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Abstract

With aggressive device scaling, shrinking ‘the conventional thin silicon dioxide gate
dielectric to the range of 2nm has caused an unbearable direct tunneling leakage current. To
solve the problem, it is necessary to replace SiO, by some high-k dielectric materials such as
HfO,. However, there are many outstanding issues in high-k materials, such as high interface
state densities, large amounts of bulk traps, etc. In this thesis, we try to use post-deposition
N0 plasma nitridation to improve the HfO, film quality.

We found that N,O plasma nitridation brings about many advantages such as reduced gate
leakage current, increased Gy, peak value, better subthreshold swing, reduced interface states

and bulk traps in the HfO,. The dominant current transport mechanism in HfO, gate dielectric



is of the Frenkel-Poole type, and the electron traps are located at a deeper energy position
after N,O plasma nitridation. Also, the preponderant trapping behaviors become
electron-trapping dominant, rather than hole-trapping dominant, after N,O plasma nitridation.
Under the constant voltage stress (CVS) and negative bias temperature instability (NBTI), we
found that bulk traps in HfO,, rather than interface state densities, are responsible for the
transistor degradation. Under dynamic 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.
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Figure Caption

Chapter 1

Fig. 1-1 With the marching of technology nodes, gate dielectric has to be shrunk and five
silicon atoms thick of gate dielectric is predicted for 2012. [1]

Fig. 1-2 Measured and simulated I4-Vy characteristics under inversion condition for
nMOSFETs. The dotted line indicates the 1A/cm? limit for the leakage current. [2]

Fig. 1-3 Several high-k gate dielectric materials with their bandgaps and dielectric constants.
[3]

Fig. 1-4 Several high-k gate dielectric materials with their band offsets. [4]

Chapter 2

Fig. 2-1 Process flow.

Fig. 2-2 Gate leakage current of P*“poly-gated pMOSFETs with HfO,/SiON high-k gate
stacks with (dashed line) and without (solid line) N,O plasma treatment both under
inversion and accumulation regions.

Fig. 2-3 Capacitance-voltage characteristics measured at 100 kHz for the HfO,/SiON high-k
gate stacks with and without N,O plasma treatment. The capacitance equivalent
oxide thickness (CET) is determined by measuring the maximum inversion
capacitance.

Fig. 2-4 1d-Vd characteristics of pPMOSFETs with HfO,/SiON high-k gate stacks with and
without N,O plasma treatment.

Fig. 2-5 1d-Vg characteristics of pPMOSFETs with HfO,/SiON high-k gate stacks with and

without N,O plasma treatment.
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Fig. 2-6

Fig. 2-7

Fig. 2-8

Fig. 2-9

(a) Transconductance characteristics and (b) Normalized transconductance
characteristics of pMOSFETSs with HfO,/SiON high-k gate stacks with and without
N,O plasma treatment.

Setup structure for charge pumping.

Schematic illustrations for the charge pumping measurement with (a) fixed
amplitude, (b) fixed base sweep, and (c) fixed peak sweep. The arrows indicated
the sweep direction.

Charge pumping measurement results of N¢, and Ngg with (a) fixed amplitude
sweep, (b) fixed base sweep, and (c) fixed peak sweep as a function gate pulse
frequency for pMOSFETSs with HfO,/SiON high-k gate stacks without N,O plasma

treatment.

Fig. 2-10 Charge pumping measurement result of I, and Isq with (a) fixed base sweep, and (b)

fixed peak sweep as-a function of gate pulse frequency for pMOSFETs with
HfO,/SION high-k gate stacks without N,O plasma treatment. The insets of both (a)

and (b) are linear scale y axis:.(i.e., insets in each figure is the linear scale)

Fig. 2-11 Possible current components in charge pumping measurement for high-k gate

dielectrics.

(1) recombination current due to interface states.

(2) recombination current of charging and discharging of bulk traps.
(3) recombination current of inversion carriers due to geometric effect.
(4) gate leakage current contribution.

(5) minority carrier diffusion (not shown). [46]

Fig. 2-12 Interface states density as a function of V for HfO,/SiON high-k gate stacks with

and without N,O plasma treatment measured by fixed amplitude sweep at

frequency of 1 MHz.

Fig. 2-13 N¢p and Ngg as determined from I¢, and lsg by fixed base sweep at 5 kHz. Lower
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2-20

2-21

2-22

2-23

2-24

bulk traps were obtained by applying N,O plasma treatment.

Dependence of threshold voltage shift (A Vi) on injected charge densities (Nin;)
under constant gate overdrive voltage of V4-Vine= -2.2V (open symbol) and
Vg-Vine= -2.6V (solid symbol).

Dependence of generated interface state densities (/\Nj;) and trapping charges (/\
Niot) On injected charge densities (Nin;) under constant gate overdrive stress voltage
of Vgo=Vy-Vine= -2.2V (open sympol) and V4,=V4-Vinc= -2.6V (solid sympol).
Carrier separation of as-dept. HfO,/SiON gate stacks under both inversion and
accumulation regions.

Carrier separation of post-N,O-treated HfO,/SiON gate stacks under both inversion
and accumulation region.

Band diagrams of HfO,/SiION gate stacks under inversion and accumulation. Under
accumulation, the high-k mainly acts as.a capacitive voltage divider and electrons
enter the HfO, conduction band.

Carrier separation results versus gate voltage for fresh as-dept. devices at various
temperatures.

Carrier separation results versus gate voltage for fresh post-N,O-treated devices at
various temperatures.

Frenkel-Poole plot for the source/drain current in the inversion region. Good fitting
curves can be observed (solid lines) for the as-dept. sample.

Frenkel-Poole plot for the substrate current in the inversion region. Good fitting
curves can be observed (solid lines) for the as-dept. sample.

Frenkel-Poole plot for the source/drain current in the inversion region. Good fitting
curves can be observed (solid lines) for the post-N,O-treated sample.

Frenkel-Poole plot for the substrate current in the inversion region. Good fitting
curves can be observed (solid lines) for the post-N,O-treated sample.
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Fig. 2-25

Fig. 2-26

Fig. 2-27

Energy band diagram for HfO,/SiON gate stacks, illustrating the conduction
mechanism of Frenkel-Poole emission.
Energy band diagram for HfO,/SiON gate stacks, illustrating the conduction
mechanism of Frenkel-Poole emission.

HRTEM images for (a) as-dept. sample and (b) post-N,O-treated sample.

Chapter 3

Fig. 3-1

Fig. 3-2

Fig. 3-3

Fig. 3-4

Fig. 3-5

Fig. 3-6

Fig. 3-7

Repetitive 1d-Vg traces for HfO,/SION high-k gate dielectric using measurement
sequence (a) [Vg=0V «<Vg=-2V], (b) [Vg=1V < V(g=-2V]. (w/o post-N,O plasma
treatment).

Repetitive 1d-Vg traces for HfO,/SION-high-k gate dielectric using measurement
sequence of [1V, -2V, [1V, -2.2V], ... ,-to [1V, -2.8V] (w/0 post-N,O plasma
treatment).

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

Repetitive 1d-Vg traces for HfO,/SION high-k gate dielectric using measurement
sequence of [1V, -2V], [1V, -2.2V], ... , to [1V, -2.8V]. (w/ post-N,O plasma
treatment).

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

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

Dependence of carrier separation results of Isp, lg, and Ig on substrate bias of
HfO,/SION high-k gate dielectrics (w/ post-N,O plasma treatment).
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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) I, (b) I, (¢) Isp versus gate voltage for Fresh, SILC, and SBD
conditions (w/o post-N,O plasma treatment).

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

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

Current of (a) I, (b) I, (¢) Isp versus gate voltage for Fresh, SILC, and SBD
conditions (w/ post-N,O plasma treatment).

Illustrations of damage situations under SILC (a) and after SBD (b) (w/ post-N,O
plasma treatment).

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

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

Dependence of threshold voltage shift versus stress time for various stress voltage
frequencies. Vg=-2.2V for 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).

Dependence of AN;and /ANgton injected charge densities under dynamic stress
and DC stress (w/o post N,O plasma treatment).

Dependence of generated interface state densities versus stress time for various
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Chapter 1
Introduction

1.1 Background

The famous “Moore’s Law”, proposed by Gordon Moore in 1965, states that the number
of transistors on integrated circuits doubles every 24 months. For the past four decades, the
advancement in the IC industry more or less follows this intelligent foresight in its pursuing
better performance with lower cost. It can be said that “Moore’s Law” is the basis for the
overwhelmingly rapid growth of the computing power. In order to keep close pace with
“Moore’s Law”, the shrinkage of the transistor dimension is needed.

