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Abstract

In this dissertation, we concentrate our effect on applying plasma nitridation treatment in
order to improve the electrical characteristics, the reliabilities and the thermal stability of
Hf-based dielectric layers. Then we have tried to applied ICP fluorination process to enhance
the improvement effect of the plasma treatment. The electrical characteristics and the
reliabilities of HfO, thinfilms and HfAIO, thin films could be modified in adequate process

conditions.

First, we are focus on the effect of ICP plasma nitridation process to the HfO, thin films.
The incorporation of nitrogen into gate dielectrics by nitridation has been investigated with
the aim of preventing dopant penetration, improving the thermal stability and enlarging the
dielectric constant of Hf-based dielectrics. We use the plasma nitridation process to
incorporate nitrogen into HfO, thin films. The experimental result indicates that the electrical
characteristic, the reliability and the thermal stability of HfO, thin films could be improved by
the plasma nitridation process. The post-nitridation annealing is integrated into the

experimental steps for decreasing the plasma damage caused by the plasma treatment.



Secondly, since the thermal stability of the HfO, dielectric layers is quite low, so the
thermal process, such as Source/Drain activation, would cause the high leakage current and
lateral nonuniformity associated with grain boundaries after the deposition of HfO, thin films.
In order to increase the crystallization temperature, Al could be added to HfO, to form Hf
aluminates. We use similar plasma nitridation process to HFAIOy dielectric layers in order to
incorporate nitrogen. The electrical characteristic, the reliability and the thermal stability of

HfAIO, thin films could be improved by the plasma nitridation process.

Finally, the incorporation of fluorine into the HfO; gate dielectrics could improve the
MOS structure characteristics including threshold voltage instability, gate leakage current,
breakdown voltage and C-V hysteresis. The post-depaosition plasma fluorination has been used
to incorporate fluorine into the HfO, gate dielectrics. In our research, we combine the ICP
nitridation process and the ICP fluorination process. to enhance the electrical characteristics

and the reliability of HfO, thin filmsand HfAIO, thin films.
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 The Application of High-k Dielectric in Modern IC Process

The continuing downsizing of silicon device has significantly reduced the thickness of
the gate dielectric film. However, dielectric layer scaling companies the excessive off-state
leakage current that would cause intolerable power consumption and overheat of the devices.
To solve the issue about leakage current, a major resolution is to replace the silicon dioxide
with a thicker dielectric layer that has a higher dielectric constant and maintains relatively low
equivalent oxide thickness (EOT) [1.1]. Fig. 1.1 is the partial table from ITRS 2009, which
indicates the predicted standard for high performance (HP) device technical requirements.
According to this table, EOT of 0.75 nm is essential for 22 nm HP device technical CMOS
technology. Fig. 1.2 and Fig 1.3 are-also partial tables from ITRS 2009, which indicate the
predicted standard for low operating power (LOP) device technical requirements and low
standby power (LSTP) device technical requirements, respectively. In the LOP and LSTP
device standard of 2012, even with integration of metal gate process, the EOT of dielectric
layers would at least shrink to 1.0 nm. The above fact indicates the necessary to apply high-k

dielectrics in CMOS process flow.

1.1.2 The Hf-based High-k Dielectric

To solve the challenge about the excessive leakage current, many kinds of high-k



dielectrics have emerged as the promising candidates to replace the ultrathin silicon dioxide
dielectrics for the advanced CMOS technologies [1.2-1.5]. Among these dielectrics, HfO, is
considered as a suitable gate dielectric material because of the acceptable band gap (~ 5.7 eV),
the large dielectric constant (~ 25) and relatively high free energy of reaction with Si (47.6

kcal/mole at 727 °C) [1.6].

1.1.3 The Problems about Integration of High-k Dielectric

However, there are still several challenges which have to be considered in order to
integrate these high-k dielectrics into-a conventional CMOS process flow such as the interface
SiO, regrowth and the thermal stability of these dieleetrics [1.7]. The crystallization
temperature of HfOz s quite low;-so the thermal process, such-as Source/Drain activation,
would cause the high leakage current and lateral nonuniformity associated with grain
boundaries after the deposition of HfO, thin films. The incorporation of Al in Hf-based
dielectrics has been proven as an effective solution to the issue of thermal stability [1.8]. Fig.
1-4 shows that crystallization of pure HfO, dielectric would happen between 300 °C to 400 °C.
Fig. 1-5 presents that with incorporation of Al in HfO, thin films, the EOT change of
Hf-based dielectrics through thermal processes could be suppressed. The above experimental
results prove the thermal stability of HfO; thin films could be improved by inducing Al in to

thin films.

1.1.4 The Nitrogen Incorporation into Hf-based Thin Films

In high-k dielectrics, there is a high density of charge traps that could cause instability of

the threshold voltage, Coulomb scattering of carriers in the channel and reliability problems.

The main part of the charge traps is thought to be from oxygen vacancy in the hafnium-based



dielectric [1.9]. Nitrogen incorporation is the widely accepted technique to passivate those
defects [1.10-1.11]. In the meantime, nitridation was also beneficial because nitridation
decreased hot electron degradation, perhaps because nitrogen lessens the diffusion of
hydrogen in the oxide [1.12]. The incorporation of nitrogen into gate dielectrics by nitridation
also has been investigated with the aim of preventing dopant penetration [1.13-1.14]. Recently,
the various nitridation processes have been shown to improve the thermal stability and the
dielectric constant of Hf-based dielectrics [1.15-1.20]. Besides, the nitridation process also

has been shown to improve the thermal stability of Hafnium-silicate thin films [1.21].

1.1.5 The Different Ways of Incorporating Nitrogen.into Hf-based Thin Films

Thermal nitridation is usually-performed-at high'temperature and hydrogen-containing
species that act as electron traps could be added into the thin film. On the other hand, nitrogen
could be incorporated into the ‘dielectric layer by plasma nitridation process at lower
temperature than by thermal nitridation process [1.22-1.23]. The source of plasma is various,
in this dissertation, the inductively-coupled plasma (ICP) technology is used to incorporate
nitrogen into Hf-based thin films. From Fig. 1-6, comparing to traditional plasma enhanced
chemical vapor deposition (PECVD) system, the radical is firstly produced by ICP system
then transport to surface of sample. So the radical density upon surface of sample in ICP
system is higher than in traditional PECVD system. We could predict the effect of ICP plasma
would be more apparent. The high density plasma effect is why we apply ICP technology in

this dissertation.

1.1.6 The Fluorine Incorporation into Hf-based Thin Films

On the other hand, the incorporation of fluorine into the HfO, gate dielectrics could



improve the MOS structure characteristics including threshold voltage instability, gate leakage
current, breakdown voltage and C-V hysteresis [1.10]. After the incorporation of fluorine,
fluorine could effectively passivate charge trapping sites at HfO,/SiO, interface. Strong
hafnium-fluorine and silicon-fluorine bonds could be formed by fluorination [1.24-1.27].
Fluorine was found to substitute at the oxygen vacancy site and substitutional fluorine creates
a shallow donor state [1.28-1.29]. As a result, the oxygen vacancy site could be passivated and

the charged traps in high-k dielectric could be in stable state.

1.1.7 Motivation

In this research, firstly, we have tried to examine the plasma nitridation effect to the
electrical properties;.the reliabilities and the thermal stability of pure HfO, thin films.
Secondly, we tried to apply the same plasma nitridation technology to HfAIOy thin films to
see if the electrical properties, the reliabilities and the thermal stabilities of HfA1Oy thin films
could be modified by:this plasma technology. Furthermore, we have tried to apply the plasma

fluorination process to improve the characteristic of the nitrided HfO, and HfAIOy thin films.

1.2 Dissertation Organization

In this dissertation, we concentrated our effort to examine the effect of the plasma
nitridation process and the plasma fluorination process to the electrical characteristics, the

reliability and the thermal stability of pure HfO, and HfA1Oy thin films.

In the chapter 1 of this dissertation, we describe the background and the motivation of
our research. In the chapter 2, we apply the inductance-coupled plasma (ICP) nitridation

technology to pure HfO, thin films in order to improve the electrical characteristics, the



reliabilities and the thermal stability of pure HfO, thin films. In the chapter 3, we examine the
similar ICP nitridation process to HfAIOy thin films to observe the process effect to the
electrical characteristics, the reliabilities and the thermal stability of HfAlOx thin films.
Furthermore, in the chapter 4, we use the ICP fluorination process to improve the electrical
characteristic and the reliabilities of the plasma-nitrided HfO, thin films. In the chapter 5, we
use the similar plasma fluorination process to improve the electrical characteristic and the

reliabilities of the plasma-nitrided HfA1Oy thin films.

Finally, in the chapter 6, a conclusion is given, and the future work about this dissertation

is proposed.
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Figure 1.1 The partial table from ITRS 2009, which indicates the predicted standard for high

performance (HP) device technical requirements.

Ref: [1]. International Technology Roadmap for Semiconductors, presented at public.itrs.net

(2009).
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Figure 1.2 The partial table from ITRS 2009, which indicates the predicted standard for low

operating power (LOP) device technical requirements.

Ref: [1]. International Technology Roadmap for Semiconductors, presented at public.itrs.net

(2009).
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Figure 1.3 The partial table from ITRS 2009, which indicates the predicted standard for low

standby power (LSTP) device technical requirements.

