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Abstract

We have investigared the device characteristics and the reliability of the
MOSFETs fabricated by advanced ‘deep sub-micron technologies. To reduce the
intolerable leakage current of the ultra-thin'gate oxide, the nitrided oxides and high-k
gate dielectrics are introduced to place the conventional gate oxide; the strained SiGe
layer is applied to be the device channel for enhancing the device performance;
various surface treatments are performed to improve the quality of high-k HfO, film.
Hence, our studies are focused on three main topics. Firstly, we have investigated the
effects of hot-carrier degradation on device reliability and the low-frequency flicker
noise characteristics for the deep sub-micron nMOSFETSs with ultra-thin nitrided gate
oxides. Secondly, the degradation mechanism of high voltage stressing and the
channel thickness effect on device characteristics for the deep sub-micron pMOSFETs
with ultra-thin N,O-annealed SiN gate dielectric and strained Sip gsGeg 15 channel have

been studied. Finally, we have also investigated the effect of pre-deposition surface
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treatment on the electrical characteristics for the ultra-thin HfO, gate dielectrics.

We have investigated the device degradation caused by the hot-electron-induced
electron trapping in various ultra-thin (EOT = 1.6 nm) nitrided gate oxides for 0.13
um nMOSFETSs. It has been found that the nitrogen-incorporated gate dielectrics by a
variety of popular techniques including SisN4/SiO, (N/O) stack, NO annealing, and
plasma nitridation result in enhanced hot-electron-induced device degradations as
compared to the conventional gate oxide counterpart. The exacerbated hot-electron
degradations are attributed to the electron trap generation in the ultra-thin gate
dielectric rather than the interface state generation as a result of nitrogen incorporation,
and the mechanism has also been confirmed by several aspects: the positive shift of
threshold voltage, the insignificant variation of subthreshold swing, the reduction of
gate leakage current, no slope change of the I,-Vey:curves for DCIV measurement, and
a small exponent value (n ~ 0.3) of AV; versus stress-time after the nitrided gate oxide
devices were stressed. Moreover, the-nitrogen-incorporation into the ultra-thin gate
oxide has been demonstrated to be 'more.vulnerable to the hot-electron degradation as
considering the long-term reliability issues, and the plasma nitridation has been shown
to be the most promising technique of ultra-thin gate oxide nitridation for the
sub-100nm device applications.

The low-frequency flicker noise of the 0.15 um nMOSFETs with ultra-thin (EOT
= 1.6 nm) thermal oxide, SizsN4/SiO, (N/O) stack, NO oxynitride, and plasma nitrided
oxide has been demonstrated. We have found that the nitrogen incorporation in the
ultra-thin gate oxide will increase the flicker noise by introducing more electron traps.
It is due to the fact that the low-frequency flicker noise is mainly generated by the
trapping/detrapping of channel electrons with the interface states and the electron
traps. However, the nitrogen incorporation can improve the device immunity against

the hot-carrier degradation in the flicker noise because the hot-electron-induced
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electron trapping may suppress the effective electron traps for generating flicker noise.
Moreover, moderate increase of noise level is observed when the nitrided oxide is
suffering breakdown comparing with the thermal oxide even though a significant
amount of electron traps are created when oxide breakdown occurs. We also found
that the frequency index of the noise spectrum is varied with the gate bias and it is
strongly related to the oxide traps. Hot-carrier degradation and oxide breakdown may
lower the frequency index for both thermal oxide and nitrided oxide devices. For
considering the flicker noise characteristics, the plasma nitrided oxide has been
demonstrated its potential for sub-100 nm MOSFET devices in analog and RF
applications because of its higher oxide quality.