According to the first order current-voltage relation, the driving current of a MOSFET

can be given as

i = %cgum%ﬁ)(ves V)’ (1.1)
C, =ke, t (1.2)

where Vgs is the applied gate to source, Le is the effective channel length, W is the

channel width, Vi is the threshold voltage, s, is the mobility for electrons, Cq is the gate
capacitance, K is the dielectric constant, ¢, is the permittivity of free space and t is the
electrical film thickness. With reduced threshold voltage, smaller effective channel length,
and increased gate capacitance as well as gate-to-source voltage, we can achieve better
current drivability and higher device density, which mean a better performance and much
more transistors on the chip. However, a large Vs will degrade the reliability while too small
a Vi will result in statistical fluctuation in thermal energy at a typical operation circumstance
of up to 100°C. So a bigger Cqand shorter Le will be needed to maintain device performance.

Over the past 30 years, SiO; has served its role as a perfect gate dielectric, and has been

1



scaled down from a 100nm thickness to 1.2nm at 90nm process technology node today, in
order to gain a large Cy and a higher density. In 1999, Schulz in Nature predicted that, in order
to keep up with the roadmap goal, in 2012 the thickness of gate oxide is slated to scale down
to Inm, which represents only five silicon atoms thick (see Fig 1-1)[1]. Thus the direct
tunneling current which depends strongly on film physical thickness will increase to an

unacceptable range, resulting in a huge power dissipation and heat (1.3).

2m
lor oc [exp— —q¢Tphys] (1.3)

(%52)

We can see from Fig. 1-2, Lo et al. find that the gate oxide can be scaled down to 2nm
before exceeding the limit of 1A/cm” from the viewpoint of allowable stand-by power
dissipation. Below 2nm, however, the oxide tunneling current will quickly becomes
problematic. For easily sensing the seriousness of leakage problem: as SiO, thickness is

reduced, leakage current increases exponentially (~10x/2A)[2]

1.2 Why High-k Gate Dielectric?

First of all, from (1.1), we can notice that the current drivability is strongly related to the
electrical thickness of the gate oxide, while, from (1.3), the leakage is related to the physical
thickness of the gate oxide. In order to maintain the same Cy value, (1.2) can be rewritten as

follows:

khi h—k khi h—k
thigh—k = kg teq Z;Tteq (14)

[0)4

where the term t,, represents the theoretical thickness of SiO,. So by increasing the gate

dielectric constant, the same equivalent oxide thickness can be obtained with a thicker physical
thickness, which in turn contributes to the reduced gate leakage current (i.e., direct tunneling),
without sacrificing the performance. Since many potential high-k materials like
aluminum-oxide, hafnium-oxide, or zirconium-oxide and their silicate can not satisfy all the

2



requirements that a gate dielectric must posses, silicon oxynitride films thus still serves as a
segue to the high-k era. However, oxynitride can only serve as a short-term band-aid to fill the
hiatus, because its dielectric constant is deemed not high enough to provide sufficient relief in
physical thickness for suppressing the leakage current beyond the 65nm process node.
Therefore, searching a material with a high dielectric constant to replace SiO, is urgently

needed.

1.3 The Choice of High-k Materials

There are many potential candidates for replacing SiO,, such as HfO,, ZrO,, Al,Os,
Ta;Os and so on. Which one will emerge as the winner for replacing the silicon dioxide?
Since over the past three decades, SiO; has served as an ideal gate dielectric, its several
advantages, such as being amorphous phasesthrough the whole integration processing, high
quality interface, and good thermal stability,"can indéed serve as a good guide of choosing

high-k material. So, an ideal gate'dielectric:should meet the following requirements below:

1.3.1 Physical Properties
(a) Thermodynamic stability in direct contact with silicon,
Preserve capacitance of gate stack after processing.
(b) Film morphology (amorphous) and stable process compatibility,
In the VLSI process, the thermal budget is an important concern since high
temperature changes dielectric phase. Once the gate dielectric material has
transformed to polycrystalline from amorphous phase, the large grain boundaries

would serve as leakage path, and induce large leakage current.

(c¢) Suitable high k value (12~60),



A suitable k value is indispensable. Those with not enough high k value could not
satisfy (1.3) to lower the leakage by increasing physical thickness. While those with
too high a k value, in general, would suffer from thermal stability issues and larger
fringing field.

(d) Wide bandgap with conduction band offset > 1eV,

It is found that most of the high-k materials do not have wide enough bandgap. In
contact with silicon and gate electrode, the bandgap is closely related to the barrier
height for carrier transport. Too low a bandgap will lead to intolerably high gate
leakage (leakage current ~exp(-/AE,)) [3].

(e) Gate material compatibility
Materials such as poly-SiGe, and metals have been considered for better

controllability and better performance.

1.3.2 Electrical Properties
(a)Low interface state density (Dj < 5x102%m’-eV™"), and SiO,-like mobility,

The interface would affect the carrier mobility in the channel, and from (1.2),
mobility degradation is related to poor current drivability. In high-k, there are so many
sources that would reduce mobility, such as fixed charge, remote phonon, interfacial
dipoles, remote surface roughness, surface roughness and phase separation
crystallization. And most of them can be avoided by improving process technology.

(b) Tiny<Inm,
(c) I<10°A/em® @ Vpp,
(d) Vep and hysteriss <20mV,
(e) No C-V dispersion,
(f) Reliability issue.
To serve as a new gate dielectric, we must also take into consideration electrical

4



reliabilities, such as stress-induced leakage current (SILC), time dependent dielectric
breakdown (TDDB), hot carrier aging, bias temperature instability and charge trapping

issues [4].
Currently, HfO, is considered as one of the most promising high-k dielectrics, since it
possesses a decent dielectric constant of 22-25, a large bandgap of 5.6eV with sufficient band
offsets of larger than 1.4eV, and thermal stability in contact with silicon. It is compatible with

polysilicon gate process, and dual-gate MOSFETs have already been demonstrated.

1.4 Organization of the Thesis

In this thesis, we study the physical and electrical characteristics of HfO,/SiON gate
stacks with poly-Si gate, as well as its reliability issues.

In Chapter 2, we briefly describe stherprocess flow. We also present the electrical
characteristics of our devices, and ‘introduce the measurement of bulk traps through charge
pumping measurements. In Chapter -3; we-clarify the breakdown mechanism in HfO, or
interfacial layer by carrier separation measurements, and also discuss the reliability issues by

dynamic stress and NBTI.



Chapter 2
Improvements on the Electrical
Characteristics of pPMOSFETs with
HfO,/SION Gate Stacks by
Post-Deposition N,O Plasma Treatment

2.1 Introduction

Charge trapping is arguably one of the most important issues in CMOS devices with
HfO, gate dielectrics, because of the large amount of bulk traps present in the HfO, films
[9-12]. The existence of bulk traps unaveidably causes many unwanted problems, such as
reliability degradation [13], mobility degradation [14-18] and threshold voltage instability
[19-22]. In order to eliminate these traps, a'vartety of nitridation techniques were proposed to
incorporate nitrogen into the high-k films.

Charge pumping measurement is widely used to characterize interface state densities in
MOSFET devices [23]. This type of measurement is very effective because it allows the
exclusion of gate leakage contribution to the calculated interface state densities presented in
thin gate oxides [24, 25]. Moreover, it is recently reported that the charge pumping
measurement can be used to quantify the amount of bulk traps in the high-k films [26]. In
general, the density of bulk traps in the high-k dielectrics is directly determined from the
charge pumping current measured at lower frequencies. However, the leakage current often
manifests itself at lower frequencies. The influence of leakage current should be carefully
examined when using the charge pumping measurement to determine the number of bulk

traps.



In this work, we employed the N,O plasma treatment following the HfO, deposition to
improve the quality of high-k dielectrics. The post-deposition N,O plasma treatment has the
advantage of low thermal budget, and prevents the HfO, films from crystallization during
processing. We found that the post-deposition N,O plasma treatment can effectively improve
the electrical characteristics of the pMOSFETs with the HfO, gate stack, such as lower bulk
traps, interface state densities, normalized transconductance and the resultant higher driving
current. In addition, it also reduces the gate leakage current substantially. In this work, we also
found that the leakage current gives rise to the substrate current for pMOSFETs, while the
leakage current flows into the source/drain for nMOSFETs during charge pumping

measurements.