Ref: [1]. International Technology Roadmap for Semiconductors, presented at public.itrs.net

(2009).
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Figure 1.4 The XRD spectrum of HfO, dielectric after various PDA temperatures.

Ref: [8]. W. J. Zhu, T. Tamagawa, M. Gibson, T. Furukawa, and T. P. Ma, “Effect of Al
inclusion in HfO, on the physical and electrical properties of the dielectrics”, IEEE Electron
Dev. Lett. 23, p. 649 (2002).
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Figure 1.5 The EOT value of HfO, dielectric after various PDA temperatures.
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inclusion in HfO, on the physical and electrical properties of the dielectrics”, IEEE Electron
Dev. Lett. 23, p. 649 (2002).
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Figure 1.6 The plasmasource of the-plasma enhanced chemical vapor deposition (PECVD)

system and inductively-coupled plasma (ICP) system:
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Chapter 2
The Improvement Effect of the Plasma Nitridation Process
to the Electrical Properties, the Reliability and the
Thermal Stability of HfO, thin films

2.1 Introduction

The rapid advancement of cemplementary metal oxide semiconductor (CMOS) field
effect transistor process during the past few years has forced the microelectronics industry to
face serious technological challenges. According to the predictions of the International
Technology Roadmap for Semiconductor; the ‘equivalent oxide thickness (EOT) and gate
leakage currents of conventional gate dielectrics will reach their physical limits [1]. To solve
the challenge about the excessive leakage current, many kinds of high-k dielectrics have
emerged as the promising candidates to replace the ultrathin silicon oxynitride dielectrics for
the advanced CMOS technologies [2-5]. The pure HfO, is considered as a suitable gate
dielectric material because of the acceptable band gap, which is wide enough to avoid the gate
leakage forming the unacceptable power consumption, and the large dielectric constant, which
is big enough to increase the physical thickness of the gate dielectric and maintain the
relatively low EOT. However, there are several issues which have to be considered in order to
integrate these Hf-based dielectrics into a conventional CMOS process flow such as the
reliability and the thermal instability of these dielectrics [7, 30-31]. The incorporation of
nitrogen into gate dielectrics by nitridation has been investigated with the aim of preventing
dopant penetration [13-14]. Recently, the various nitridation processes have been shown to

improve the thermal stability and the dielectric constant of Hf-based dielectrics [15-18, 21].
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However, thermal nitridation is wusually performed at high temperature and
hydrogen-containing species that act as electron traps could be introduced into the thin film
by thermal nitridation process. On the other hand, nitrogen could be incorporated by plasma
nitridation process into the dielectric layer at lower temperature than by thermal nitridation
process [22, 32]. The objective of this report is to examine the effect of different ICP plasma
nitridation process to the electrical characteristics, the reliability and the thermal stability of
HfO, thin films [33]. According to this study, the plasma nitridation process could be an
effective technology to improve the electrical characteristics, the reliability and the thermal

stability of pure HfO, thin films.

2.2 Experimental

In this research, Al/Ti/HfO,/S1 structures were fabricated to investigate the effect of the
plasma nitridation to HfO, dielectrics.”A _Si wafer with standard initial RCA cleaning was
placed into the chamber and a 6-nm HfO, layer was deposited on the wafer by the MOCVD
system. Then the samples were annealed at 600 ‘C for 30 sec in pure N, gas by rapid
temperature annealing (RTA) process and nitrided by an ICP plasma treatment at the substrate
temperature of 300 “C, the process pressure of the plasma nitridation process was set as 1.33
x 10 bar. Ar gas was added into the ICP chamber for activating the plasma while the
nitridation process was performed. The flow rate of Ar was set as 10 sccm and the flow rate of
the gas containing nitrogen, which is N,, NH; or N,O, was set as 100 sccm. In an ICP system,
a rf current in the coils generates a changing magnetic field, then the magnetic field induces a
changing electric field through inductive coupling. Therefore, the inductively coupled electric
field accelerates electrons. The electronic mean free path might be shorter than the distance
between the anode and the cathode, so there are enough ionizing collisions to produce high

density plasma [34]. After the plasma nitridation, there was an annealing process whose
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condition was at 600 ‘C for 30 sec in pure N, to eliminate the plasma damage [35-36]. A Ti
film of 40 nm was deposited on the top side of the samples by sputtering. Then an Al film of
500 nm was thermally evaporated on the top side of the samples. The top electrodes were
defined by a lithography process. Finally, the backside native oxide was stripped with diluted
HF solution and the backside aluminum electrodes were evaporated by a thermal evaporation.
The top area of the Al/Ti/HfO,/Si MOS capacitors is 5000 um®. The capacitance-voltage
(C-V) and the current density-voltage (J-V) characteristics of the MOS structures were
measured by semiconductor parameter analyzer (HP4156C) and C-V measurement (HP4284)
in order to evaluate the improvement effect ,of the plasma nitridation process and the best
process condition. The experimental condition of the stress induced leakage current (SILC)
measurement that was carried out in this study was set as constant voltage of 3 V for 180 sec.
The stress condition:ef constant-voltage stress:(CVS) measurement carried out in this study
was set as constant voltage of 3 V to observe the change of the gate leakage current while the

stress was applied.

2.3 Results and Discussion

In the beginning of this work, different process time was tested to decide the most suitable
process condition for various plasma nitridation processes. After the process time had been
determined, the improvement effect of the plasma nitridation process to the reliability of pure

HfO, thin films would be examined.

2.3.1 The Most Suitable Process Time

Figure 2.1 shows the C-V characteristics of the HfO, gate dielectrics treated in ICP N,

plasma for different process times. The frequency used in the high frequency C-V
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measurement was set as 50 kHz. The capacitors treated for 90 sec perform the maximum
capacitance density among these samples with different process times. The EOT of HfO, thin
films decrease from 3.6 nm to 2.3 nm after N, plasma nitridation. In addition, the capacitors
treated for 30 sec and 60 sec also present the larger values than the capacitors without whole
plasma nitridation process. The factor of improvement might be from that the PDA process
[37-39] and the nitrogen incorporation in the HfO, dielectrics, which could enhance the
electronic polarization as well as the ionic polarization, so the dielectric constant of the HfO,
thin films increases just as Hf-silicate thin films [20, 40] and SiO, thin films [41]. Besides, the
capacitance density of the samples treated for. 120 sec is degraded. The reason could be the

damage caused by the N, plasma.

The J-V characteristics of the-HfO, capacitors treated by ICP N, plasma with different
process times from 0"V to -2 V are described in Fig. 2.2. The gate leakage current density is
suppressed while the treatment condition was 60 sec. The reduction of the leakage current
could be attributed to:the post-deposition annealing process [37-38]. The gate leakage current
density of the samples not treated in ICP N, plasma at Vg of =1V is about 3.74 x 10* A/em®
and the gate leakage current density of the capacitors treated in ICP N, plasma for 60 sec at
Vg of -1 Visabout 2.22 x 107 A/cm’. Moreover, the leakage current densities of the samples
treated in N, plasma for shorter or longer time are larger than the one treated for 60 sec. The
effect of the nitridation process with shorter process time might be not enough. On the other
hand, while the nitridation process time is longer than 60 sec, the plasma damage from the
plasma nitridation could cause the increase of the gate leakage density. In summary, the best
process time of the plasma nitridation in N, plasma is set as 60 sec. This appears that the
samples treated in N, plasma for 60 sec display the most excellent value (the EOT of the

samples is about 2.3 nm).
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In Fig. 2.3 and Fig. 2.4, the C-V and the J-V characteristics of the HfO, gate dielectrics
treated in ICP NH; plasma for different process times are presented. As mentioned before, the
reason of the improvement effect in the NH; plasma nitridation process could be the same as
the one in the N, plasma nitridation process [20, 37]. From the similar analysis, the best
process time of the plasma nitridation in NH3 plasma is set as 90 sec. The EOT of HfO, thin
films decrease from 3.6 nm to 2.3 nm after NH; plasma nitridation. The gate leakage current
density of the capacitors treated in ICP NH3 plasma for 90 sec at V, of -1 V is about 1.62 x
10” A/em’. This indicates that the samples treated in NH; plasma for 90 sec displays the most

excellent value (the EOT of the samples is about 2.3 nm).

In Fig. 2.5 and Fig. 2.6, the C-V and the J-V characteristics of the HfO, gate dielectrics
treated in ICP N,O plasma for different process times are demonstrated. There could be other
reasons for the improvement effect of the N>O plasma nitridation process. Since a high
concentration of oxygen vacancies causes electrons to be generated and a large leakage
current to flow, treatment with plasma that contains oxygen could yield active oxygen atoms
and reduce oxygen vacancies to.improve the quality of dielectric films [34]. The EOT of HfO,
thin films decrease from 3.6 nm to 2.7 nm after N>O plasma nitridation. The gate leakage
current density of the samples treated in ICP N,O plasma for 60 sec at V, of -1 V is about
2.37 x 10° A/em” and the gate leakage current density of the capacitors treated in ICP N,O
plasma for 90 sec at V, of -1 V is about 2.22 x 10 A/em’. So when the process time is set as
90 sec, the reduction of the gate leakage density of the nitrided sample would be more
obvious. The decrease in the leakage current from nitridation process might be believed to be
caused by electron trapping [42-43]. As mentioned above, the best process time of the plasma
nitridation in N,O plasma is set as 90 sec. The samples treated in N,O plasma for 90 sec

perform that the EOT of the samples is about 2.7 nm. The reason that the EOT of the sample
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treated by N,O plasma was bigger than the ones treated by N, or NH3 plasma could be the

excess oxygen in N,O plasma to make the HfO, thin films become thicker.