The pMOSFET with 50-nm thick SiggsGeo 15 channel and ultra-thin (EOT=3.1 nm)
N.O-annealed SiN gate dielectric has been shown:to have well-performing on/off and
output characteristics. Several..' methodologies - for the device reliability
characterization, such as stress-induced--leakage ‘current (SILC), drain avalanche
hot-carrier (DAHC) injection, channel-hot-carrier (CHC) injection and negative bias
temperature instability (NBTI), have been used and the results are compared. In terms
of the long-term degradation, the excellent quality of the N,O-annealed SiN gate
dielectric can be firmly obtained because only negligible degradations have been
found after stressing no matter which technique was employed. Even so, the
experimental results have been compared and we found that the HC degradation is
worse than the NBTI degradation and the channel hot-carrier (CHC) stressing is the
worst case for all kinds of reliability testing. Meanwhile, we have also verified that
the interface state generation is the dominant mechanism responsible for the
HC-induced degradation while the electron trapping dominates the device degradation
for the NBTI stressing.

We also have found that the thickness of SiGe channel has a great impact on the
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device characteristics. With controlling the SiGe layer thickness thinner than 15 nm,
the device depicts a subthreshold swing of 68 mV/dec, the interface state density of
1x10" eVlem?, acceptable junction leakage, and more than 50% hole mobility
improvement comparing to the Si channel device. Therefore, high quality interface
between the gate dielectric and the strained SiGe channel can be achieved by using
the N,O-annealed SiN gate dielectric and the device performance can be improved.
Finally, we have investigated the effects of various pre-deposition surface
treatments, such as HF dipping (HF-dipped), NH3 surface nitridation (NHz-annealed),
and rapid thermal oxidation (RTO-treated), on the electrical properties of HfO, gate
dielectrics. The NHs-annealed technique is far superior to the others because the
dielectric subjecting to the NH3 surface nitridation possesses a tremendously reduced
leakage current, the lowest equivalent oxide thickness (EOT), and a moderate
hysteresis width. In contrast, the RTO-treated-preparation can only effectively reduce
the leakage current by its resultant -increased /physical thickness and displays
considerably severe hysteresis. The dependence of hysteresis on the initial inversion
bias (Vin), temperature, and frequency are also investigated for all splits. The
hysteresis width increases upon increasing the initial inversion bias and decreasing the
temperature, but it is rather insensitive to the measuring frequency. Our experimental
results indicate that the hysteresis width depends exponentially on both the initial

inversion bias and the temperature, and it can be described well by a general empirical

relationship with the form C(T)-exp(R\V,,). In addition, the conduction currents

through the dielectrics are probably dominated by trap-assisted tunneling (TAT)
because the current densities display stronger temperature dependence at low voltage
than they do at higher voltages. Based on the trap-assisted tunneling model, the

corresponding parameters have been extracted and are presented.
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Chapter 1

Introduction

1.1 An Overview of the Background and the Motivation

As predicted by the ITRS [1], the thickness of the gate oxide should be
unavoidably less than 1.5 nm for the purpose of gaining performance and eliminating
deleterious short channel effects when the channel length of the CMOS devices
continuously shrinks below 100 nm. With such thin gate oxide, the intolerable large
direct tunneling current [2] and sévere boron penetration [3] will become the most
severe problems. Many techniques.for introducing nitrogen into ultra-thin gate oxide
have been demonstrated being capable-of-considerably alleviating these issues
[4]-[10]. On the other hand, the velogcity saturation [11], ballistic effect [12]-[15], and
the increase of I ¢ leakage current [16] may eventually limit the driving capability and
device performance with the gate length scaling to the sub-100 nm regime. Hence, the
strained layer [17]-][20] are applied to be the device channel for further enhancing the
performance of the deep sub-micron device because of the higher carrier mobility [21],
[22]. Moreover, the ultra-thin high-k gate dielectrics are recently paid more attention
and extensively studied in order to further reduce the leakage current of the tunneling
gate oxide [23]-[26].

Therefore, we are interesting in electrical characteristics and reliability of the deep
sub-micron MOSFETs fabricated with advanced technologies of ultra-thin nitrided

gate oxide, strained SiGe channel, and ultra-thin high-k gate dielectrics.