2.2 Experimental Procedure

The pMOSFETs were fabricated on n-type (100) 150mm wafers. After conventional
LOCOS isolation process, standatd R€A clean'was performed with HF-dip last step, followed
by the growth of an intentional ~1nm ‘thin interfacial oxynitride layer (SiON), using rapid
thermal processing in a N,O ambient at 700°C. Subsequently, a nominal 3nm HfO, layer was
deposited by atomic vapor deposition (AVD), using an AIXTRON Tricent® system at a
substrate temperature of 500°C. The physical thickness of SiON and HfO, films was
measured by the optical n&k analyzer. After deposition of the HfO, films, some samples were
subjected to an additional N,O-plasma treatment at the substrate temperature of 300°C. Then,
all samples were annealed at 600°C for 30 seconds in an N, ambient in order to improve the
film quality. A 250nm polycrystalline silicon (poly-Si) layer was directly deposited by low
pressure chemical vapor deposition (LPCVD) on top of the HfO, films. Afterwards, the gate
electrode patterning was performed through lithography and etching processes. The extension

and deep source/drain were then formed by implantation, and activated at 950°C with rapid



thermal annealing (RTA) for 20 seconds in an N, atmosphere. After passivation, contact hole
formation, Al metallization and patterning were performed. Finally, the forming gas annealing
was done at 400°C for 30 minutes.

Current-voltage (I-V) and capacitance-voltage (C-V) characteristics were evaluated by
an HP4156A precision semiconductor parameter analyzer and an HP4284 LCR meter,
respectively. The capacitance equivalent oxide thickness (CET) of the gate dielectrics was
obtained from high frequency (100 kHz) capacitance-voltage (C-V) curves at strong inversion

capacitance without considering quantum effect (2.1) [27].

CET = 8Si% 2.1)

The key process flow is summarized in Fig. 2-1.

2.3 Results and Discussion

2.3.1 Electrical Properties:of HfO,/SION Gate Dielectrics

Figure 2-2 shows the gate leakage current of pMOSFET with HfO,/SiON gate stack
under both inversion and accumulation modes. It can be clearly noted that with
post-deposition N,O plasma treatment, the leakage current is significantly suppressed for both
polarities. In particular, the reduction under normal operation condition, i.e., inversion mode,
is around two orders of magnitude lower. Fig. 2-3 shows high frequency (100 kHz) C-V
characteristics of the HfO, gate stacks. First, we can see that the CET values obtained from
strong inversion region are around 2.15nm and 1.88nm for samples with and without N,O
plasma treatment, respectively. Secondly, we note that the hump in C-V curve appearing
under the depletion regime of the control sample is considerably suppressed by the
post-deposition N>O plasma treatment, due to reduced interface state densities [29]. The
increase in film thickness may be due to the fact that oxygen radicals of N,O plasma diffuses

through the HfO,, reacts with Si substrate, and forms a thicker interfacial layer, which could



also be one of the reasons for the exhibited gate leakage current reduction. This additional
oxidation process may also explain the greatly reduced hump in the C-V curve. The I;-V,
characteristics of pMOSFETs with and without N,O plasma treatment as a function of gate
overdrive are shown in Fig. 2-4. We found that the driving current is substantially enhanced
by the N,O plasma treatment, even though the CET value is actually about 0.3nm thicker than
the control sample. Reasons for the enhanced driving current could be a better swing, a higher
transconductance, or a better quality HfO, film. Fig. 2-5 shows I4-V, characteristics. We can
see that the substhreshold swing (S.S.) can be improved from 98mV/decade to 93mV/decade.
Fig. 2-6 depicts transconductance characteristics. With the N,O plasma treatment, CET is
0.3nm thicker than the control sample, so based on Equation (2.2), we redraw Fig.2-6 (b)
from Fig.2-6 (a). Here, we can indeed see that the normalized transconductance peak value
has roughly 77% gain as compared to the control sample. This is believed to be closedly
associated with the remarkably improved interface quality, and will be confirmed later by the

charge pumping current measurement;

G =9 _ WG
"oV L

gs

(Vg =V, ) (2.2)

From the above-mentioned discussions, we can conclude that post-deposition N,O
plasma treatment can considerably enhance the electrical characteristics of pMOSFETs with
HfO,/SiON gate stacks in terms of gate leakage current, subthreshold swing, normalized

transconductance, and driving current, despite the slight increase in CET.

2.3.2 Charge Pumping Measurements
2.3.2.1 Fixed Amplitude Sweep

To further highlight the origin of the benefits given by the post-deposition treatment,
charge pumping measurements were performed. It is well known that the charge pumping
measurement is used to quantify the interface state density by monitoring the substrate current.
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The basic charge pumping measurement involves the measurement of the substrate current
while a series of voltage pulses with fixed amplitude, rise time, fall time, frequency, and duty
cycle is being applied to the gate of the transistor (Fig 2-7), with source, drain and substrate
connected to ground. However, during the measurement, the substrate current could be
affected by the gate leakage current [24, 25], especially at lower frequencies and thinner
oxides. Therefore, to accurately analyze interface state densities or bulk traps in the dielectrics
from charge pumping measurement results, we need to pay close attention to the leakage
current issue. In this work, we employed three conventional types of the voltage pulse train
applying to the gate electrode, as depicted in Fig. 2-8, i.e., (a) fixed amplitude sweep, (b)
fixed base sweep, and (c¢) fixed peak sweep [26]. The measured substrate current is actually a
recombination current as gate voltage pulses swing the device between inversion and
accumulation back and forth. As the transistor goes. into inversion, holes from the source and
drain fill interface traps. As the fransistor goes:-back to the accumulation, untrapped holes go
back to source and drain, while trapped-holes.recombine with the majority carrier, electrons,
in the substrate and can be measured:as substrate current, I.,. The results of the devices
without post-N,O plasma treatment in this work with three different kinds of pulse trains at

various frequencies are shown in Fig. 2-9. The mean interface trap density within an energy

range (D_n) is calculated by:

|cpor|sd #

D = — _ 2.3
s gAf AE cm? x eV 3)
or
[ e orl 4 #
N cp,sd = qu sz (24)

where I, and Iyq are the measured substrate current and source/drain current, respectively.
A is the area of the gate electrode; f is the frequency of pulses train applied to the gate. q is the
electron charge, AE 1is the difference between the inversion Fermi level and the accumulation
Fermi level. Fig.2-9(a) shows that the N, traces identically with Ny over the entire sweep
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voltage range and both of N, and Ny have negligible frequency dependence, especially at
higher frequencies. This is thought to be coming from the poor control over the charge
exchange of bulk traps in the HfO, dielectrics, due to the chosen magnitude of amplitude [26].
Thus, the fixed amplitude measurement with higher frequency will be a suitable approach for

quantifying interface state densities.

2.3.2.2 Fixed Base Sweep and Fixed Peak Sweep

However, it is quite different for the other two measurements, i.e., fixed base and fixed
peak sweeps. Recently, the charge pumping measurement had been frequently employed to
qualify the level of bulk traps in the HfO, dielectrics using these two methods [22, 26, 29]. For
Si0, gate oxide (close to ideal case), I, measured from fixed amplitude sweep is almost
identical to that from fixed base orifixed peak sweep, and it equals the Iy, implying that the
charge pumping current is completely contributed by the recombination current of the interface
state densities. However, for the-dielectrics. with. inferior quality, it is commonly seen that the
measured I, increases with increasing. amplitude of the gate voltage pulse and decreasing
frequency of gate pulses when using the fixed base or fixed peak sweep. This may arise from
carriers trapping and detrapping of bulk traps in the high-k films [22, 26]. In order to avoid the
influence of geometric effect [30], in the charge pumping measurement, small devices (<10um)
were normally used [27]. The devices we used here have channel length of 3um. This means
that the geometric effect can be excluded. Therefore, when the measured I, and Iy currents are
not identical, there must be some extra components contributing to the I, if the presence of
bulk traps is not the culprit. Nevertheless, the results for the fixed base sweep shown in Fig. 2-9
(b) show that a remarkable deviation exists between N, and Ny at larger positive Vg, with
lower frequencies, which obviously can not be accounted for by the presence of bulk traps.
Because if this is caused by the recombination from the charging/discharging of the bulk traps
in the high-k dielectrics, the increment of I, and Iy should be the same due to the requirement
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of equal amount of carriers of opposite polarities for the recombination. So, we believe the
rapid increase in difference between N, and Ny with increasing amplitude is ascribed to the
larger leakage current. In addition, when the entire charge pumping gate voltage waveform lies
at lower (Vg <-0.5V) region, i.e., the transistor is operating in inversion mode; the difference of
L., between Iyq 1s shown in Fig. 2-10(a). Here, in this region we can see that both of Iy and I,
are independent of frequency. The leakage component is contributing to Iy and makes Iyq two
orders larger than L, but it really has little impact on the Nj; calculation of fixed base sweep
(Fig. 2-9 (b)). As the Vg, increases gradually, the transistor spends half time operating in
accumulation, and the other leakage component, i.e., electrons from substrate, becomes
dominant with increasing V,, and decreasing frequency.