2.3.2 Reliability

Figure 2.7 shows the hysteresis characteristics of the HfO, gate dielectrics treated in
different ICP plasma. Hysteresis measurement was started from positive to negative bias
(negative sweeping, 1 to —2 V), and then swept back from negative to positive bias (positive
sweeping, —2 to 1 V) at a frequency of 50 kHz. The hysteresis phenomenon of the C-V curves
can be observed for all samples, which is caused by the existence of negative charges trapped
in the dielectric defect states when the capacitors are stressed [44]. These defect states are
called slow trapping:sites [45]. The-hysteresis characteristic could be improved by various
ICP plasma nitridation process as presented in Fig. 2.7. The C-V curve shift of the sample
nitrided by N,O plasma is about 6 mV and the voltage shift in the C-V curve of the sample
nitrided by N, plasma is about 9 mV. That 1s, the hysteresis phenomenon of pure HfO,
dielectrics could be restrained to be less than 10 mV_ by both N, and N,O nitridation

processes.

Figure 2.8 displays the SILC curve of p-type HfO, gate dielectrics treated with N, plasma
process. After the samples stressed by constant voltage of 3 V for 180 sec, the degree of
leakage current degradation could reflect the reliability of the samples. First, Fig. 2.8 presents
that the degradation could be improved by N, plasma nitridation process. The increase of gate
leakage current at -1 V of HfO, thim film changes from 159.06 % to 79.19 % after N, plasma
nitridation. Secondly, since HfO, dielectric would recrystallize when suffering a high

temperature process, the leakage current would increase after the extra high temperature RTA
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process (800 C for 30 sec in Ny). Even so, the degradation of the gate leakage would be

slighter with N, plasma nitridation process.

As shown in Fig. 2.9, the SILC characteristics of p-type HfO, gate dielectrics nitrided by
NH; plasma process present that the shift of leakage current because of the constant voltage
stress could also be restrained by NH3 plasma nitridation. The increase of gate leakage current
at -1 V of HfO, thim film changes from 159.06 % to 50.00 % after NH; plasma nitridation.
Furthermore, even when nitride sample suffered an additional high temperature RTA process

(800 C for 30 sec in Ny), the increase of the gate leakage current would be still suppressed.

Figure 2.10 describes the SILC curves of p-type HfO; gate dielectrics treated with N,O
plasma process. As Fig. 2.10 presents, theshift of leakage current.due to the constant voltage
stress could also be restrained by N,O plasma nitridation. The increase of gate leakage current
at -1 V of HfO, thim film changes from 159.06 % to 87.80 % after N,O plasma nitridation.
But the improvement effect of the N2O plasma nitridation process to the SILC phenomenon of

the HfO; thin films seems unapparent in comparison with other plasma nitridation process.

Figure 2.11 demonstrates the gate current shift of p-type HfO, gate dielectrics treated with
N, plasma for different annealing process during CVS of 3 V. Figure 2.11 indicates that the
gate current shift of the thin film treated with N, plasma for 60 sec is smaller than the one
without nitridation. After N, plasma nitridation 60 sec, the gate leakage shift shrinks as
3.76 %. Besides, the sample with N, plasma treatment for 60 sec that suffered an additional
thermal process of 800 °C also has smaller current shift. In other word, for substrate injection,

the gate current shift could be suppressed by N, plasma nitridation.
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The CVS characteristics of samples nitride by miscellaneous kinds of ICP plasma are
described in Fig. 2.12. All the gate current shifts of the samples with nitridation could be
decreased. The gate leakage shift shrinks as 11.64 % after 90 sec NH; plasma nitridation and
the gate leakage shift shrinks as 14.36 % after 60 sec NH; plasma nitridation. Among all
nitrided process, the ICP N, plasma nitridation process presents the best result. In summary,
the improvement effect of the ICP N, plasma nitridation would be most obvious to the

reliability of HfO, thin films.

2.3.3 Thermal Stability

The nitrogen was incorporated into the dielectric could maintain an amorphous
homogeneous film without phase-separation at high temperature [21]. The nitridation effect to
the thinner HfO, thin films (the EOT of the samples was about 1.5 nm) was also corroborated

in other experimental result.

In Figure 2.13 and Figure 2.14, the C-V and the J-V c¢haracteristics of the HfO, gate
dielectrics treated by different plasma nitridation processes and thermal treatments have been
shown. As demonstrated in Figure 2.14, for the samples which were just deposited in the
ALD system and not nitrided, the C-V characteristic of the samples without the high
temperature annealing (in N, at 850 ‘C for 30 sec) was very different from the samples with
the annealing. So from the electrical characteristic, the original samples could not sustain the
high temperature annealing. In the meantime, for the samples which were nitrided in N,
plasma for 90 sec, the C-V characteristic of the samples without the high temperature
annealing was very similar to the samples with the annealing. So it seemed to prove that the
nitridation process could improve the thermal stability of the HfO, thin films. If the

nitridation time had not been enough, the thermal stability of the high-k thin films would be
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not enough either. Just like the samples treated in N, plasma for 30 sec could not sustain the
high temperature annealing. In Figure 2.14, we observed that the J-V curve of the sample with
nitridation which suffered high temperature annealing could maintain a lower value than the
one without nitridation. The above electrical characteristics could also confirm the improved
effect of the plasma nitridation to the thermally stability of the HfO, thin films.

2.3.4 Physical Analysis

Fig. 2.15 is XPS analysis of the Hf 4f electronic spectra of the samples treated in ICP N,
plasma for 60 sec. For the nitrided HfO, thin films, the Hf 4f peaks of the XPS spectra would
shift to lower binding energy because the binding-energy of Hf-N bonds is lower than Hf-O
bonds [60]. So it indicates that the presence of HfO-N bonds in HfO, thin films after ICP N,

plasma nitridation.

2.4 Summary

According to above research, after the best process time was decided from the C-V and
J-V characteristics, the improvement effect of the ICP plasma process to the reliability of pure
HfO, thin films was verified from the hysteresis, SILC and CVS characteristics. For different
ICP plasma nitridation process, the influence would be diverse. In conclusion, the ICP N,
plasma nitridation process could achieve the best performance to the reliability of HfO, thin
films. The EOT of HfO, changes from 3.6 nm to 2.3 nm and the gate leakage current density
changes from 3.74 x 10* A/em? to 222 x 10° A/em® after N, plasma nitridation.
Furthermore, the plasma nitridation could be also used to improve the thermal stability of the

HfO, thin films to bear the high temperature process at 850 “C for at least 30 sec.
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Chapter 3
The Improvement Effect of the Plasma Nitridation Process
to the Electrical Properties, the Reliability and the
Thermal Stability of HFAIO, thin films

3.1 Introduction

Gate dielectric scaling of complementary metal-oxide-semiconductor (CMOS) structure
accomplishes increase in_speed and pack density for.meodern integrated circuits. However,
dielectric layer scaling companies-the excessive off-state leakage current that could cause
intolerable power consumption and-overheat of the devices. To solve the issue about leakage
current, a major resolution is to replace the silicon dioxide with athicker dielectric layer that
has a higher dielectric constant and maintains relatively low equivalent oxide thickness (EOT)
[1]. There are many kinds of high-k dielectrics have been considered to substitute as the gate
dielectrics for the advanced €MOS technologies [2<4]. Among these dielectrics, HfO, is
considered as a suitable gate dielectric material because of the acceptable band gap (~ 5.7 eV),
the large dielectric constant (~ 25) and relatively high free energy of reaction with Si (47.6
kcal/mole at 727 °C) [2-4, 6]. However, there are still some issues which have to be solved in
order to integrate these Hf-based dielectrics into an industrial CMOS process flow like the
thermal instability and the reliability of these dielectrics [7, 30]. The -crystallization
temperature of pure HfO; is quite low, so the thermal process, such as Source/Drain activation,
would cause the high leakage current after the deposition of HfO, thin films. In order to

increase the crystallization temperature, Al could be added to HfO, to form Hf aluminates [8].
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Recently, several studies have used nitrogen incorporation in high-k gate stacks to
improve thermal stability and increase dielectric constant [16, 38, 46]. However, thermal
nitridation is usually performed at high temperature and hydrogen-containing species that act
as electron traps could be added into the thin film. On the other hand, nitrogen could be
incorporated into the dielectric layer by plasma nitridation process at lower temperature than
by thermal nitridation process [22]. The objective of this study is to discuss the effect of
different ICP plasma nitridation processes to the electrical properties, the reliability and the

thermal stability of HfAIOy thin films.