1.1.1 MOSFETs with Ultra-Thin Nitrided Gate Oxide

It is well-known that the nitridation of thermal oxide has been studied for over
three decades because of the higher dielectric constant and strength, smaller
radiation-induced damages, and enhanced endurance under high-field stress, and
numerously various techniques of nitridation have been published, such as oxidation
of nitrogen-implanted silicon substrate [27], thermal nitridation with N, annealing
[28], NH; annealing [29], N,O annealing [30], [31], and NO annealing [32], [33],
JVD nitridation [34], remote plasma nitridation (RPN) [35], [36], decoupled plasma
nitridation (DPN) [37], reoxidation of nitrided oxide [38], SizN4/SiO;, (N/O) stack
[39], [40]. Many researches have been aggressively conducted in reducing the direct
tunneling current and improving the boron penetration by incorporating nitrogen into
the sub-2 nm gate oxide [8], [41], [42]. However, thermal nitridation process requires
higher temperature to incorporate sufficient-nitrogen-concentration into the gate oxide
[4], and high process temperature: makes device integration more difficult as the
technology scales down continuously to the sub-100 nm regime.

On the other hand, device degradation by hot-carrier stressing is one of the most
important reliability issues for short channel MOSFETs, because device
characteristics will be degraded by interface-state generation and transconductance
reduction [43]. For worse cases, hot-carrier stressing may damage gate oxide to cause
oxide breakdown [44]. Although the improvement of hot-carrier reliability achieved
by nitrided oxide has been reported [45]-[47], controversial issues are also arisen.
Nitrogen incorporation induced positive fixed oxide charges and electron traps are the
main concerns for nitrided oxides. Carrier injection and trapping in the gate oxide and
transconduction degradation by Coulomb scattering make the hot-carrier degradation

still be a significant reliability issue for devices with ultra-thin nitrided gate oxide [48],
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[49]. In addition, the low-frequency flicker noise has been regarded as an important
consideration in analog and RF device applications [50], and it has also been reported
to be another problem for the nitrided gate oxide [51], [52]. Because the flicker noise
is believed to be caused by the fluctuation in the number of carriers and/or in carrier
mobility which are induced by electron trapping/detrapping through the oxide traps
and the mobility scattering when electrons are transporting through the surface
channel of MOSFETs [53], the additional electron traps induced by the nitrogen
incorporation may enhanced the noise level.

Therefore, for the deep sub-micron MOSFETs with ultra-thin nitrided gate oxides,
the device degradation of hot-carrier stressing and the flicker noise characteristics

should be further investigated.

1.1.2 Strained SiGe Channel MOSFETs

It has been demonstrated that the strained layer as the channel may dramatically
improve the device performance because of the higher carrier mobility [17]-[22]. The
strained SiGe channel device, especially for pMOSFET, is, however, more attractive
since SiGe has higher bulk carrier mobility than Si [11], the offset of valence band
with respect to Si substrate leads to the quantum confinement effect of holes [21],
[54], and the induced compressive strained in the SiGe channel would further enhance
the channel hole mobility when the SiGe layer is directly on the Si substrate [21], [S5].
Moreover, the SiGe device has several attractive merits in device fabrication because
of the capability of selective deposition on Si substrate, the completely comparable
process with the conventional Si device, and the low activation temperature due to the
high dopant activation rate [S6].

On the other hand, several drawbacks for the SiGe channel device have also been
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proposed [54], [57]-[59]. For example, the lattice mismatch between SiGe and Si
interface may induce dislocations, the Ge segregation and atom-induced scattering
may degrade the mobility, and lacking a high quality gate insulator for MOS
applications. Hence, low temperature process and Si capping layer have to be
developed for fabricating SiGe MOSFETs [60]. Additionally, ultra-thin silicon nitride
(SiN) has been reported as the promising alternative of gate dielectric for the SiGe
channel MOSFETs [61]. Although SiN film usually shows a considerable amount of
fixed oxide charges, electron traps, and the interface states to degrade the device
performance, N,O-annealing has been proposed to improve the film quality and the
interface [62].