To further confirm our speculation, the fixed peak sweep (Fig. 2-8(c)) was also performed,
with results shown in Fig. 2-9 (c)..We can see that the deviation can be observed at 100 kHz
and becomes worse when |V increases and frequency decreases. Again, we have to determine
the leakage current component. By examining Fig./2-10 (b), in the region of Vy>-0.5V, i.e.,
when the transistor is operating in ‘aceumulation ‘mode, I, is slightly larger than I,q. As gate
pulses sweep to the right (Fig. 2-8 (c)), the transistor spends half time operating in the inversion
mode, and half time operating in the accumulation mode. Since the accumulation leakage is
larger than the inversion leakage, we can observe in Fig. 2-10 (b), the gate leakage contributes
to I, during the entire period due to the fact that the peak voltage is fixed at 2V.

Therefore, irrespective of whether the fixed peak or fixed base is used, I, is larger than Iy,
especially at lower frequencies and higher Vg, or lower V. A plausible explanation for this
phenomenon is that the contribution of the considerably large gate leakage disturbs I, current
at higher positive gate voltages, resulting in the tunneling of electrons from the substrate, as
illustrated in Fig. 2-11 [26]. This suggests that in order to precisely analyze the bulk traps in the
dielectrics using the fixed base or fixed peak sweep from the charge pumping measurement, we
need to monitor the substrate current and source/drain current simultaneously for clarifying the
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influence of leakage current. This is especially true at lower frequencies, or when the leakage
current is considerably larger. Similar trends also can be observed for the samples with N,O
plasma treatment, although the data are not shown here. In should be noted that in our case, the
leakage current is found to contribute more significantly to I.,, compared to I,q in pMOSFETs.
This is contrary to other group’s report that the leakage current would contribute to Iy in
nMOSFETs [21]. As a result, we chose the fixed base sweep at a relatively low frequency of 5
kHz to examine the behavior of the bulk traps in HfO, films.

Following the above argument, interface state densities were measured using the fixed
amplitude sweep for the pMOSFETs with and without post-deposition N,O plasma treatment
as function of the peak voltage. The results are shown in Fig. 2-12. It can be seen that the
trend is quite consistent with that in subthreshold swing, as shown in Fig. 2-5. This may be
due to the fact that oxygen radicals from the plasma can react with Si substrate, causing a
slight higher CET, and thus improving the quality of-the interface [31]. Moreover, Fig. 2-13
highlights N, and Ny as determined ifrom.the fixed base sweep at a frequency of 5 kHz for
devices with and without post-deposition N,O plasma treatment. It indicates that the N,O
plasma treatment can not only improve the interface quality but also reduce bulk traps in the

HfO, gate stack effectively.

2.3.3 Constant Gate Overdrive Stress

The transistor 14-V, curves were measured for monitoring the threshold voltage shift
(AVie) during constant gate overdrive stress. The stress conditions are  (Vgo=Vg-Vine) of
-2.2V and -2.6V for the devices with and without post-N,O plasma treatments. Time

evolutions of AV as a function of injected charge fluency are shown in Fig. 2-14, where

Vine is defined as V., =

the

W . .
TxSe"g. In order to minimize the fast unstable charge de-trapping

effect, a small positive gate voltage of 1V for 15 seconds was applied prior to the Ig-V, and
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charge pumping current measurements to discharge fast unstable traps as much as possible.
This procedure allows us to examine the response mainly from stable slow traps in the HfO,
gate stacks (details about threshold voltage instability will be discussed in the next chapter).
Here, it can be seen that electron trapping, rather than hole trapping, is clearly observed for
the N>O-plasma-treated sample. Also, threshold voltage shift is evidently alleviated for the
N,O-plasma-treated sample. To further investigate the degradation mechanism during Vg,
stress, both the generated interface state density (/ANjy), and the effective oxide trap density,
/A\Niot, calculated from AV by the following Equation (2.5), which assumes that charge
trapping is mainly located at the interface between the dielectric and the substrate, are

measured.

_ CxAV,,

ANtot - qA

(2.5) Fig.

2-15 shows the plot of AN; and A Ngipversus injection charge density Ni,, which is
calculated by integrating the gate current densities monitored during stress. Clearly, /ANy 18
an order of magnitude larger thah /\Nj;, suggesting that the degradation of the constant gate
overdrive stress is mainly dominated by the charge trapping in the bulk of HfO, films, rather
than the generated interface states. This is true whether the post-N,O plasma treatment is

carried out or not.

2.3.4 Current Transport Mechanism

Using the carrier separation method, the carrier type is investigated for the fresh devices.
The carrier of gate leakage can be separated into holes and electrons. Figs. 2-16 (a) and (b) are
carrier separation results for the control sample under inversion and accumulation regions,
respectively. It is shown that the S/D current dominates the gate leakage for the inversion
region; while the substrate current dominates the gate leakage for the accumulation region.

The carrier separation results for the N,O- plasma-treated sample are shown in Fig. 2-17. The

14



case for the accumulation region is similar to the control sample, i.e., electrons from the
substrate dominate the gate leakage. However, the case for the inversion region is different
from the control sample, where Isp is suppressed by almost 1.5 order and the Iz remains
almost unchanged. These trends can be explained by the band diagram shown in Fig. 2-18. In
the inversion region, the S/D current (hole current) is formed by the carrier in the inversion
layer, whereas the substrate current Iz originates from electrons tunneling from the gate
terminal. In addition, we can see that the magnitude of the leakage current in accumulation is
about two orders larger than that in inversion. The tendency is ascribed to the asymmetric
band as shown in Fig. 2-18. In inversion mode, both electrons from the poly gate electrode
and holes from the inversion layer tunnel through the gate stack. On the other hand, in
accumulation mode, electrons from the substrate only face the tunneling barrier of ~Inm
interfacial oxide layer. Therefore; the asymmetric band diagram provides a plausible
explanation why the leakage current in accumulation is much larger than that in inversion.

Fig. 2-19 (a) and Fig. 2-20"show gate current Isas a function of V, for the HfO,/SiON
gate stacks measured at several different temperatures up to 125°C in the inversion and
accumulation regions, respectively. All currents are dependent on temperature irrespective of
I at the range of V=0V to -3.5V. To determine the conduction mechanism for samples with
and without N,O plasma treatment, numerical fitting was conducted. Base on the equation of

Frankel-Poole (F-P):

2aV _ qP,
T

| ocV exp[ %

_Q(q)s —\/qE/ﬂ'gkgo )

= J=BxExexp T

N h{ij B NC TN (2.6)
E kT kT

where B is a constant in terms of the trapping density in the HfO, film, ®;is barrier
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height, E is the electric field in the HfO, film, ¢, is the free space permittivity, &, is the

dielectric constant of HfO,, k is Boltzmann constant, T is the temperature measured in Kelvin.

Excellent fitting curves are shown in the plot of In (%j versus E’ of Ig, indicating

that the conduction mechanisms both under gate and substrate injections for the SION/HfO,
gate stacks, with and without post-N,O plasma treatment, are F-P type in nature. The barrier
height®, and the dielectric constantg, of SION/HfO, gate stacks can be calculated from the
intercept of y axis and the slope of the fitting curves according to (2.6). The &, value is
found to be around 16 for the control sample and around 17 for the sample with N,O
treatment. The value is very close to the estimated value from HRTEM image, which is 13.4
for control sample and 14.6 for the sample with N,O treatment. In the high-k gate dielectric,
two current components could dominate _the gate leakage current. Recalling from the carrier
separation results, Isp current is mainly contributed by the carrier in the inversion layer, i.e.,
holes, while I current is mainly-contributed by the minority carrier in the gate electrode, i.c.,
electrons. Fig. 2-21 shows the F-P-plot for the-source/drain current in the inversion region. Fig.
2-22 shows the F-P plot for the substrate current in the inversion region. The solid lines are
fitting curves for all temperatures. An excellent fitting can be obtained, indicating that the
conduction mechanism for the high voltage Isp and I are indeed Frenkel-Poole-type in nature.
The fitting parameters for the hole and electron barrier heights are 1.17eV and 1.05eV,
respectively, for the control sample. Results for post-N,O plasma samples are shown in Fig.
3-23 and Fig. 3-24. Again, good fitting curves can be seen, indicating that F-P is the right
mechanism for both Igp and Is, The barrier heights are 1.14eV and 1.18eV for electrons and
holes, respectively, for the N,O-treated sample. Note that the barrier height for electrons has
changed from 1.05eV for the control to 1.14eV for the N,O-treated sample, indicating that the
trap position has moved closer to the conduction band of the poly Si gate after post-N,O

plasma treatment. The band diagrams are shown in Fig. 2-26 and Fig. 2-25 for the sample
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with and without post-N,O plasma treatment, respectively. The effective barrier heights for Ig
in the accumulation region are 1.389eV and 1.32eV for samples with and without N,O

treatment, respectively.

