a parameter under
constant voltage stress (Vq =:-—3.75 V) for the 700°C-PDA-treated
HfO,/Si10, gate stacks without ETN.

(a) Schematic energy-band diagram of the gate stack under V, = —3.75V
stress (b) trap-assisted hele tunneling mechanism responsible for the
increase in gate leakage current.

Trap generation rate of the HfO,/Si0, gate stacks with/without LTN under
constant voltage stress (Vo= —3.75 V).

Chapter 4

Fig.

Fig.

Fig.

Fig.

4.1

4.2

4.3

4.4

Gate leakage current of p” poly-gated pMOSFETs with HfO,/SiON high-k
gate stacks subjected to N,O plasma treatment or no additional treatment
was shown under (a) inversion and (b) accumulation region, respectively.
Capacitance—voltage (C—V) characteristics measured at 100 kHz for the
HfO,/SiON high-k gate stacks with/without N,O plasma treatment. The
equivalent oxide thickness (EOT) was determined by measuring the
maximum inversion capacitance.

Cross-sectional HRTEM images of the HfO,/Si0, gate stacks (a) without
(b) with N,O plasma treatment.

1;-V; characteristics of pMOSFETs with HfO, gate stacks with/without
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Fig.

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

N,O plasma treatment.

(a) 14V characteristics and (b) normalized transconductance
characteristics of pMOSFETs with HfO, gate stack with/without N,O

plasma treatment.

Schematic illustrations for the charge pumping (CP) measurement with (a)
fixed amplitude sweep (b) fixed base sweep (c) fixed peak sweep. The

arrows indicated the sweep direction.

Results of the charge pumping (CP) measurements with (a) fixed
amplitude (b) fixed base sweep (c) fixed peak sweep as a function of the
frequency of gate pulse for the pMOSFETs with HfO, gate stack
with/without N,O plasma treatment.

Possible current contributions in a CP measurement with high-k gate
dielectrics. Beside the recombination current due to interface states (1), the
charging and discharging of bulk defects (2), recombination of inversion
carriers due to geometry effect (3), the gate current contribution (4) and

minority carrier diffusion (not shown) need to be considered.

Interface states density:as a function. of Vg for the HfO, gate stacks
with/without N,O plasma treatment measured by fixed amplitude sweep at
frequency of 1 MHz:

Ncp and Nps were=determined—from ithe CP current and source/drain
current measured by fixed base sweep at 5 kHz. Lower bulk traps were
obtained by applying N,O plasma‘treatment.

Dependence of threshold voltage shift (/\Vy) on injected charge densities
(Ninj) under constant gate overdrive voltage of V,-Vy= —2.2V (open
symbol) and Vg-Vy=-2.6V (solid symbol).

Dependence of generated interface state densities (/\Nj) and trapping
charges (A\Niy) on injected charge densities (Niyj) under constant gate
overdrive stress voltage of Vy=V,~Vyp= —2.2V (open sympol) and
Veo=V—Vin=-2.6V (solid sympol).

The results of carrier separation of HfO,/SiON gate stacks without N,O
plasma treatment under inversion region. Gate current is dominated by
hole current.

Dependence of (a) I, Iz and (b) Ips current on substrate bias for
HfO,/SiON high-k gate dielectrics without post-N,O plasma treatment.

(a) The current components of asymmetric band diagrams (b) The flows of

current components of the HfO,/SiON gate stacks at inversion region are

shown.
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4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

The results of carrier separation of HfO,/SiON gate stacks with N,O

plasma treatment under both inversion and accumulation regions.

Dependence of Igp, Ig, and Ig on substrate bias for HfO,/SiON high-k gate

dielectrics with post-N,O plasma treatment.

Dependence of carrier separation results of Isp, Ig, and I on substrate bias
of HfO,/SiON high-k gate dielectrics (w/ post-N,O plasma treatment).

Carrier separation results versus gate voltage for fresh devices at various

temperatures of As-dept. samples.

Carrier separation results versus gate voltage for fresh devices at various

temperatures of post-N,O plasma treatment samples.

Frenkel-Poole plot for the source/drain current in the inversion region,

good fitting curves can be observed (solid line) for the As-dept. sample.

Frenkel-Poole plot for the substrate current in the inversion region, good

fitting curves can be observed (solid line) for the As-dept. sample.