However, the device characteristics of the SiGe channel MOSFET with
N,O-annealed SiN gate dielectric;have not been ‘demonstrated yet so far. Therefore,
for deep sub-micron MOSFET .applications, the-film quality of the ultra-thin
N;O-annealed SiN gate dieleetric land-the.strained SiGe channel, the electrical

characteristics, and the device reliability. still need further extensive study.

1.1.3 Ultra-Thin HfO, Gate Dielectric

The high-k metal oxide insulators have been shown to be capable of significantly
suppressing the gate leakage current for the same equivalent oxide thickness (EOT)
with conventional SiO;,-based gate oxides because of their greater physical thickness.
The high-k materials therefore have attracted considerable attention as the promising
candidate for the ultra-thin gate dielectrics when the gate oxide thickness is scaled
down to below 1.5 nm, such as TiO; [63], Ta,O; [64], ALLO3 [65], ZrO, [66], HfO,
[67], LayOs [68], Y03 [69] and Pr,Os [70]. Among these candidates, HfO, not only

have relatively high dielectric constant and wide band gap [71] but also displays
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impressive thermal stability when it directly contacts with the silicon substrate [72].
Therefore, HfO, film seems to be a good alternative gate dielectric for the generation
of sub-1.5 nm gate oxide, and the excellent electrical properties have also been
demonstrated [73]. However, the formation of the interfacial layer and the degradation
of mobility are still the challenging issues of the MOSFETs with HfO, gate dielectric,
and recently the Hf silicate and nitrogen incorporation are extensively studied to
overcome these issues [74]-[76]. Moreover, oxide traps existing in high-k gate
dielectrics have been demonstrated as another concerning issue because of the
threshold voltage instability [77] and the reliability degradation [78].

To improve the interface quality, pre-deposition surface treatment should be a
viable approach and it may also suppress the formation of the interfacial layer. For
example, surface nitridation can’provide better thermal stability and reliability
because of the excellent barrier for. interfacial reaction and dopant diffusion and the
effective reduction of leakage~current [79}—-and ‘the surface oxidation can be an
effective method for reducing the leakage current and improving the quality of the
interface [80]. However, both techniques have disadvantages. Nitrogen incorporation
may induce extra oxide charges in the gate dielectric to cause a shift in the flat-band
voltage. On the other hand, the low dielectric constant of the forming SiO, layer may
increase the EOT and then limit the gate oxide scaling.

Therefore, the electrical characteristics of the ultra-thin HfO, gate dielectrics with

different surface treatments have to be further investigated and compared.

1.2 Organization of the Thesis

Three main topics are investigated and discussed in this dissertation. First, the



effect of hot-electron-induced electron trapping on device reliability and the
low-frequency flicker noise characteristics for the deep sub-micron nMOSFETs with
ultra-thin nitrided gate oxides are investigated. Second, the device degradation
mechanism and the channel thickness effect on device characteristics for the deep
sub-micron strained SiGe channel pMOSFETs with ultra-thin N;O-annealed SiN gate
dielectric are studied. Third, the electrical characteristics of the ultra-thin HfO, gate
dielectrics prepared using various pre-deposition surface treatments are compared and
discussed. This dissertation is also divided into seven chapters.

In Chapter 1, a brief overview of the background and the motivation are
introduced. Three main advanced technologies for deep sub-micron MOSFETs are
reviewed and we also discuss the most important issues for each technology.

In Chapter 2, the hot-electronr degradation “of the 0.13 pm nMOSFETs with
various ultra-thin gate oxides (EQT = 1.6 nm), including thermal oxide, SizN4/SiO,
stack, NO oxynitride, and plasma nitrided-oxide, areinvestigated. Severe hot-electron
degradations under both channel hot-electron.and substrate hot-electron injections are
observed for the nitrided oxide devices comparing with the thermal oxide device. We
also found that the main mechanism responsible for the hot-electron degradation
should be dominated by the electron trap generation rather than the interface state
generation in the ultra-thin nitrided gate oxides.