2.4 Summaries

Improvements in the electrical characteristics of the p'-poly gate pMOSFETs with
HfO,/SiON gate stacks by post-deposition N,O plasma treatments have been demonstrated in
this work. We have found that improvements are achieved in many aspects, such as reduced
leakage current, better subthreshold swing, enhanced normalized transconductance, and
higher driving current. These improvements are ascribed to the lower interface states and bulk
traps, as confirmed by various types of charge pumping measurement. Although charge
pumping is a powerful technique to eyaluate:the’interface state densities and bulk traps
present in high-k films, care attention should be paid when dealing with dielectric that depicts
larger gate leakage current, sincé.thescharge pumping current will be severely influenced in
such case. Note that this phenomenon s entirely different for th nMOSFETs, where the
leakage current will contribute to the source/drain current, but not the substrate current. In
evaluation of the reliability, we found that the degradation caused by the voltage stress is
dominated by the charge trapping in the bulk of HfO, films, rather than interface state
generation, irrespectively of whether post-N,O plasma treatment was performed or not. In
addition, it was observed that the electron is the main trapped species during stressing for the
N,O-treated samples, which is very different from the hole trapping observed in samples

without post-N,O plasma treatment.
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Chapter 3
Impacts on the Reliability of HfO,/SION
Gate Stacks by Post-Deposition N,O
Plasma Treatment

3.1 Introduction

As CMOS devices are scaled aggressively into nanometer regime, SiO, gate dielectric is
approaching its physical limit; the intolerably huge leakage current caused by the direct
quantum tunneling of carriers through the ultra-thin oxide. HfO, is one of the most popular
candidates among high-k materials to replace SiOp:Even though HfO, films have been shown
to be scalable down to below 1nm, there still exist several issues that need to be overcome.

In this chapter, we focus on-the study.of reliabilities of the high-k dielectric, and address
several topics including appropriaté-measurement setup, where the breakdown taking place

(i.e., in the bulk or IL?), the behaviors observed in dynamic AC and NBTI stresses.

3.2 Results and Discussion

3.2.1 Appropriate Measurement Setup for High-k Gate Dielectrics

High-k materials, albeit slated as likely replacement for SiO; in the future, do not possess
the ideal quality for the gate dielectric as SiO, uniquely does. During constant voltage
stressing, the stressing has to be interrupted periodically in order to conduct 14-V, and charge
pumping measurements for determining the generated interface state density and the threshold
voltage shift. As described in Chapter two, charge pumping measurement with fixed

amplitude sweep is used to determine interface state density based on the recombination
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current measured by I, at the substrate terminal. During measurement, pulse trains are
applied to the gate electrode. However, this procedure is somewhat similar to the dynamic
stress, and will cause extra degradation in the high-k films. In an attempt to more precisely
single out the degradation caused by the constant voltage stress alone, it is necessary to
pre-test the parameter setup, and make sure that no extra damage is done to the film. During
the charge pumping measurement, the magnitude (AV,) of every single pulse in the train has
to be large enough to cause the recombination current. This means that the amplitude of the
pulse has to exceed the flat band voltage and threshold voltage of the transistor. However, the
amplitude should not be too large to avoid unnecessary stressing of the transistor during
measurement. The 13-V, measurement conditions also have to be carefully chosen in order not
to cause similar unwanted effect.

For high-k gate dielectric, there 1s a serious issue about Vy, instability. It is shown that
the magnitude of the Vy, instability in the conventional MOSFETs with HfO,/SiON gate stack
is strongly dependent on the details ofithe measurement sequence. It is believed that the origin
of the Vy, instability is caused by the fast charging and discharging of pre-existing defects
near HfO,/SiON interface as well as in the bulk of the HfO, layer. Therefore, conventional
stressing and sensing experiments used to evaluate Vy, stability can not fully qualify the film,
because of fast de-trapping after stress, and it also means the Vy, instability will be
underestimated. Figs. 3-1 (a) and (b) show that the 13-V, characteristic is dependent on the
sweep direction, measurement sequence, and the minimum/maximum bias conditions.
According to previous report [29], there is a defect band in the HfO, layer located at an
energy level above the Si conduction band edge. As the gate bias is varied, these defects have
the possibility to rapidly trap and de-trap, causing Vy, instability [29]. In Fig. 3-1 (a), we can
see that after two successive sweep cycles of a V, spanning between 0V <>-2V, hole trapping
is observed. However, when the sweeping range of V, is between 1V <>-2V, full recovery is
obtained. This means that even with a very small voltage range, i.e., from 0V to -2V,
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stress-induced effect can be detected, which could obviously lead to the misjudgment of
threshold voltage shift. The situation is similar for the samples without N,O treatment that
also exhibit hole trapping (Fig. 3-3 and Fig. 3-4). In order to discharge the charging of fast
traps as much as possible, a small positive gate voltage (V,=1V) is applied for 15 seconds,
prior to the Ig-V, measurement as well as the charge pumping measurement, to minimize the

fast unstable charge de-trapping effect during constant gate override stress.

3.2.2 Breakdown Investigation by Carrier Separation Method

Using the carrier separation measurement technique, we are able to distinguish two
different breakdown mechanisms, i.e., high-k bulk-initiated breakdown and an
interfacial-layer-initiated breakdown. The dielectric breakdown degradation is one of the most
serious concerns in the high-k devices, whose characteristics are influenced by defects and
fixed charges in the high-k films. Soft breakdown in high-k is unlike the one in SiO,, i.e., the
soft breakdown current could be.a criticalissue.in high-k for power consumption [32]. In the
stacked high-k film like HfO,/SiON;j attention should be paid to the fact that the electric field
across the interfacial layer is larger than that across the high-k dielectric film. Since it is
inevitable to form an IL layer when the high-k film was deposited on Si substrate, it is crucial
to understand the relationship of leakage and breakdown in the HfO,/SiON gate stacks.

Fig. 3-5 and Fig. 3-6 show that the absolute values of I (gate current), Iz (electron
current), and Isp (hole current), as a function of gate voltage for a HfO,/SiON pMOSFET
without N,O treatment. The dependence of Isp on the substrate bias is consistent with that of
Ig; meanwhile I shows quite a different tendency. This means that the current collected at the
gate electrode is mainly dominated by the inversion charge flow coming from the S/D regions;
while the electron current injected from the gate electrode contributes to the substrate current.
Recalling the carrier separation results in Chapter two, the gate leakage current is mainly
contributed by the S/D current (Ig+Ig+Isp=0). As a result, Ig will change with substrate bias,

20



indicating that I also depends on the inversion charge concentration in the channel. Similarly,
for the post-N,O plasma-treated sample; the S/D current is still dependent on the inversion
charges in the channel, while the substrate current is not. Even so, the magnitude of the hole
current is seen to be reduced significantly because of the increased interfacial layer thickness,
and the electron current remains at the same order, as compared with the sample without
post-plasma treatment.