3.2 Experimental

After a standard initial RCA-cleaning; a 6=-nm HfAIO, layer was deposited on the p-type
wafers by the MOCVD system. The samples were then annealed at 800 °C for 60 sec in pure
N, gas by rapid temperature annealing (RTA) process and nitrided by an ICP process at the
substrate temperature:0f 300 “C. The process pressure of the plasma nitridation process was
set as 1.33 x 10™ bar. ‘Ar was added into the chamber to activating the plasma containing
nitrogen while the nitridation process was carried-out. The flow rate of Ar was set as 10 sccm
and the flow rate of the gas containing nitrogen, which is N,, NH3 or N,O, was set as 100
sccm. After the plasma nitridation, there was an annealing process whose condition was at
600 ‘C for 60 sec in pure N, to eliminate the plasma damage caused by nitridation process
[35]. A 40-nm Ti film was deposited by dual e-gun evaporation and an Al film of 400 nm was
thermally evaporated. The top electrodes were defined by a lithography process. Finally, the
backside native oxide was stripped with diluted HF solution and the backside aluminum
electrodes were evaporated by a thermal evaporation. The gate area of the Al/Ti/HfA1O4/Si
MOS capacitors is 5000 um®. The capacitance-voltage (C-V) and the current density-voltage

(J-V) characteristics of the MOS structures were measured by using a C-V measurement (HP
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4284) and an Agilent 4156C semiconductor parameter analyzer. The experimental condition
of the SILC measurement that was carried out in this study was set as constant voltage of -3 V

for 180 sec. The stress condition of CVS measurement implemented in this study was set as

-3 V.

3.3 Results and Discussion

In the beginning of this study, different process times were tested to determinate the
most suitable process condition to the C-V and the J-V characteristics of the samples for
various plasma nitridation processes. After the process time had been decided, we would

examine the effect of the plasma nitridation process to the reliability of HfA1Oy thin films.

3.3.1 The Most Suitable Process Time

Figure 3.1 presents the C-V characteristics-of the-HfAlOx gate dielectrics nitrided in ICP
N, plasma for different process times. The frequency used in the high frequency C-V
measurement was set as 50 kHz. The capacitors treated for 10 and 30 sec perform the larger
capacitance density among these samples. The factor of improvement might be from that the
nitrogen incorporation in the HfAIOy dielectrics. First, the incorporated nitrogen could
enhance the electronic polarization as well as the ionic polarization, so the dielectric constant
of the HfA1Ox thin films increases just as Hf-silicate thin films and SiO, thin films [40-41].
Secondly, the growth of the interfacial layer between HfA1Oy thin film and silicon could be
suppressed by incorporated nitrogen [47]. A properly nitrided Hf-based dielectric could act as
an oxygen diffusion barrier, perhaps by filling grain boundaries or vacancies [20]. Besides,
the capacitance density of the samples treated for 60 sec and 90 sec is degraded because of the

damage caused by the N, plasma.
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The J-V characteristics of the HfA1Oy capacitors nitrided by ICP N, plasma with different
process times from 0 V to -2 V are shown in Fig. 3.2. The gate leakage current density is
restrained apparently while the treatment condition was 30 sec. The reduction of the leakage
current could be attributed to that the defects in Hf-based dielectric could be passivated in
nitridation process and the post deposition annealing (PDA) [37-38]. The gate leakage current
density of the samples not treated in ICP N, plasma at V, of -1 V is about 2.5 x 10* A/em?
and the gate leakage current density of the capacitors treated in ICP N, plasma for 30 sec at
V, of -1 V is about 1.36 X 10 A/cm’. Moreover, the leakage current densities of the samples
treated in N, plasma for shorter or longer time are-larger than the one treated for 30 sec. The
improvement effect of the nitridation process with shorter process time might be not enough.
On the other hand, while the nitridation process time is longer than:30 sec, the plasma damage
from the plasma nitridation could be obvious. In summary, the best process time of the
plasma nitridation for ICP N, process is set-as 30 sec. The samples treated in N, plasma for 30

sec display the best value (the EOT of the sampless about 2.6 nm).

For ICP NHj3 and ICP N,O nitridation process, the best process time of the plasma

nitridation could be set as 30 sec from similar analysis process.

In Fig. 3.3 and Fig. 3.4, the C-V and the J-V characteristics of the HfAIOy gate dielectrics
treated by three kinds of ICP plasma are demonstrated. The EOT of HfAlOx thin films
changes from 3.7 nm to 2.9 nm after NH; plasma nitridation and changes from 3.7 nm to 2.6
nm after N,O plasma nitridation. For the N,O plasma nitridation process, a high concentration
of oxygen vacancies would cause electrons to be generated and a large leakage current to flow,
so treatment with plasma that contains oxygen could reduce oxygen vacancies to improve the

quality of dielectric films [34]. As mentioned above, the gate leakage current density of the
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samples treated in ICP N,O plasma for 30 sec would be the smallest among all samples. It is
about 4.40 x 10° A/em’ at V, of -1 V. Besides, the gate leakage current density of HfAIO,
thin films changes from 2.50 x 10™* A/ecm® to 7.98 x 10° A/cm? at -1 V after NH; plasma
nitridation. In summary, the C-V and the J-V characteristics of the samples with various ICP

nitridation processes are better than the one with simply PDA.

3.3.2 Reliability

Figure 3.5 displays the hysteresis characteristics of the HfAIO gate dielectrics treated in
different kinds of plasma containing nitrogen. Hysteresis measurement was started from
positive to negative bias, and then swept back from negative to positive bias at a frequency of
50 kHz. The hysteresis. phenomenon-of the C-V curves is caused by the existence of negative
charges trapped in the dielectric defect states when the samples are stressed. These defect
states are called slow trapping sites [45]. The reason for the lower hysteresis is the thin film
has lower number of defects, and consequently there 1s less charge trapped. The voltage shift
in the C-V curve of the samples nitrided by N, or N,O plasma is about 6 mV and the voltage
shift in the C-V curve of the sample nitrided by NH3 plasma is about 7 mV. That is, the
hysteresis phenomenon of pure HfA1Oy dielectrics could be restrained to be less than 10 mV

by various nitridation processes.

The SILC curves of p-type HfAIO gate dielectrics treated with N, plasma process are
shown in Fig. 3.6. After the sample was stressed by constant voltage of -3 V for 180 sec, the
degradation of the leakage current could reflect the reliability of the MOS structures. Figure
3.6 performs that the degradation could be suppressed effectively by N, plasma nitridation
process with suitable process time. The increase of gate leakage current at -1 V of HfAIOy

thim film changes from 94.00 % to 60.29 % after N, plasma nitridation. On the other hand,
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when the nitridation process time is too long, the leakage current would increase and the
variation of leakage current caused by the stress voltage would be apparent again due to the

plasma damage.

The SILC curves of p-type HfAlOy gate dielectrics nitrided with NH3 plasma process and
N,O plasma process are displayed in Fig. 3.7 and Fig. 3.8. As shown in Fig. 3.7, the SILC
characteristics of p-type HfAlOy gate dielectrics nitrided by NH3 plasma process present that
the shift of leakage current because of the CVS could also be restrained by NH; plasma
nitridation. But the improvement effect of the NH3 plasma nitridation process to the SILC
phenomenon of the HfAIOy ‘thin films seems unapparent in comparison with other plasma
nitridation process. Figure 3:8 describes the SILC curves of p-type HfAIO4 gate dielectrics
treated with N,O plasma process:-As-Fig. 3.8 demonstrates, the shift of leakage current due to

the CVS could also be restrained obviously by N>O plasma nitridation.

The CVS characteristics of samples nitrided by N> plasma are described in Fig. 3.9. The
stress voltage was set as -3 V. All the gate current shifts0f the samples with nitridation could
be decreased. Among several process. times, the N, plasma nitridation process for 30 sec
performs the best result. After N, plasma nitridation 30 sec, the gate leakage shift shrinks as
7.71 %. This result could correspond to the electrical characteristics that have been discussed

above.

Figure 3.10 demonstrates the gate current shift of p-type HfAIOy capacitors treated with
NH; plasma for different process time. Comparing to other samples, the gate current shift of
the sample treated for 30 sec is the smallest. After NH; plasma nitridation 30 sec, the gate
leakage shift shrinks as 8.86 %. This result is consistent with the above discussion about the

C-V and the J-V characteristics. Figure 3.11 presents the gate current shift of p-type HfAIO
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thin films treated with N,O plasma for different process time. The current shift of the sample
nitrided for 30 sec is the slightest and shrinks as 7.29 %. This result is also consistent with the

C-V and the J-V characteristics.

In summary, the improvement effect of the various ICP nitridation processes to the
reliability of HfAIO thin films has been verified. According the above discussions, although
there is not enormous difference, the improvement effect of the ICP N,O nitridation process
would be the most obvious to both the electrical characteristics and the reliability of HfA1Oy

thin films.

3.3.3 Thermal stability

The nitrogen Wwas incorporated into the dielectric could maintain an amorphous
homogeneous film without phase separation at high temperature [21]. In Figure 3.12 and
Figure 3.13, the C-V.and the J-V characteristics-of the HfAIOy gate dielectrics treated by
different plasma nitridation processes and thermal treatments are shown. As demonstrated in
Figure 3.12, for the samples which were just deposited and not nitrided, the C-V characteristic
of the samples with the high temperature process (in N, gas at 900 ‘C for 30 sec)
degenerated because of the recrystallization of the HfAIOy thin films. So from the electrical
characteristic, the original samples could not sustain the high temperature annealing. In the
meantime, for the samples which went through the PDA, N, plasma nitridation and the
post-nitridation annealing (PNA), the C-V characteristic of the samples without the high
temperature process was very similar to the ones with the process. So it seemed to prove that
the nitridation process could improve the thermal stability of the HfAlOy thin films. In Figure
3.13, we observed that the J-V curve of the sample with nitridation which suffered high

temperature annealing could maintain a lower value than the one without nitridation. Besides,
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while the capacitance density of the samples nitrided by ICP plasma was close to the one of
the samples just went through the PDA process, the gate leakage density of the nitrided
samples was smaller than the one of the samples without nitridation. The above electrical
characteristics could also confirm the improved effect of the plasma nitridation to the

thermally stability of the HfAlOy thin films.