In Chapter 3, we investigated the low-frequency flicker noise characteristics of the
0.15 um nMOSFETs with ultra-thin (EOT = 1.6 nm) gate oxides of thermal oxide,
Si3N4/Si0, stack, NO oxynitride, and plasma nitrided oxide subjecting to the
hot-carrier stressing and the occurrence of oxide breakdown. The nitrogen
incorporation in the ultra-thin gate oxide may increase the noise level by introducing
electron traps but improve the device immunity against the hot-carrier degradation in

the flicker noise. Comparing with the thermal oxide device, moderate increase of the
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noise level for the nitrided oxide devices is observed when oxides are suffering
breakdown. We also found that the frequency index of the noise spectrum is varied
with the gate bias and decreased by hot-carrier degradation and oxide breakdown.

In Chapter 4, we have fabricated the pMOSFETs with 50-nm thick strained
Sip85Geo 15 channel and ultra-thin (EOT = 3.1 nm) N,O-annealed SiN gate dielectric
and investigated the device degradations of the hot-carrier and the negative-bias
temperature-instability stressing. The excellent quality of the ultra-thin N,O-annealed
SiN gate dielectric is obtained. The experimental results indicate that the hot-carrier
degradation is worse than the NBTI degradation and the channel hot-carrier stressing
is the worst case for all kinds of reliability testing. We have also verified that the
interface state generation should be the main mechanism responsible for the
hot-carrier degradation while the electron trapping dominates the device degradation
for the NBTI stressing.

In Chapter 5, we have fabricated the strained SiggsGeo s channel pMOSFETs with
ultra-thin (EOT = 3.1 nm) N,O-annealed SiN gate dielectric and different channel
thickness of 5, 15, and 30 nm. We have found that the thickness of SiGe channel has a
great impact on the device characteristics. The thinner SiGe channel devices have
been demonstrated to have higher interface quality, better device performance, lower
leakage current, and higher mobility than the 30 nm SiGe channel device.

In Chapter 6, we have investigated the electrical characteristics of ultra-thin HfO,
gate dielectrics with various pre-deposition surface treatments, such as HF dipping,
NH; surface nitridation, and rapid thermal oxidation. The NHj nitridation technique
has been shown to be superior to other surface treatment techniques. The dependence
of hysteresis on the initial inversion bias, temperature, and frequency are also
investigated. The hysteresis width is found to be increased with increasing the initial

inversion bias and decreased with the temperature, and it is insensitive to the
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measuring frequency. The experimental results also indicate that the hysteresis width
is exponentially dependent on both the initial inversion bias and the temperature and
can be described by an empirical relationship in the form C(T)-exp(R}V,,). The
trap-assisted tunneling is also verified as the dominant conduction mechanism of the
ultra-thin HfO, gate dielectrics.

In Chapter 7, we conclude our results and summarize the main conclusions in a

list, and the suggestions for further studies are also discussed.
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Chapter 2

Hot-Electron-Induced Electron Trapping in 0.13
um nMOSFETs with Ultra-Thin (EOT = 1.6 nm)
Nitrided Gate Oxide