Frenkel-Poole plot for the source/drain current in the inversion region,
good fitting curves can be, observed (solid line) for the post-N,O plasma

treatment sample.

Frenkel-Poole plot for the substrate current in the inversion region, good
fitting curves can be observed (solid line) for the post-N,O plasma
treatment sample.

Energy band diagram for -HfO,/SiON gate stacks without N,O plasma
treatment to illustrate the conduction mechanism of Frenkel-Poole
emission.

Energy band diagram for HfO,/SiON gate stacks with N,O plasma
treatment to illustrate the conduction mechanism of Frenkel-Poole

emission.
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Fig.

Fig.

Fig.

5.1

5.2

53

Repetitive 1;-V, traces for HfO,/SiON high-k gate dielectric using
measurement sequence (a) [V,=0V <> V,=-2V], (b) [V~1V < V,=2V].
(w/0 post-N,O plasma treatment).

Repetitive I;-V, traces for HfO,/SiON high-k gate dielectric using
measurement sequence of [V,=1V<«>-2V], [V=IV«&-22V], ..., to
[V=1V <> -2.8V] (W/o post-N,O plasma treatment).

Repetitive 1;-V, traces for HfO,/SiON high-k gate dielectric using
measurement sequence (a) [V,=0V<>-2V], (b) [V,=1V<<>-2V]. (with
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Fig.
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Fig.

Fig.

Fig.

Fig.

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

post-N,O plasma treatment).

Repetitive 1;-V, traces for HfO,/SiON high-k gate dielectric using
measurement sequence of [V,=1V&-2V], [V=IV&-22V], ..., to
[V=1V <> -2.8V] (with post-N,O plasma treatment).

Evolutions of three kinds of current, gate current (Ig), S/D current (Isp),
and the substrate current (Ig) under negative constant voltage stress of
—4.2V (w/o post-N,O plasma treatment).

Current of (a) Ig, (b) Ip, (c) Ips versus gate voltage for Fresh, SILC, and
SBD conditions (w/o post-N,O plasma treatment).

Ilustrations of damage situations under SILC (a), and after SBD (b) (w/o
N,O treatment).

Current of (a) Ig, (b) Ip, (¢) Ips versus gate voltage for Fresh, SILC, and
SBD conditions (without post-N,O plasma treatment).

[lustrations of damage situations under SILC (a) and after SBD (b)
(without post-N,O plasma treatment).

Setup structure of AC stress! with, the definition of frequency, on-time,
off-time, and duty cycle.

Generated interface State 'densities.as a function of stress time for various
stress voltage frequencies. (Vg= —2.2V, duty cycle of 50%, w/o post N,O
plasma treatment).

Threshold voltage shiftas-a funetion of stress time for various stress
voltage frequencies. (Vg= —2.2V, duty cycle of 50%, w/o post N,O plasma
treatment).

Threshold voltage shift at stress time of 1000 seconds versus gate pulse
frequency (w/o post N,O plasma treatment).

Generated interface state densities as a function of stress time for various
duty cycle of stress voltage. (Vg= —2.2V, w/o post- N,O plasma
treatment).

Dependence of threshold voltage shift versus stress time for various stress
voltage duty cycles. Vo= —2.2V at (a) 10k Hz (b) 100 Hz, and (c) 10 Hz.
(w/o post- N,O plasma treatment).

Dependence of generated interface state densities versus stress time for
various stress voltage frequencies. (Vg= —2.2V, duty cycle of 50%, with
post N,O plasma treatment).

Dependence of threshold voltage shift versus stress time for various stress

voltage frequencies. (Vgo= —2.2V, duty cycle of 50%, with post N>O

XX



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.18
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5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

plasma treatment).

Dependence of threshold voltage shift versus stress time for various stress
voltage duty cycles. Vy,=-2.2V at 1k Hz (w/ post-N,O plasma treatment).

14,Gy-V, characteristics for p+gated pMOSFETs before and after 1000
seconds stress for (a) room temperature, and (b) 125°C (w/o post-N,O

plasma treatment).

Generated interface state densities as a function of stress time under BTS
at various stress temperatures. Vy= —1.5V (w/o post-N,O plasma
treatment).

Threshold voltage shift as a function of stress time under BTS at various
stress temperatures. Vgo= —1.5V (w/0 post-N,O plasma treatment).
Dependence of /AN; and /AN on stress time under Vg,= -2V at various
temperatures (w/o post-N,O plasma treatment).