3.4 Summary

Based on above results, the nitridation effect and the plasma damage might need to be
traded off to achieve the optimum result. According to our study, the whole plasma nitridation
process, which includes the post-deposition annealing and the post-nitridation annealing,
could be used to strengthen the HfA1Ox thin films in order to enhance the C-V characteristic
and suppress the gate leakage from the as-deposited samples. After the process time was
decided from the C-V and the J-V_characteristics, the improvement effect of the ICP
nitridation process to-the reliability of HfAIO, thin films was verified from the hysteresis, the
SILC and the CVS characteristics. For different kinds of ICP plasma nitridation processes, the
influence would be diverse. In conclusion, for the €lectrical characteristics and the reliability
of HfAIOy thin films, the ICP N,O process could be a suitable nitridation process. The EOT
of HfAIO, changes from 3.7 nm to 2.6 nm and the gate leakage current density changes from
2.50 x 10 A/em® to 4.40 x 10° A/em? after N, plasma nitridation. Moreover, the plasma
nitridation could be used to improve the thermal stability of the HfAIOy thin films to bear the

high temperature process at 900 ‘C for at least 30 sec.
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Figure 3.1 The C-V characteristics of the HfAIOy thin films treated in N, plasma for different
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Chapter 4
The Improvement Effect of the Plasma Nitridation Process

and the Plasma fluorination Process to HfO, thin films

4.1 Introduction

To solve the problem of the excessive leakage, Hafnium-based dielectrics have emerged
as the promising high-k candidates to_replace the SiION dielectrics for the advanced CMOS
technologies [1, 3-4]. The pure HfO; is considered as a suitable gate dielectric material
because of the acceptable band gap (6 ¢V) and the large dielectric constant (about 25). The
band gap of Hafnium-based diclectrics is not too small to cause the large gate leakage which
forms the large power consumption. In the meantime, the dielectric constant of hafnium-based
dielectrics is large enough to increase the physical thickness of the gate dielectric and
maintain the relatively low effective oxide thickness (EOT). However, there are several
challenges which have to-be considered in order to integrate these high-k dielectrics into a
conventional CMOS process flow such as the-interface SiO, regrowth and the thermal
stability of these dielectrics [7]. The nitridation process has been shown to improve the
thermal stability of hafnium-silicate thin films [21]. On the other hand, there are some recent
studies show that fluorine passivation could be use to improve the reliability of high-k
dielectric MOS field effect transistors [25, 27, 48]. Plasma fluorination could be an effective
method to make incorporation of fluorine into the hafnium-based high-k dielectrics [49-50].

The plasma nitridation effect to pure HfO, thin films has already been examined in the
chapter 2 of this dissertation. In this chapter, we would try to apply plasma fluorination

process to improve the plasma nitridation effect of pure HfO, thin films.
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4.2 Experimental

After initial standard RCA cleaning, the wafers were placed into the chamber and the
HfO, layers were deposited on the wafers by the metal organic chemical vapor deposition
(MOCVD) system. The precursor used to deposit HfO, thin films in MOCVD was 0.05 M
solution of Hf(Tert-butoxy),(MMP), in octane. The substrate temperature of the MOCVD
system is 500 ‘C. The flow rate of pure O,, that is used to react with the precursor to form
HfO,, was 1700 sccm. The process pressure for depositing HfO, thin films was set as 1.5
mbar. Then the samples were annealed (post-deposition annealing) at 600 ‘C for 30 sec in
pure N> gas and nitrided by an additional ICP plasma treatment at the substrate temperature of
300 °C, the process pressure of the plasma nitridation process was 1.33 x 10 bar. The
conditions of the nitridation plasma treatment were in N, for 60 sec and in N,O or NH; for 90
sec. The process time of the nitridation process is from the chapter 2 of this dissertation. The
RF power of the ICP system was set as 200 W, and no DC bias. The condition of the plasma
fluorination process was the same’as those of the plasma mitridation except the plasma
treatment is in CF4 gas. The process time of fluorinationis 30 sec, 60 sec, 90 sec and 120 sec,
respectively. After the plasma treatment, there was an annealing process whose condition was
at 600 ‘C for 30 sec in pure N; to reduce the plasma damage. The 10-nm Ti thin films and
the 400-nm Al thin film were deposited on the top side of the samples by the dual e-gun
evaporation system. The top electrodes were defined by the mask process. Finally, backside

aluminum electrodes were evaporated by the thermal evaporation.

The top area of the Al/Ti/HfO,/Si MOS capacitors is 5000 pm”. The capacitance-voltage
(C-V) and the current density-voltage (J-V) characteristics of the MOS structures were
measured by semiconductor parameter analyzer (HP4156C) and C-V measurement (HP4284)

in order to evaluate the improvement effect of the plasma nitridation process and the best
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process condition. The stress condition of constant voltage stress (CVS) measurement carried
out in this study was set as constant voltage of 5 V to observe the change of the gate leakage

current while the stress was applied.

4.3 Results and Discussion

4.3.1 The Electrical Characteristics

Figure 4.1 shows the C-V characteristies of the HfO, gate dielectrics treated in ICP N,
plasma for 60 sec and treated in ICPCF,4 plasma-for different process times. The frequency
used in the high frequency C-V measurement was set as 50 kHz. The capacitors treated for 60
sec perform the maximum capacitance density among these samples with different process
times. In addition, the capacitors treated in CF4 plasma for 30 sec also present the larger
values than the capacitors without whole plasma nitridation process. The factor of
improvement might be from that the PDA process [36-38], the nitrogen incorporation in the
HfO, dielectrics [20, 39-40], and the elimination of oxygen vacancies with optimal nitrogen
and fluorine doping [51] and the regrowth of interfacial oxide is also restrained by
incorporation of fluorine [52]. On the other hand, there might be etching effect caused by CF4
treatment to the hafnium oxide thin films. When the etching effect happens, the EOT of
samples might degrade or decrease but the leakage current would increase dramatically
because of the thinner oxide thickness and the damage caused by CF, etching. In Fig. 4.1, the
capacitance density of the samples treated for 90 sec and 120 sec is degraded. The reason
could be the damage caused by the CF4 plasma. On the other hand, through comparing Fig.
4.1 and Fig 2.1, the improvement of plasma fluorination to the nitride HfO, thin films could
be presented. The EOT of HfO, thin films could be changed from 2.9 nm to 1.7 nm through

N, plasma nitridation and CF,4 plasma fluorination treatment.

59



The J-V characteristics of the HfO, capacitors treated in ICP N, plasma for 60 sec and
treated in ICP CF4 plasma for different process times from 0 V to -2 V are described in Fig.
4.2. The gate leakage current density of the samples treated in ICP CF4 plasma for 60 sec at
V, of -1 V is about 1.50 x 10* A/em? and the gate leakage current density of the capacitors
treated in ICP CF4 plasma for 30 sec at V, of -1 V is about 5.85 X 10° A/cm” while the
leakage current density of sample without any plasma treatment is 5.59 x 10 A/cm” at Vg of
-1 V. The reason about reduction of hafnium oxide leakage could be the nitrogen
incorporation and the interface charge trapping sites passivated by fluorine introduced by ICP
CF, plasma treatment [20, 39-40, 51]. Besides, polymer could be produced by CF4 treatment.
If the polymer existed in the MOS structure, not only the leakage current of the samples
would be restrained but also the-C-V characteristic of the samples would degrade seriously.
Because of the etching effect and polymer producing might caused by CF, treatment, the
process conditions of ICP CF,4 plasma fluorination must be controlled carefully to avoid those

unwanted effect.

In Fig. 4.3 and Fig. 4.4, the C-V and the J-V-characteristics of the HfO, gate dielectrics
treated in ICP NHj plasma for 90 sec then in ICP CF4 plasma for different process times are
presented. The reason of the improvement effect in the NH; nitridation combined CF4
fluorination process could be similar with the one in the N, nitridation combined CF4
fluorination process. From Fig. 4.3 and Fig 4.1, the effect to the HfO, thin films by the NHj3
nitridation and CF, fluorination process is worse. It could be from the hydrogen contained in
NH; plasma degenerate the effect of the fluorination. The gate leakage current density of the
samples treated in ICP NH3 plasma for 90 sec and ICP CF4 plasma for 60 sec at V, of -1 V is

about 2.38 x 10 A/em® and the EOT of the samples is about 1.8 nm. From the similar
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analysis, the best process time of the plasma fluorination in CF4 plasma to the HfO, nitrided

by NH; plasma is set as 60 sec.