The evolution of Ig, Isp, and the Iz under negative constant voltage stress is shown in Fig.
3-8. The increment of Iy is larger than that of Isp, indicating that the breakdown has taken
place in the bulk. For more details, we interrupted the stressing three times to measure carrier
separation currents during the stress, i.e., before the stress (Fresh), during the SILC condition,
since SILC is generated during the interval, and after the soft breakdown (SBD). The results
of Ig, I, and Igp of carrier separation are shown-in Figs. 3-9 (a), (b), (c), correspondingly.
Comparing Figs. 3-9 (b) and (c), the hole current. is-about an order larger than the electron
current, as Vg was swept from 0V to :3V-at SILC condition. Moreover, the electron current is
much larger than the hole current for |Vg|<2Vindicating that dominant carriers are holes in
SILC condition, and electrons in SBD. It can be reconfirmed in Fig. 3-9 (a) that Ig=Isp in
SILC condition, while Ig=Ig for SBD. In Figs. 3-9 (b) and (c), it is noticed that the increment
in Iz between Fresh and SILC is a little bit larger than Igp, implying that more electron traps
are created than hole traps, resulting in an easier bulk-initiated breakdown after SBD. Further,
considering the situation in SBD, we find that Ig is much larger for the entire Vg sweep from
0V to -3V. Therefore, we speculate that the electron path through the bulk after breakdown is
as shown Fig. 3-9 (b). However, for Isp, the leakage increases rapidly as |Vg[>|Vu| and
becomes compatible with Ig at [Vg[>2.5V, indicating that the breakdown will be more likely to
occur at the interfacial layer, due to the fact that holes have to tunnel through only IL at high
voltage. The result is reexamined in Fig. 3-10.

The same procedures were repeated to examine samples with post-N,O plasma treatment.
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Fig. 3-11 shows the evolution of Ig, I, and Isp under the constant voltage stress of Vg=-5.2V.
Digital-like fluctuation is observed in SILC condition. Slightly larger increment in Igp than Ig
after SBD suggests that the breakdown path has formed nearer to the valence band of Si
substrate, as shown in Fig.3-11. Carrier separation results of Ig, I, and Isp are shown in Figs.
3-12 (a), (b), (c), correspondingly. The gate leakage in SILC condition is dominated by Isp at
high voltages, while in SBD the electron current is predominant. The increment for Igp
between SILC and Fresh sample is larger than that of I, indicating more hole traps were
generated as compared with electron traps. After SBD occurrence, I is mainly ruled by Iy for
the entire Vi sweep range, which means that the breakdown path for the electrons has been
formed. From Fig. 3-12 (c¢), we see an increased leakage even when |Vg|<|Vy|, indicating a
bulk breakdown. At even higher voltage above -2.5V, Ispis almost as large as I, indicating

that IL is also breakdown after the SBD. The resultis reexamined in Fig. 3-13.

3.2.3 Dynamic Stress

For CMOS operation, Vpp and"GND signals are generally supplied to turn on and off the
device, which means that AC gate bias is frequently used. However, in the reliability test of
gate dielectric, DC stress is commonly used for convenience. The prediction from DC results
in a unrealistically pessimistic device lifetime than AC. While AC stress gives a more realistic
and correct insight into the device lifetime. It is reported that the threshold voltage shift is
indeed reduced under dynamic stress in SiO; [33].

Fig. 3-14 shows the schematic setup with several parameters for measuring threshold
voltage instability of pMOSFETs under AC dynamic stress. For a fair comparison, the
accumulated on-time is defined as the stress time. And duty cycle of 50% is used for all
samples. The stress condition is at a gate overdrive Vy,=Vg-Vine=-2.2V.

First, we investigated the frequency dependence. From Fig. 3-15, it can be seen that
generated Ny, on the order of 10'° is quite independent of frequency. In contrast, the threshold
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voltage shift shows strong frequency dependence. Under DC stress with Vgy,=-2.2V, positive
charges trapped in the gate dielectric are observed. On the other hand, under AC stress,
trapped positive charges are reduced. Moreover, at the higher frequencies (larger than 10k Hz),
negative charges, rather than positive charges, are being trapped, as shown in Fig. 3-16. This
suggests that AC stress results in a reduced overall trapped density, rather than the generated
interface state density. It is believed that de-trapping of trapped positive charges could happen
during the off-time period. Also at higher frequencies, the observed negative charge trapping
implies that the on-time is too short for positive charge trapping to occur in the pMOSFETs

with HfO,/SiON gate dielectrics. Fig. 3-18 shows ANj and ANy, versus stress time, where

CxAV,,

ANt =
o gxA

. It illustrates that under DC stress, the threshold voltage shift is mainly

controlled by charge trapping, whereas under AC stress generated interface state densities
play a more important role.

Next, the off-time characteristics (or reduced on-time for trapping carrier) were studied
by verifying three duty cycles, 1.€:,:25%, 50%.,-75%-TFig.3-19 shows that generated interface
state densities are also independent of ‘duty: cycles. Fig. 3-21 shows AVy,. under AC stress
with 100Hz and 10Hz. It is found that longer off-time de-traps more positive charges. Fig.
3-20 shows negative charge trapping under AC stress at a higher frequency of 10kHz.
Because of the unipolar stress (i.e., Vy=-2.2V during stressing cycle, V,=0V during
relaxation cycle), negative charges being trapped during off-time is unlikely to happen.
Therefore, simultaneous trapping of positive and negative charges during on-time may be a
reasonable explanation. In addition, the amount of de-trapped charges is greatly reduced at
high frequency (10kHz), as compared to that at a low frequency (10Hz), indicating the
on-time for trapping may be too short to trap holes. The same situation occurs for the
post-N,O plasma samples, besides the trapping of negative charges under DC stress, 1.e.,

de-trapping of positive charges during off-time (Fig. 3-23). Also, from Fig. 3-22 we further

23



confirm that changing the frequency does not affect the generated interface state density for
the samples with post-N,O treatment. Changing duty cycle has the same effect on the control
samples for the threshold voltage shift and generated interface state density (Fig. 3-24 and

3-25).

3.2.4 NBTI in HfO,/SION Gate Stacks

It is well-known that for the SiO,-based gate dielectrics, high voltage stress on the gate
electrode of MOSFETs could change flatband or threshold voltage, in particular at elevated
temperatures. This phenomenon is called bias temperature instability (BTI). Most of BTI
researches on the SiO, dielectric are focused on the negative BTI, because of aggravated
degradation compare with positive BTI. Even more, Kimizuka et al. revealed that as the gate
oxide thickness is scaled down to.the range of 3:5nm, NBTI could become the bottleneck
limitation to the SiO, scaling than NMOS HCT [34]: NBTI of pMOSFETs is an important
reliability issue for both digital and analog applications. Despite the many works on NBTI in
order to keep NBTI at bay, including: better-modeling and improved processes, the basic
rootcause mechanism is still not fully understood. Ogawa et al. proposed a model based on

their experimental results [35].

Si;=SiH+p" < Si, =Si*+H" Reaction-limited ~ (3.1)
Si, = SiH < Si, = Si*+H, Diffusion-limited (3.2)
O,=SiH+p" < 0, =Si*+H, (3.3)
(H +’ Hi)interface < (H +’ Hi)bulk (34)

It can be seen that the model can be separated into reaction-limited and diffusion-limited
processes. The reaction-limited is dependent on the number of holes near the interface
available to interact with Si-H bonds. Once the reaction-limited processes are equilibrated, the
diffusion-limited processes are dependent on the rate of diffusion of hydrogen away from the
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interface.

Figs. 3-25 (a) and (b) show Iy, G-V, characteristics before and after Vg,=-1.5V stress at
room temperature and 125°C, respectively. A parallel shift of I4-V, curve can be seen, and
indicates that less /ANy is generated. Gy, degradation is also alleviated. For confirmation, the
generated interface state densities versus stress time are shown in Fig. 3-26. We can recall that
the fresh Nj; value is on the order of 8x10"' /cm?, which means that the amount of AN is
relatively small, compared to Nj.. /ANj; is shown to obey the power-law, and the index is 0.24,
exactly the same value as that in the conventional SiO,, indicating that /AANj; follows the
reaction-diffusion model. Fig. 3-27 shows that /\ Vi, increases with increasing temperature.
The Dependence of /AN;; and /AANi,on stress time is shown in Fig. 3-28. /AN is larger than
/A\Nj; by more than an order, indicating that the bulk traps in HfO,, rather than interface state
density generation, is responsible for the transistor degradation.