14, G-V, characteristics for pJr gated pMOSFETs before and after 1000
seconds for (a) room temperature, and (b) 125°C (w/o post-N,O plasma
treatment).

Generated interface state densities as a’function of stress time under BTS
at various stress temperatures. Vgo— =2V (w/0 post-N,O plasma treatment).
Threshold voltage shift as'a function of stress time under BTS at various
stress temperatures. Vo= =2V (W/0-post-N,O plasma treatment).
Dependence of AN; and AN;eon stress time under Vg,= -2V at various
temperatures (w/o post-N,O plasma treatment).

Dependence of g degradation on stress time under Vy= —2V at various
temperatures (w/o post-N,O plasma treatment).

Gate, source/drain, substrate currents for fresh pMOSFETs at various
temperatures. Vg,= —2V (W/0 post-N,O plasma treatment).

14, G-V, characteristics for p+ gated pMOSFETs before and after 1000
seconds for (a) room temperature, and (b) 125°C. (w/o post-N,O plasma
treatment).

(a)Threshold voltage shift (b)/AN;; and /A\Nias a function of stress time
under BTS (Vg= —2.5V) at various stress temperatures. (w/o post-NoO
plasma treatment).

(a)Interface trap shift and (b) Threshold voltage shift as a function of stress

time under BTS at various stress temperatures. (Vgo= —2.5V).
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C-V curves for p-channel MOSFETs with HfO,/SiON gate stack, both with
and without F incorporation.

(a) Initial 7;-V, and G,-V, characteristics for fresh p-channel devices (b)
Cumulative probability of initial threshold voltage (V) for HfO,/SiION

gate stack with and without F incorporation.

Initial 7;-V; characteristics for fresh p-channel devices with and without F
incorporation.

Initial interface trap (IV;) characteristics for fresh p-channel devices with
and without F incorporation.

Gate leakage current versus gate bias for fresh p-channel devices with and
without F incorporation at room temperature.

Carrier separation under inversion region (a) w/o F sample (b) with F
sample.

Carrier separation under accumulation region (a) w/o F sample (b) with F
sample.

p -gated pMOSFET with Hf@®/SiON gate stack under inversion region (a)
Band diagrams (b) A" schematic illustration of carrier separation

experiment.

p'-gated pMOSFET with HfO»/SiON gate stack under accumulation
region (a) Band diagrams:(b) A schematic illustration of carrier separation

experiment.

Gate leakage current versus gate bias for fresh p-channel devices at various
temperatures (a) w/o F sample (b) with F sample.

The conduction mechanism for source/drain current fitting under inversion
region (a) w/o F sample (b) with F sample.

The conduction mechanism for substrate current fitting under inversion
region (a) w/o F sample (b) with F sample.

The HRTEM image of the device with HfO,/SiON gate stack.

IV, characteristics for p'-gate pMOSFET without F incorporation (a) w/o

small stress (b) with small stress.

-V, characteristics for p’-gate pMOSFET with F incorporation (a) w/o

small stress (b) with small stress.
A schematic illustrate for the possible case of Fast Charging Effects (FCE)

IV, characteristics for p'-gate pMOSFETs before stress and after stress
1000 s at 25 °C (a) w/o F sample (b) with F sample

Threshold voltage shift as a function of stress time, stressed at 25 °C, V, =
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6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

—3.5V & —4 V (a) linear scale (b) logarithm scale.

nterface trap shift and (b) total trap shift as a function of stress time,
stressed at 25 °C, V;=-3.5V & -4 V.

Drain current degradation in a saturation regime of stress time, stressed at
25°C, Vo=-35V&-4V.

Threshold voltage shift (b) Interface trap shift as a function of channel
length, stressed at 25 °C, V,=—4 V.

IV, characteristics for p'-gate pMOSFETs before stress and after stress
1000 s at 125 °C (a) w/o F sample (b) with F sample.

Interface trap shift as a function of stress time under BTS at different stress

temperature, Vy; =—3.5 V (a) w/o F sample (b)with F sample.

Threshold voltage shift as a function of stress time under BTS at different

stress temperature, ¥, =—3.5 V (a) linear scale (b) logarithm scale.

Interface trap shift and (b) total trap shift as a function of stress time under
BTS at different stress temperature, V, =-3.5 V.