In Fig. 4.5 and Fig. 4.6, the C-V and the J-V characteristics of the HfO, gate dielectrics
treated in ICP N,O plasma for 90 sec and in ICP CF, plasma for different process times are
demonstrated. Controlling the process time is for not only the achievement of optimal
condition between nitridation and fluorination but also avoiding the unwanted effect caused
by CF,4 treatment as polymer that might be produced or etching hafnium oxide thin films.
After analyzing the experimental data, the most suitable process time of the ICP fluorination
process to the HfO, thin films treated by N,O plasma could be 60 sec. The EOT and gate
leakage current density of the samples treated in ICP N,O plasma for 90 sec and ICP CF4
plasma for 60 sec at:V, of -1 V-is-about 2.0 nm and 1.63 x 10" A/cm’, respectively. As the
chapter 2, the reduction of the gate leakage density of the samples nitrided by N,O plasma
would be more obvious than the sample nitride by other plasma contain nitrogen [33]. In
summary, the N,O and CF, plasma treatment could also be a practicable method to improve

the electrical characteristics of HfO, gate dielectrics.

4.3.2 Reliability

Figure 4.7, Figure 4.8, Figure 4.9 and Figure 4.10 show the hysteresis characteristics of
the HfO, gate dielectrics treated in different ICP plasma containing nitrogen then in CF,4
plasma. Hysteresis measurement was started from negative to positive bias (-2.5 V to 0.5 V),
and then swept back from positive to negative bias (0.5 V to -2.5 V) at a frequency of 50 kHz.
The hysteresis phenomenon is caused by the existence of negative charges trapped in the
dielectric defect states, which are called slow trapping sites, when the capacitors are stressed

[43-44, 53]. The hysteresis characteristic could be improved by various ICP plasma processes
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as presented from Fig. 4.7 to Fig 4.10. According to the Fig. 2.7, the hysteresis characteristic
of the HfO, thin films nitride by different plasma is basically the same after the CF4 plasma
fluorination. That is, the hysteresis phenomenon of pure HfO, dielectrics could be restrained

about 10 mV by ICP nitridation and fluorination process.

Figure 4.11 demonstrates the gate current shift of p-type HfO, gate dielectrics treated with
N, plasma for different annealing process during CVS of 5 V. Figure 4.11 indicates that the
gate current shift of the thin film treated with N, plasma for 60 sec and CF4 plasma for 60 sec
is smaller than the one without plasma. treatment, the gate leakage shift shrinks as 7.71 % of
original one. In other word, for substrate injection,.the gate current shift could be suppressed
by N, plasma nitridation.and CF4 plasma fluorination. The plasma damage could be the

reason why the shift of the leakage currentiincrease by the increaseof the CF4 plasma time.

Figure 4-12 shows gate current shift of p-type HfO, gate diclectrics treated with NHj
plasma treatment 90 sec and CF4 plasma for different process time during CVS of 5 V. It
indicated that the gate leakage.current shift of the thin film with NH3 plasma treatment plus
CF,4 60 sec was smaller than the original one as 9.8 % 10” %. The reason would be the same

with the sample treated by N, and CF, plasma.

The CVS characteristics of samples nitride ICP N,O plasma and fluorinated by CF4
plasma for different times are described in Fig. 4.13. Figure 4.13 presents that the gate current
shift of the thin film treated with N,O plasma for 90 sec and CF4 plasma for 60 sec is smaller
than the thin films without plasma treatment as 2.83 %. The samples with CF, plasma

treatment for 90 sec and 120 sec also show smaller current shift.

4.3.3 Physical Analysis

62



The SIMS profile of the HfO, sample treated in ICP N, plasma for 60 sec and in ICP
CF4 plasma for 60 sec is shown in Fig. 4.14. Fig 4.14 indicates that the incorporation of
fluorine, which is induced by the plasma fluorination process, is mainly at the HfO,/Si

interface.

Fig. 4.15 is the XPS F 1s electronic spectra of the HfO, samples treated in ICP N,
plasma for 60 sec and treated in ICP CF4 plasma for 60 sec. The Fls peak in the spectra is
evident for the case with fluorine incorporation [54]. From Fig. 4.15, there is no peak around
binding energy of 688 eV, so the fluorine combined with carbon from CF,4 plasma process
would be slight enough toignore [24]. It would be an evidence to prove that carbon would not
be induced by the ICP.CE, plasma-treatment we applied.  Fig. 4.16 is XPS analysis of the Hf
4f electronic spectra of the samples treated in ICP.CF, plasma for 60 sec. For the fluorinated
HfO, thin films, the Hf 4f peaks of the XPS spectra would shift to higher binding energies
[58-59]. It indicates that the presence of Hf-F bonds m HfO, thin films after ICP CF, plasma

process.

4.4 Summary

According to this chapter, the electrical characteristics of HfO, thin films could be
improved effectively by ICP nitridation and fluorination with suitable process time. The
improvement effect of the ICP plasma process to the reliability of pure HfO, thin films was
verified from the hysteresis and CVS characteristics. Comparing to the chapter 2 of this
dissertation, plasma nitridation combined with adequate plasma fluorination would be more
effective than simply plasma nitridation. After analysis of XPS data, the existence of the Hf-F

bonds in HfO, thin films after plasma fluorination could be proven. Besides, in XPS spectrum
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data of F 1s, the carbon would not be induced by CF4 plasma treatment. In conclusion, the
electrical characteristic of HfO, thin films nitrided by ICP plasma could be effectively

enhanced by ICP CF4 plasma fluorination while the reliability would not degrade.
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Figure 4.1 The C-V characteristics of the HfO, thin films treated in N, plasma for 60 sec and

then in CF4 plasma for different process times.
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Figure 4.2 The J-V characteristics of the HfO, thin films treated in:N, plasma for 60 sec and
then in CF4 plasma for different process times.
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Figure 4.3 The C-V.characteristics of the HfO, thin films treatedin NH; plasma for 90 sec
and then in CF4 plasma for different process times.
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Figure 4.4 The J-V characteristics of the HfO, thin films treated inn'NH; plasma for 90 sec and
then in CF4 plasma for different process times.
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Figure 4.5 The C-V.characteristics of the HfO, thin films treated.in N,O plasma for 90 sec
and then in CF4 plasma for different process times.
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Figure 4.6 The J-V characteristics of the HfO, thin films treated in'IN,O plasma for 90 sec and
then in CF4 plasma for different process times.
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Figure 4.7 The hysteresis characteristics of the HfO, thin films without plasma treatment.
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Figure 4.8 The hysteresis characteristics of the HfO, thin films treated in N, plasma for 60 sec

and then in CF4 plasma for 60 sec.
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Figure 4.9 The hysteresis characteristics of the HfO, thin films treated in NH; plasma for 90

sec and then in CF,4 plasma for 60 sec.
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Figure 4.10 The hysteresis characteristics of the HfO, thin films treated in N>O plasma for 90

sec and then in CF,4 plasma for 60 sec.
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Figure 4.11 The leakage current shift curves of the HfO, thin films that were nitrided by ICP
N plasma for 60 sec then fluorinated by ICP CF4 plasma for different time.
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Figure 4.12 The leakage current shift curves of the HfO, thin films that were nitrided by ICP
NH; plasma for 90 see then fluorinated by ICP CF, plasma for different time.
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Figure 4.13 The leakage current shift curves of the HfO, thin films that were nitrided by ICP
N,O plasma for 90 see then fluorinated by ICP CF, plasma for different time.

77



Intens (C/S)

100 N 1 N 1 2 1 N
0 10 20 30 40

Depth (nm)

Figure 4.14 The SIMS profile of the HfO, thin films treated in ICP-N, plasma for 60 sec and
treated in ICP CF,4 plasma for 60 sec.
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Figure 4.15 The XPS'F 1s electronic spectra of the HfO, thin films treated in ICP N, plasma
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Figure 4.16 The XPS analysis of the Hf 4f electronic spectra of the samples treated in ICP
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Chapter 5
The Improvement Effect of the Plasma Nitridation Process

and the Plasma Fluorination to HfAIO, thin films

5.1 Introduction

Considerable effect efforts have been directed in finding the appropriate high-k gate
dielectric replacement for the SiION dielectrics. for high performance and low stand-by power
CMOS [1]. Among all high-k dielectric materials; hafnium-based dielectrics have emerged as
the promising high-x candidates to be used for the advanced CMOS technologies [3-4].
However, there are still several challenges which have to be considered in order to integrate
these high-k dielectrics into a conventional CMOS process flow such as the interface SiO,
regrowth and the thermal stability of these dielectrics [7]. HfO, crystallizes at temperatures
less than 500 °C. Grain boundaries in crystallized HfO, gate dielectrics could be the fast
path for oxygen or dopants diffusion into gate dielectric: So the interface layer regrowth and
defect generation in the interface between gate dielectric and channel region would appear
[55].