2.1 Introduction

The incorporation of nitrogen into the gate oxide has become a viable approach to
reduce the intolerably high standby pewer:consumption and overcome boron
penetration when the gate oxide of contmues. to scale down below 2 nm because it
provides a physically thicker film with the same electrical equivalent oxide thickness
(EOT) for reducing tunneling Curtent and simultaneously suppressing the boron
diffusion effectively [1]—[4]. In the past, a variety of techniques including thermal
nitridation [S]-[17], jet vapor deposition (JVD) nitride [18]-[22], remote plasma
nitridation (RPN) [23]-[28], decoupled plasma nitridation (DPN) [29], [30], and
stacked nitride/oxide [31]-[40] have been studied extensively and shown to be
beneficial in alleviating the above-mentioned problems. Despite these encouraging
results, however, the impacts of nitrogen incorporation on the long-term reliability
characteristics of the fabricated devices are still controversial. Some groups have
studied that the introduction of nitrogen did cause significant reliability degradation in
terms of charge trapping [41]-[45] and hot-carrier immunity[46]—[56], while the
others asserted the improved robustness against hot-carrier degradation by employing

various nitridation techniques [8], [57]-[69]. In this study, we demonstrate that the
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gate dielectrics of 1.6nm EOT with nitrogen incorporation in deep sub-micron
nMOSFETs will become less robust against hot-electron striking even though it has
been shown that the ultra-thin oxides in direct tunneling regime have better hot-carrier
reliability for nMOSFETs [70]—[74]. Several nitrogen incorporation techniques are
employed in this work, including stacked Si3N4/SiO, (N/O), NO annealing, and
plasma nitridation. It is clearly observed that 0.13 um nMOSFETs with ultra-thin
nitrided gate oxides (EOT = 1.6 nm) depict much severe degradations under both
channel hot-electron (CHE) and substrate hot-electron (SHE) injections as compared
to the device with conventional ultra-thin gate oxide. Meanwhile, it is found that the
main mechanism which is responsible for the hot-electron degradation should be
dominated by the electron trap generation rather than the interface state generation in

the ultra-thin nitrided gate dielectrics after the long-term hot-electron stressing.

2.2 Device Fabrication and Characteristics Measurement

After active region definition, wafers were split to receive various gate dielectric
preparation recipes, including thermal oxidation (i.e., control), Si3N4/Si0, (N/O) stack,
NO-annealed oxide, and thermal oxide with plasma nitridation. Thermal oxide was
grown by wet oxidation in catalysis oxidation chamber at 800°C; Si3N4/SiO, stack
was made of a 0.8-nm bottom thermal oxide at 800°C followed nitridation in a
high-density remote helicon-based nitrogen discharge at 450°C and a 1.4-nm
high-quality nitride film deposited by low-pressure chemical-vapor-deposition
(LPCVD) using gas sources of SiHs and NHj at 800°C; NO-annealed oxide was
achieved with annealing the pre-grown thermal oxide at 800°C in the NO ambient;

Plasma nitridation was implemented with exposing the thermal oxide to a decouple

21



plasma source at 550°C, 20 mTorr, in N, ambient followed by rapid thermal
annealing (RTA) at 1050°C for 10 seconds. All of these gate dielectrics were
carefully designed to have the same equivalent oxide thickness (EOT) of
approximately 1.6 nm, as identified by C—V measurements. After deposition and
patterning of a 150 nm un-doped polysilicon film, arsenic dopants were implanted
with the energy of 5 KeV for simultaneous gate electrode doping and shallow
source/drain junction formation. For dopant activation, all wafers were annealed by
rapid thermal annealing (RTA) in N, gas ambient for 30 sec. Subsequently, cobalt
salicide, PSG, and metallization were performed to complete the device fabrication.
The current—voltage (/-V) characteristics were measured by using a Keithley 4200
semiconductor characterization system. Two hot-carrier stressing methods, i.e., CHE
and SHE injections, were used for'evaluating thedevice reliability. The indicators of
reliability degradation are the reduction of 'driving.current, Aly/lqat Vo= Vy=1V, and
transconductance, AGy/Gn, at the peakvalues-as well as threshold voltage shift (AV}).
Moreover, the variation of interface states will.be monitored by the Direct—Current
Current—Voltage (DCIV) method before and after the devices being stressed at CHE

and SHE injections.