Drain current degradation, ifi‘a saturation regime of stress time, stressed at
different stress temperature, Vg==3.5V:

Temperature dependence of both:(a). AV (b) ANy NBT stress was
applied under V,=-3.5 V.

Schematic setup and‘several parameters for measuring threshold voltage

instability under AC dynamie stress.

Vi, shift time evolution for pMOSFETs with HfO,/SiON gate stack, under
static and dynamic stresses of different frequency (a) w/o F sample (b)

with F sample.

Nj; shift time evolution for pMOSFETs with HfO,/SiON gate stack, under
static and dynamic stresses of different frequency (a) w/o F sample (b)
with F sample.

Vi, shift time evolution for pMOSFETs with HfO,/SiON gate stack, under
static and dynamic stresses of different duty cycle (a) w/o F sample (b)
with F sample.

N;; shift time evolution for pMOSFETs with HfO,/SiON gate stack, under
static and dynamic stresses of different duty cycle (a) w/o F sample (b)
with F sample.

(a) Frequency dependence of /ANy, stressed at 25 °C, V, =—4 V under
duty cycle = 50% (b) Duty Cycle dependence of ANy, stressed at 25 °C,
Ve =—4 V under unipolar 10KHz.
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Fig. 6.34 Frequency dependence of /A\Vy, stressed at 25 °C, Vy = —4 V under duty
cycle = 50% (b) Duty Cycle dependence of /A\Vy, stressed at 25 °C, Vg =
—4 V under unipolar 10KHz.

Fig. 6.35 The transistor is used in an inverter circuit with the gate receiving a single
pulse from the pulse generator. The voltage is measured at the transistor
drain and converted to drain current because the load resistance value is
known.

Fig. 6.36 (a) Example data of the pulsed /;-V; where AViis measured at 50% of the
maximum ldon a W/L = 10/1 pm transistor. (b) Example data of the pulsed
Iaversus time on a W/L = 10/1 pm transistor where the ‘droop’ at the top
is associated with the drop of pulsed 1;-V,at Vg=2.5 V.

Fig. 6.37 A new single pulsed /;-V, method to improve the noises and parasitic
capacitance of conventional method (Fig. 6.35).

Fig. 6.38 Single Pulse /;-V, characteristics for different rising and falling time of (a)
20 s (b) 15us (¢) 6 us illustrating increased trapping (Vt shift) with
increased rising and falling time for pMOS. The included pMOS DC ramp
1V, result demonstrates the effect’of hole charge trapping during the
slower measurement,-except electron.trapping.

Chapter 7

Fig. 7.1  The schematic of metal antenna transistor and definition of Antenna Area
Ratio (AAR).

Fig. 7.2 Wafer maps of (a) negative and (b) positive potential values recorded by
CHARM-2 sensors.

Fig. 7.3 N, of PMOS devices with and without F incorporation (a) before sintering
(b) after sintering as a function of device location.

Fig. 7.4 Vu of PMOS devices with and without F incorporation (a) before sintering
(b) after sintering as a function of device location.

Fig. 7.5  Cumulative probability of the (a) threshold voltage (V) and (b) interface
trap (V).

Fig. 7.6 Output characteristics for fresh devices with AAR of 1K and 60K.

Fig. 7.7  Threshold voltage shift as a function of stress time, stressed at 25 °C, V, =
—4 V (a) linear scale (b) logarithm scale.

Fig. 7.8 (a) Interface trap shift and (b) total trap shift as a function of stress time,
stressed at 25 °C, Vy=—-4 V.

Fig. 7.9  Drain current degradation in a saturation regime of stress time, stressed at
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Fig. 7.10

Fig. 7.11

Fig. 7.12

Fig. 7.13

Fig. 7.14

25°C, Vy=—-4V.

Threshold voltage shift as a function of stress time, stressed at 125 °C, V, =
—3.5V (a) linear scale (b) logarithm scale.

(a) Interface trap generation and (b) total trap density as a function of
stress time, stressed at 125 °C, V,=-3.5V.

Drain current degradation in a saturation regime of stress time, stressed at
125°C, V,=-3.5V.

Threshold voltage shift as a function of stress time under BTS at different
stress temperature, V, ==3.5 V. AAR is 60K (a) linear scale (b) logarithm
scale.

(a) Interface trap generation and (b) total trap density as a function of

stress time under BTS at different stress temperature, V, = -3.5 V. AAR
=60K.
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