The incorporation of aluminium in Hf-based dielectrics has been proven as an effective
solution to the issue of thermal stability [8, 19, 37]. The nitridation process also has been
shown to improve the thermal stability of hafnium-silicate thin films [21]. Besides, the
plasma-nitridation effect to HfAIOx thin films has been verified in the chapter 3 of this
dissertation. Since plasma fluorination could be an effective method to make incorporation of
fluorine into the hafnium-based high-k dielectrics [49-50]. In this chapter, we would try to
apply plasma fluorination process to examine the improve effect to the electrical properties

and the reliabilities of nitrided HfA1O, thin films.
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5.2 Experimental

After a standard initial RCA cleaning, a HfAIO4 layer was deposited on the p-type
wafers by the metal organic chemical vapor deposition (MOCVD) system. The precursor used
to deposit HfAlOy thin films in MOCVD was 0.05 M solution of Hf( Tert-butoxy),(MMP), in
octane and 0.05 M solution of Tris(isopropoxy)Al in octane. The substrate temperature of the
MOCVD system is 500 “C. The flow rate of pure O,, that is used to react with the precursor
to form thin films, was set as 1700 sccm. The process pressure for depositing HfAIOy thin
films was set as 1.5 mbar. The samples were then-annealed at 800 “C for 60 sec in pure N,
gas by rapid temperature annealing (RTA) process and nitrided by an ICP process at the
substrate temperature.of 300 “C. The process pressure of the plasma nitridation process was
set as 1.33 x 10 bar. The RE power of the ICP system was set'as 200 W, and the DC bias
power of the ICP system was set as'0 W to depress plasma damage caused by radical
bombardment. The flow rate of the gas containing nitrogen, which is N,, NH; or N,O, was set
as 100 sccm. The condition of the plasma fluorination process was the same as those of the
plasma nitridation except the/plasma treatment-is in CF; gas. The process time of the
nitridation plasma treatment was in N, N,O or NHj for 30 sec, which is from the chapter 3 of
this dissertation. The process time of fluorination is 30 sec, 60 sec, 90 sec and 120 sec,
respectively. After the plasma treatment, there was an annealing process whose condition was
at 600 “C for 60 sec in pure N, to eliminate the plasma damage caused by plasma treatment
[56]. The 10-nm Ti thin films and the 400-nm Al thin film were deposited on the top side of
the samples by the dual e-gun evaporation system. The top electrodes were defined by a
lithography process. Finally, the backside native oxide was stripped with diluted HF solution
and the backside aluminum electrodes were evaporated by a thermal evaporation. The gate

area of the Al/Ti/HfA1O,/Si MOS capacitors is 5000 pm”. The capacitance-voltage (C-V) and
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the current density-voltage (J-V) characteristics of the MOS structures were measured by
using a C-V measurement (HP 4284) and an Agilent 4156C semiconductor parameter

analyzer.

5.3 Results and Discussion

5.3.1 The Electrical Characteristics

Figure 5.1 presents the C-V characteristics, of the HfAlOx gate dielectrics nitrided in ICP
N, plasma for 30 sec and fluorinated in ICP CFq4 plasma for different process times. The
frequency used in the high frequency C-V measurement was set as 50 kHz. The capacitors
treated for 60 sec perform the larger-capacitance density among these samples. From figure
5.1, the capacitance'density of the samples treated in N, plasma for 30 sec could be improved
slightly after the additional treatment in CFj for 60 sec. The factor of improvement might be
the elimination of oxygen vacancies with optimal nitrogen and fluorine doping [51] and the
regrowth of interfacial oxide is.also restrained by incorporation of fluorine [52]. On the other
hand, the nitride samples treated in CF4 plasma for 30 sec show lower capacitance density
because of no optimal nitrogen and fluorine doping. Besides, the capacitance density of the
HfAIOy thin films nitride in N, plasma for 30 sec then fluorinated treated for 90 sec is
degraded because of the damage caused by the CF4 plasma. As mentioned in chapter 4, the
unwanted effect of CF4 plasma treatment as polymer production and etching high-k thin films

is what we need to avoid by control ling the process conditions.

The J-V characteristics of the HfA1O capacitors nitrided by ICP N, plasma for 30 sec and
fluorinated by CF,4 plasma with different process times from 0 V to -2 V are shown in Fig. 5.2.

The gate leakage current density of the capacitors treated in ICP N» plasma for 30 sec at V,, of
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-1 V is about 9.02 x 10> A/cm” and the gate leakage current density of the capacitors treated
in N, plasma for 30 sec and in CF4 plasma for 60 sec is about at V, of -1 V is about 1.55 x
10* A/em’. The reduction of the leakage current could be attributed to that the defects in
Hf-based dielectric might be passivated in fluorination process [50, 57]. Moreover, the gate
leakage current density of the nitride samples fluorinated in CF4 plasma for 30 sec at V,, of -1
V is about 1.20 x 10° A/cm® and the gate leakage current density of the nitride samples
fluorinated in CF4 plasma for 90 sec at V, of -1 V is about 1.55 % 10 A/em®. Corresponding
to Fig. 5.1, although the regrowth of interfacial layer could be restrained by the optimal
fluorination dose, the thickness of the bulk gate dielectric layer might increase due to the
damage caused by the fluorination process. In summary; the best process time of the plasma
fluorination for ICP CFj process is set as 60 sec. The EOT of the HfAlO thin films nitrided
for N, plasma for 30:sec and fluoriated for CF4 plasma for 60 sec could be decreased to 2.6

nm.

In Fig. 5.3 and Fig. 5.4, the C-V<and the J-V characteristics of the HfAIO, gate dielectrics
treated in ICP NH; plasma for 30 sec and in ICP_CF4 plasma for different times are
demonstrated. The samples fluorinated for 60 sec perform the best capacitance density and
smaller leakage current due to the trading off between fluorination effect and plasma damage.
The reason of the improvement effect in the NHj; nitridation combined CF4 fluorination
process could be similar with the one in the N, nitridation combined CF4 fluorination process.
The EOT of the HfAIO thin films nitrided for NH; plasma for 30 sec and fluorinated for CF4
plasma for 60 sec could be decreased to 2.1 nm. The gate leakage current density of the
capacitors treated in NH3 plasma for 30 sec and in CF4 plasma for 60 sec is about at V,, of -1
V is about 1.33 x 10 A/em®. From above discussion, the optimal NH3 and CF4 plasma
treatment is also a practicable method to improve the C-V and J-V characteristics of HfA1Ox

gate dielectrics.
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In Fig. 5.5 and Fig. 5.6, the C-V and the J-V characteristics of the HfO, gate dielectrics
treated in ICP N,O plasma for 30 sec and in ICP CF, plasma for different process times are
demonstrated. From analyzing the experimental data, the leakage current of the HfAlOy thin
films nitrided in N,O plasma could be restrained by the fluorination process. The EOT of the
HfAIlOy thin films nitrided for N,O plasma for 30 sec and fluorinated for CF,4 plasma for 90
sec could be decreased to 2.6 nm. The capacitance density of the HfAIOy thin films nitrided in
N,O plasma for 30 sec could be enhanced after fluorinated in CF4 plasma for 30 sec. The
process time of plasma fluorination is longer, the fluorine and nitrogen incorporation is not
optimal and plasma damage is severer. The EOT of the' HfAIOy thin films nitrided for NH;
plasma for 30 sec and fluorinated for CF4 plasma for 30 sec could be decreased to 2.1 nm.
The gate leakage current density-of the capacitors treated in N>O plasma for 30 sec and in CF4

plasma for 30 sec is‘about at V, of -1 V is about 1.28 x 107 A/cm’;

5.3.2 Reliability

The hysteresis characteristics of the HfO, gate dielectrics treated in different ICP plasma
containing nitrogen then in CF,4 plasma is show in figure 5.7, figure 5.8, figure 5.9 and figure
5.10. Hysteresis measurement was started from negative to positive bias, and then swept back
from positive to negative bias at a frequency of 50 kHz. The reason for the lower hysteresis is
the thin film has lower number of defects, and consequently there is less charge trapped [50,
53].The voltage shift in the C-V curve of the HfAIOy thin films without plasma treatment is
98 mV. The voltage shift in the C-V curve of the HfAIOj thin films treated in N, plasma for
30 sec and then in CF4 plasma for 60 sec is 7 mV. The voltage shift in the C-V curve of the
samples nitrided by NH3 plasma then fluorinated by CF4 plasma is about 19 mV. The voltage

shift in the C-V curve of the samples nitrided by NH3 plasma then fluorinated by CF4 plasma
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is about 41 mV. That is, the hysteresis phenomenon of pure HfAlOy dielectrics could be
restrained by various nitridation processes and fluorination process. From fig. 3-7, the
hysteresis characteristic of HfAlOy thin films nitrided by N, plasma would remain the same

quality after the fluorination process.

The CVS characteristics of samples nitrided by N, plasma for 30 sec and fluorinated by
CF4 plasma for different times are described in Fig. 5-11. The stress voltage was set as 5 V.
Comparing to the samples without plasma treatment, all the gate current shifts of the samples
with treatment could be decreased. The current shift of the nitrided sample would decrease
with the fluorination process for 30 sec and 60 sec. The gate leakage shift of samples nitride
in N; plasma for 30 sec and fluorinated in CF4 plasma for 60 sec shrinks as 4.2 x 10" % of
original one. It verifies the improve-effect of fluorination plasma treatment to the reliability of
nitrided HfA1Oy thin films. The damage caused by fluorination plasma would be responsible
for the CVS characteristic of the nitrided samples with fluorination for 90 sec. This result

could correspond to the electrical characteristics that have been discussed above.