After a gate overdrive stress of -2V for-1000 seconds at either room temperature or
125°C, the resultant I3, G-V, are shown-in-Figs. 3-29 (a) and (b), respectively. We can see
that 14 depicts only a parallel shift after-1000 seconds stress, and G, peak shows less than 5%
degradation at room temperature. Similar trend is observed for the high temperature case.
Subthreshold swing changes only slightly after stressing. As shown in Fig. 3-30, the generated
interface state densities are degraded by the temperature stress as expected. According to the
theory of NBTI, the threshold voltage shift (|AVu|) should keep increasing because of the
increasing oxide traps. Unfortunately, it does not follow the predicted trend in our samples, as
shown in Fig. 3-31. There are two possibilities: one is the increased electron trapping that
compensates the hole trapping, and the other is the occurrence of recombination of the hole
trapping. Fig. 3-32 clarifies the culprit of threshold voltage shift, whether it stems from the
oxide traps or the interface states. At low temperature, /\Niy is about two orders larger than
/A\Ni, indicating that trapping in the HfO, bulk can be a very critical issue. However, I4
degradation curve in Fig. 3-33 reveals that the recombination of hole trapping is the root
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cause of Fig. 3-31, as Igdegradation should be worsen if the amount of total traps increases.
The recombination occurrence can be explained by the rapidly increasing electron current as
the temperature rises, while the hole current remains the same, as shown in Fig. 3-34.

By changing the stress voltage to V,=-2.5V, a parallel shift is still obtained, as shown in
Fig. 3-35 (a), and the subthreshold swing shows a slight increase after stress at 125°C. It is
shown in Fig. 3-37 that trapping effect in high-k bulk is still an order larger than A\Nj,
indicating that reaction-reaction model may not be suitable for HfO,/SiON gate stacks, due to
the preponderant bulk traps, compared to interface traps. As shown in Fig. 4-36, the index of
power-law increases from 0.06 at low temperature to 0.15 at 125°C. This may be due to the
fact that larger stress voltage causes the valence band of the Si substrate to shift closer to the
hole trap, which is located at ®,=1.17¢V, as already mentioned in Chapter two, so holes
become easier to jump and get trapped.

Fig. 3-38 and Fig. 3-39 compare the control sample and the sample with N,O plasma
treatment under Vg,=-2.5V 125°C. The timprovement-can be achieved after post-N,O plasma
treatment, especially at high temperature.

In conclusion, /AN;; follows the reaction-diffusion model with a power-law index of 0.25,
because our IL is still SION. In addition, bulk traps always dominate the degradation of
HfO,/SiON, which means that trapping effect is larger than hydrogen species effect. Fig. 3-40
shows that under dynamic stress, the recovery of /AN is observed, and shows no dependence
on the relaxation voltage. Fig. 3-41 shows that the trapping charges can be de-trapped by the

relaxation voltage.

3.3 Summaries

Several kinds of reliability testing have been performed, such as dynamic stress,

investigation of bulk or IL breakdown, and NBTTI. It is found that post-N,O plasma treatment
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may not be beneficial because of the resulting higher electrons trapping under AC stress, even
though it exhibits several advantages as discussed in Chapter two. Bias temperature instability
shows that leakage current could affect the threshold voltage shift behavior. Our data also
confirm that two different mechanisms exist in HfO,/SiON gate stacks, i.e., trapping and the

NBTI. And the effect of trapping is larger than the reaction-diffusion effect.
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Chapter 4
Conclusion

4.1 Conclusion

In the thesis, we performed the post-deposition N,O plasma nitridation to enrich the
HfO; film quality. Several important phenomena were observed and summarized as follows.

First of all, Improvements in the electrical characteristics of the p'-poly gate pMOSFETs
with HfO,/SiON gate stacks using post-deposition N,O plasma treatment have been
demonstrated in this work. We have found that improvements include many aspects, such as
reduced leakage current, better subthreshold swing, enhanced normalized transconductance,
and higher driving current. These weretascribed:to the lower interface states and bulk traps as
confirmed by various types of charge pumping measurements.

In the second part of the thesis, we have used carrier separation method to clarify the
breakdown in HfO, or IL. The behavior is different for samples with and without N,O plasma
treatments.

Finally, we have studied the dynamic stress and NBTI. /AVy, is mainly caused by the
trapping in the HfO,, rather than /A\N;. Dynamic stressing enables us to have a more realistic
and precise vision in the estimation of device reliability. And we found that the trapping effect
is responsible for the transistor degradation. Under NBTI, we found that the trapping effect is

larger than the reaction-diffusion model.
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With the marching of technology nedes, gate dielectric has to be shrunk and five

silicon atoms thick of gate dielectric is predicted for 2012.[1]
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Fig. 1-3

Fig. 1-4
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Figure-Chapter 2

« Standard LOCOS

« RCA clean and HF-last dip

- RTA 700°C in N,O ambient ~ 0.7nm SiON
« MOCVD of 3nm HfO,

« w/ and w/o N,O nitridation

- PDA: 600°C 30 sec in N, ambient

« poly-Si gate deposition

- LDD implant and spacer formation

- S/D implant & activation (950 C, 20 sec)
- Passivation and metallization

- Sintering in FG: 400 "C, 30 min

Fig. 2-1 Process flow.
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Fig. 2-2 Gate leakage current of Pjpoly-gated pMOSFETs with HfO,/SiON high-k
gate stacks with (dashed:line) and without (solid line) N,O plasma treatment both

under inversion and accumulation regions:
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Fig. 2-3
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Fig. 2-8 Schematic illustrations for the charge pumping measurement with (a) fixed
amplitude, (b) fixed base sweep, and (c) fixed peak sweep. The arrows indicated

the sweep direction.
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treatment.
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Fig. 2-10 (b) Fixed peak sweep

Fig. 2-10 Charge pumping measurement result of I, and Iyq with (a) fixed base sweep, and (b)
fixed peak sweep as a function of gate pulse frequency for pMOSFETs with
HfO,/SiON high-k gate stacks without N,O plasma treatment. The insets of both (a)

and (b) are linear scale y axis. (i.e., insets in each figure is the linear scale)
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Fig. 2-11 Possible current components in charge pumping measurement for high-k gate
dielectrics. . .
(1) recombination current (iue to interfaéé states.
(2) recombination cunénf of chzﬂréihg“and discharging of bulk traps.
(3) recombination current of inversiOh carriefs due to geometric effect.
(4) gate leakage current éontfiblition.un ‘ |

(5) minority carrier diffu"éio‘n (not shown): [46]
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Fig. 2-12 Interface states density as a function.of V, for HfO,/SiON high-k gate stacks with
and without N,O plasma tréatment .measured by fixed amplitude sweep at

frequency of 1 MHz.

Vgn (V)

Fig. 2-13 N, and Ngq¢ as determined from I, and Iy by fixed base sweep at 5 kHz. Lower
bulk traps were obtained by applying N,O plasma treatment.
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Fig. 2-14 Dependence of threshold voltage shift (/A V) on injected charge densities (Nipj)

under constant gate overdrive iveltage of V-Vipo= -2.2V (open symbol) and
Vg-Vine=-2.6V (solid symbol).
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Fig. 2-15 Dependence of generated interface state densities (/\Nj;) and trapping charges (/\

Niot) on injected charge densities (Niyj) under constant gate overdrive stress voltage
of Vgo=V-Vine=-2.2V (open sympol) and Vg,=Vg-Vin=-2.6V (solid sympol).
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Fig. 2-16 Carrier separation of as-dept.s Hf®,/SiON gate stacks under both inversion and
accumulation regions.
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Fig. 2-17 Carrier separation of post-N,O-treated HfO,/SiON gate stacks under both inversion
and accumulation region.
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inversion accumulation

=N
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Fig. 2-18 Band diagrams of HfO,/SiON gate stacks under inversion and accumulation. Under
accumulation, the high-k mainly acts as a capacitive voltage divider and electrons

enter the HfO, conduction band.
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Fig. 2-19 Carrier separation results versusigate voltage for fresh as-dept. devices at various

temperatures.
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Fig. 2-20 Carrier separation results versus gate voltage for fresh post-N,O-treated devices at
various temperatures.
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Fig. 2-21 Frenkel-Poole plot for the source/drain current in the inversion region. Good fitting

curves can be observed (solid lines) for the as-dept. sample.
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Fig. 2-22 Frenkel-Poole plot for the substrate current in the inversion region. Good fitting

curves can be observed (solid lines) for the as-dept. sample.
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Fig. 2-23 Frenkel-Poole plot for the source/drain current in the inversion region. Good fitting

curves can be observed (solid lines) for the post-N,O-treated sample.
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Fig. 2-24 Frenkel-Poole plot for the substrate current in the inversion region. Good fitting

curves can be observed (solid lines) for the post-N,O-treated sample.
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Fig. 2-25 Energy band dlagram for H /SlON gate stacks, illustrating the conduction

mechanism of FrenkelaPoole eﬂl swn
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Fig. 2-26 Energy band diagram for HfO,/SiON gate stacks, illustrating the conduction

mechanism of Frenkel-Poole emission.
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Fig. 2-27 (b)

Fig. 2-27 HRTEM images for (a) as-dept. sample and (b) post-N,O-treated sample.