Figure 5.12 demonstrates the gate current shift of p-type HfAlIOy capacitors treated with
NH; plasma for 30 sec and CF4 plasma for different process time. The gate leakage shift of
samples nitride in NH; plasma for 30 sec and fluorinated in CF4 plasma for 60 sec shrinks as
3.7 x 10% % of original one. Comparing to other samples, the gate current shift of the sample
treated for 30 sec is the smallest. This result is consistent with the above discussion about

plasma damage.

Figure 5.13 presents the gate current shift of p-type HfAlOy thin films treated with N,O
plasma for 30 sec and CF, for different process time. The gate leakage shift of samples nitride

in NH; plasma for 30 sec and fluorinated in CF, plasma for 30 sec shrinks as 2.8 % 107 % of
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original one. The current shift of the treated sample could also be improved through the

plasma treatment.

5.3.3 Physical Analysis

The SIMS profile of the sample treated in ICP N,O plasma for 30 sec and treated in
ICP CF4 plasma for 30 sec is presented in Fig. 5.14. Fig. 5.14 indicates that aluminium
accumulation at the HfAIO,/Si intrerface just like fluorine, which is induced by the plasma
fluorination process. However, the aluminium. accumulation also might be just from the
characteristic of SIMS analysis, that'is dopant could tend to accumulate in interface from
SIMS data. Fig. 5.15 is ‘the XPS F 1s electronic spectra of the HfAlO sample treated in ICP
N,O plasma for 30 sec and treated in-ICP CF4 plasma for 30 sec. The F1s peak in the spectra
is evident for the case with fluorine incorporation [54]. Besides, as in Fig. 4.15, there is no
peak around binding energy of 688 eV, so the fluorine combined with carbon from CF,4
plasma process would be slight enough to ignore {24].-It would be an evidence to prove that

carbon would not be induced by the ICP CF, plasma treatment we applied.

In summary, the improvement effect of the ICP fluorination processes to the electrical
properties and the reliabilities of nitride HfAIO thin films have been verified. According the
chapter 4 and above discussions, the fluorination effect to nitride HfO, is more obvious. The
reason to cause this difference could be the aluminium accumulation at the HfA1O,/Si
interface make the fluorine incorporated by the plasma fluorination process at the HfA1O,/Si

not form enough Hf-F bonding [24, 55].

5.4 Summary
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Based on above results, the fluorination effect and the plasma damage might need to be
traded off to achieve the optimum result. According to our study, the whole plasma
fluorination process could be used to strengthen the HfAIOy thin films treated by various
plasmas containing nitrogen in order to enhance the C-V characteristic and suppress the gate
leakage. After the process time was decided from the C-V and the J-V characteristics, the
improvement effect of the ICP fluorination process to the reliabilities of HfAIOy thin films
was verified from the hysteresis and the CVS characteristics. Moreover, from this chapter and
the chapter 4 of this dissertation, the effect of fluorination plasma treatment to nitrided
HfAIO; thin films is not so obvious and this-difference could be due to the Al accumulation at

HfAIO,/Si intrerface.
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Figure 5.1 The C-V characteristics of the HfAlOy thin films treated in N, plasma for 30 sec

and then in CF4 plasma for different process times.
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Figure 5.2 The J-V characteristics of the HfAlOy thin films treated in N, plasma for 30 sec
and then in CF4 plasma for different process times.
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Figure 5.3 The C-V characteristics of the HfAlOy thin films treated in NH; plasma for 30

sec and then in CF, plasma for different process times.
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Figure 5.4 The J-V characteristics of the HFAIOy thin films treated in NH; plasma for 30 sec
and then in CF4 plasma for different process times.
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Figure 5.5 The C-V characteristics of the HfAlOy thin films treated in N,O plasma for 30
sec and then in CF, plasma for different process times.
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Figure 5.6 The J-V characteristics of the HfAIOy thin films treated in N,O plasma for 30 sec
and then in CF4 plasma for different process times.
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Figure 5.8 The hysteresis characteristics of the HfA1O, thin films treated in N, plasma for
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99



-
S
N

~
(qV]

&

2 4 XX XX XX XX
— 5

= 10

c 10°

n 7

— 10

C .

o 10° —a— without any plasma

= JF O CF,30sec

3 °F —+creose

-10 . .

o 10 —v CF90se HfAIO thin films
= - —— CF, 120 sec

3 10™ 1 NH, plasma

10-12 A 1 4 1 4 1 A 1 2 1 o
0 20 40 60 80 100 120
Time (sec)

Figure 5.12 The leakage current shift curves of the HfAIO; thin films that were nitrided by
ICP NH3; plasma for:30 sec then fluorinated by ICP CF, plasma for different time.

100



[
)
N

[
o
w

[
S
[$2]

[ —
S
2

—=&— without any plasma

Gate Current shift (A/cm®)

10—8 —O0—CF . 30 sec
JF & CF.60sec HfAIO thin films
10 ——CF, 90 sec N O plasma
10-10 —3%— CF . 120'sec 2 p
0 20 40 60 80 100 120
Time (sec)

Figure 5.13 The leakage current shift curves of the HfAIO; thin films that were nitrided by
ICP N,O plasma for:30 sec then fluorinated by ICP CF, plasma for different time.

101



Intens (C/S)

20
Depth (nm)

Figure 5.14 The SIMS profile of the HfAIO thin films treated.in ICP N,O plasma for 30
sec and treated in ICP CF, plasma for 30 sec.

102



(7))
—

5
@)

C

1.1x10°
1.0x10°
1.0x10°
1.0x10°
9.8x10*
9.6x10"
9.4x10" |
9.2x10' F
9.0x10' F
8.8x10' f

—m—F1s

8.2x10* F
8.0x10"

8.6x10" i' f'
8.4x10°F " o
[

682 . 684 : 686 . 688 . 690 . 692 694
Binding energy (eVv)

Figure 5.15 The XPS F 1s electronic spectra of the HfAIO thin films treated in ICP N,O

plasma for 30 sec and treated in ICP CF, plasma for 30 sec.

103



Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this dissertation, we have applied ICP nitridation process to improve the electrical
characteristics, the reliabilities and the thermal stability of HfO, thin films and HfA1Oy thin
films. Then we have tried to applied ICP fluorination process in order to enhance the
improvement effect of the plasma treatment. The electrical characteristics and the reliabilities
of HfO, thin films and HfAlOy thin films could be strengthened in adequate plasma treatment.

In the chapter 2 ‘of this dissertation, the ICP nitirdation process has been examine to be
an effective method to enlarge the capacitance density and restrain the gate leakage current
density of HfO; thin films. The reliability of HfO, thin films.also could be strengthened by the
plasma nitirdation treatment from analyzing the hysteresis characteristics, stress-induced
leakage current characteristiecs and constant voltage stress characteristics of the thin films.
Besides, the thermal stability of HfO,.thin films-could be enhanced by the incorporation of
nitrogen from the nitridation process.

In the chapter 3 of this dissertation, the similar ICP nitridation process has been used to
modify HfAlOy thin films. The electrical characteristics and the reliabilities of HfAIOy thin
films could be improved by the plasma nitirdation treatment. The thermal stability of HfA1O
thin film is better than HfO, thin films because of the Al incorporation in HfAIO, dielectric
layers. Furthermore, the thermal stability of HfAIOy thin films could increase effectively due
to the nitrogen incorporation induced by the plasma nitridation treatment.

In the chapter 4 of this dissertation, the post deposition plasma fluorination process

combined with the plasma nitridation process has been applied in HfO, thin films. The
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fluorine accumulation, which is induced by the plasma fluorination process, at the HfO,
dielectric layer/silicon substrate interface might restrain the regrowth of interfacial layer. So
the EOT of HfO, thins film could decrease by optimal nitrogen and fluorination dopant. The
reliability of HfO, thins film would be not damaged after the additional post deposition
fluorination process.

In the chapter 5 of this dissertation, the same fluorination process was integrated into the
experimental process of HfAIOy capacitor. Since the Al incorporation is mainly between the
dielectric layers and the silicon substrate, the suppression of interfacial layers regrowth due to
the fluorination process is not obvious. Even so, the capacitance density and leakage current
density of nitrided HfA1Oy thin films would be strengthened by the fluorination process. The
reliability of HfAIO thin films would maintain after integrating this fluorination process into

the experimental proeess.

6.2 Future Work

Although the effect of.the plasma nitrdation sand fluorination to the electrical
characteristics and reliabilities/of HfO, and HfAIO, thin films has been examined in this
research, there are still several issues that could be investigated in the future:

1. We could do more material analysis, like TEM, SIMS and XPS, to study the change of
dielectric layers with or without plasma treatment.

2. We could study the leakage current mechanism change of the dielectric layers caused by
the plasma treatment.

3. We could integrate the plasma technology to CMOSFET process flow to verify the effect
of the plasma nitridation and plasma fluorination to the electrical characteristics of the
transistors, like threshold voltage, mobility and sub-threshold swing.

4. We could try to use the plasma nitridation and fluorination technology to treat thinner
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dielectric layers, whose EOT are less than 1 nm. The thin films could be made with
integrating atomic layer chemical vapor deposition (ALD) technology and pre-deposition
CF, plasma treatment.

The plasma nitridation and fluorination technology could be used to treat thicker dielectric
layers, whose physical thickness are about 20 nm. The thicker dielectric layers could be
integrated in thin-film-transistors (TFT) and might be able to enhance the electrical

characteristics and the reliability of the TFTs.
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