54



Figure-chapter 3

10° . :

— [DVG_1
= = REV_IDVG_1
(XXX Y X |DVG_2

g 10-10 | ——== REV_IDVG_2
10-11 —2.(: 1.5 l—l.O —0.|5 0.0 l l l l
-1.00 -095 -090 -0.85 -0.80
V, (V)
g
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Fig. 3-1 (b) [Vg=1V <> Vg=-2V]

Fig. 3-1 Repetitive 1d-Vg traces for HfO,/SiON high-k gate dielectric using measurement
sequence (a) [Vg=0V <> Vg=-2V], (b) [Vg=1V & Vg=-2V]. (w/o post-N,O plasma

treatment).
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Fig. 3-2 Repetitive 1d-Vg traces for HfO,/SiON high-k gate dielectric using measurement
sequence of [1V, -2V], [1V,4222V], ... , to [1V, -2.8V] (W/0o post-N,O plasma
treatment).

56



10° -

E I I I I I I I E
_ IDVG_1 i
- == = REV_IDVG_1]
[ with N0 N\, CIT e o
< 100 =
1011 L= '
-1.20-1.15-1.10-1.05-1.00-0.95-0.90
V, (V)
g
Fig. 3-3 (a) [Vg=0V <> Vg=-2V]
10'9 E T | 1 | I M| I | I E
C e |DV/G_1 N
- w== «== REV _IDVG_17
- with NZO eeceeee |DVG 2 7
N @ = == REV_IDVG_2-
s 1010 | . —
10-11 »|2.0 »1.? -1.0 |-O.5 O.IO 0.5 '
-1.20-1.15-1.10-1.05-1.00-0.95-0.90

Ve (V)
g
Fig. 3-3 (b) [Vg=1V & Vg=-2V]
Fig. 3-3 Repetitive 1d-Vg traces for HfO,/SiON high-k gate dielectric using measurement

sequence (a) [Vg=0V <& Vg=-2V], (b) [Vg=1V < Vg=-2V]. (W/ post-N,O plasma

treatment).
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Fig. 3-4 Repetitive 1d-Vg traces for HfO»/SiON high-k gate dielectric using measurement
sequence of [1V, -2V|,41V, -2.2V], ..z, to [1V, -2.8V]. (W/ post-N,O plasma

treatment).
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Fig. 3-5 Dependence of carrier separation. results of Ig and Iz on substrate bias of
HfO,/SiON high-k gate dielectrics (w/0 post-N,O plasma treatment).
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Fig. 3-6 Dependence of carrier separation results of Isp on substrate bias of HfO,/SiON
high-k gate dielectrics (w/o post-N,O plasma treatment).
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Fig. 3-7 Dependence of carrier separationstesults of Isp, Ig, and Iz on substrate bias of
HfO,/SiON high-k gate dielectrics (w/ post-N,O plasma treatment).
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Fig. 3-8 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).
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Fig. 3-9 (a) I current for Fresh, SILC, and SBD conditions.
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Fig. 3-9 (b) I current for Fresh, SILC, and SBD conditions.
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Fig. 3-9 (c) Isp current for Fresh, SILC, and SBD conditions

Fig. 3-9 Current of (a) Ig, (b) Ig; (¢) Lsp.versus gate voltage for Fresh, SILC, and SBD

conditions (w/o post-NO plasma treatment).
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Fig. 3-10 Illustrations of damage situations under SILC (a), and after SBD (b) (w/o N,O

treatment).

Hole Trap \
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Fig. 3-11 Evolutions of three kinds oficurrent, gate current (Ig), S/D current (Isp), and
substrate current (Ig) under negative.constant voltage stress of -4.2V (w/ post-N,O
plasma treatment).
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Fig. 3-12 (a) I current for Fresh, SILC, and SBD conditions.
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Fig. 3-12 (b) I current for Fresh, SILC, and SBD conditions.
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Fig. 3-12 (¢) Isp current for Fresh, SILC, and SBD conditions.

Fig. 3-12 Current of (a) Ig, (b) Is, (¢) Isp versus gate voltage for Fresh, SILC, and SBD
conditions (w/ post-N,O plasma treatment).
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Fig. 3-13 Tllustrations of damage situations under SILC (a) and after SBD (b) (w/ post-N,O

plasma treatment).
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Fig. 3-14 Setup structure of AC stress with the definition of frequency, on-time, off-time, and

duty cycle.
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Fig. 3-15 Dependence of generated interface state densities versus stress time for various
stress voltage frequencies. V.g==2:2V. for duty cycle of 50% (w/o post N>O plasma

treatment).
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Fig. 3-16 Dependence of threshold voltage shift versus stress time for various stress voltage

frequencies. Vg,=-2.2V for duty cycle of 50% (w/o post N,O plasma treatment).
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Fig. 3-17 Threshold voltage shift at stress time of 1000 seconds versus gate pulse frequency

(w/o post N>O plasma treatment):
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Fig. 3-18 Dependence of /AANj and /\Niyon injected charge densities under dynamic stress
and DC stress (w/o post N,O plasma treatment).
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Fig. 3-19 Dependence of generated interface state densities versus stress time for various

stress voltage duty. Vy,=-2.2V. ((w/o post- N,O plasma treatment).
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Fig. 3-20 Dependence of threshold voltage shift versus stress time for various stress voltage
duty cycles. Vg=-2.2V at 10k Hz (w/o post- N,O plasma treatment).
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Fig. 3-21 (b)
Fig. 3-21 Dependence of threshold voltage shift versus stress time for various stress voltage

duty cycles. Vg=-2.2V at 100 Hz (b), and 10 Hz (a). (w/o post- N>O plasma

treatment).
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Fig. 3-22 Dependence of generated interface state densities versus stress time for various
stress voltage frequencies. Vgg=-2.2V for duty cycle of 50% (w/ post N,O plasma

treatment).
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Fig. 3-23 Dependence of threshold voltage shift versus stress time for various stress voltage
frequencies. Vg,=-2.2V for duty cycle of 50% (w/ post N,O plasma treatment).
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Fig. 3-24 Dependence of threshold voltage shift versus stress time for various stress voltage

duty cycles. Vg=-2.2V at 1k Hz (w/post-N>O plasma treatment).
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Fig. 3-25 14,Gm-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).
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Fig. 3-26 Generated interface state densities as a function of stress time under BTI at various

stress temperatures. Vgo=-1.5Vi(w/opost-N,O plasma treatment).
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Fig. 3-27 Threshold voltage shift as a function of stress time under BTI at various stress

temperatures. Vg,=-1.5V (W/0 post-N,O plasma treatment).
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Fig. 3-28 Dependence of AN; and, /\Ngi,on stress time under Vg= -2V at various

temperatures (w/o post-NoO plasma treatment).
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Fig. 3-29 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).
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Fig. 3-30 Generated interface state densities as a function of stress time under BTI at various

stress temperatures. Vgo==2V (W/0.post-N»O plasma treatment).
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Fig. 3-31 Threshold voltage shift as a function of stress time under BTI at various stress

temperatures. Vg,=-2V (W/0 post-N,O plasma treatment).
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Fig. 3-32 Dependence of AN and_ /\Ngi,on stress time under Vy= -2V at various

temperatures (w/o post-NoO plasma treatment).
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Fig. 3-33 Dependence of 14 degradation on stress time under Vg,= -2V at various temperatures

(w/o post-N,O plasma treatment).
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Fig. 3-34 Gate, source/drain, substrate eurrents for fresh pMOSFETs at various temperatures.

Veo=-2V (W/0 post-N>O.plasma treatment).
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Fig. 3-35 (a) room temperature
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Fig. 4-35 (b) 125°C.

Fig. 3-35 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).
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Fig. 3-36 Threshold voltage shift as_a«function of stress time under BTI at various stress

temperatures. Vg,=-2.5V(W/0 post-N,O plasma treatment).
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Fig. 3-37 Dependence of AN; and /ANy on stress time under Vg= -2V at various

temperatures (w/o post-N>O plasma treatment).
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Fig. 3-38 Interface trap shift as a funections of stress time under BTS at different stress

temperatures. Vgy=-2.5V.
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Fig. 3-39 Threshold voltage shift as a function of stress time under BTS at different stress
temperatures. Vgy,=-2.5V.
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Fig. 3-40 Dependence of generated interface state densities on stress time for several relax

voltages.
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Fig. 3-41 Dependence of threshold voltage shift on stress time for several relax voltages.
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