2.3 Results and Discussion

2.3.1 I-V Characteristics

The results of gate leakage current for various ultra-thin gate oxides are shown in
Fig. 2.1. Consistent with the previous reports [26], [28], [31], [36], [75]-[83], the

gate leakage currents are reduced for all gate oxides with nitrogen incorporation, and
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both N/O stack and plasma nitrided gate dielectrics are almost one order of magnitude
lower than that of the thermal oxide with the same EOT value of 1.6 nm. The
reduction of leakage currents are due to the increase of physical thickness which is
achieved by increasing the dielectric constant for the nitrided oxides [84], [85].
Figure 2.2 demonstrates the linear /;—V, characteristics for 0.13 pm nMOSFETs with
various ultra-thin (EOT = 1.6 nm) gate dielectrics. Obviously, we can see that all
devices have an almost identical subthrethold swing (S ~ 81 mV/dec), and the
threshold voltages are displayed slightly negative shifts for the nitrided oxide devices
as compared to the thermal oxide counterpart because of the nitrogen-induced positive
charges in the gate dielectrics [30], [38], [47], [52], [65], [67], [86]-[91]. From this
viewpoint, NO nitridation technique is the worst because the largest shift of threshold
voltage has been observed. In addition, the transconductance versus the gate overdrive
(V=) for all devices are shown in'Fig. 2.3.-With respect to the control device with
thermal gate oxide, the devices: with. N/O stack and plasma nitrided gate dielectrics
show slight peak degradation of Gy at-low gate bias which is attributed to the loss of
mobile inversion electrons caught by the additional traps and the consequent Coulomb
scattering [35], [47], [92]-[96]. The transconductance is, however, enhanced at high
gate voltage regime, which has been reported to be caused by several possible factors:
high interfacial nitrogen concentration may induce residual tensile stress at the
interface [94], [97], [98], nitrogen incorporation at the interface may reduce the
acceptor-like interface states near and above the conduction edge [94], [95], [99], and
the electron trapping at the interface traps may screen the surface scattering through
Coulomb shielding [35], [95], [100]—[102]. On the other hand, for the device with NO
oxynitride, the severe G, degradation should be due to higher level of nitrogen
pile-up near the bottom interface via NO annealing [30], [52], [93], [94], [100], which

can also explain the result revealed in Fig. 2.2.
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2.3.2 CHE and SHE Stressing

For the deep sub-micron devices with conventional ultra-thin gate oxide, it has
been shown that the worst hot-carrier stress condition switches from V, = Vy/2
(maximum Zg) to Vg = Vg [103]-[107], and the device degradation is also enhanced
by the valence-band electron tunneling when the oxide thickness shrinks down to the
direct tunneling regime [105]. For the 0.13 um nMOSFETs with ultra-thin nitrided
gate oxides, as shown in Fig. 2.4, similar flat curves of substrate current versus gate
voltage (/,—V,) are also obtained, so the worst condition of V, = V4 was used to
monitor the degradations of our devices for hot-carrier stressing. Although the
interface state generation has been demonstrated to be the main cause of the
hot-carrier degradation for ultra-thin gate oxide devices [72], [104], [105], [108], the
situation is, however, quite different-for the.devices with ultra-thin nitrided gate
dielectrics. Figure 2.5 indicates that-almost:no degradation was observed for the
thermal oxide device with an EOT value of 1.6 nm, and this result is consistent with
the previous works [70]-[74]. On the other hand, a slightly larger increase of
threshold voltage (AV; = 6 mV) is presented even though almost unchanged
subthreshold swing was also observed for the plasma nitrided oxide device after being
stressed under V, = V4 = 1.8 V (CHE) for 10* seconds. According to the results that
nitrided oxide is very resistive to the interface state generation [47], [49], [S2]-[54],
[571-1591, [62], [63], [67], we, then, speculate that the electron trapping should be the
dominating mechanism of the hot-electron degradation for the ultra-thin nitrided
oxide device. Moreover, Fig. 2.6 displays that the gate leakage current of the plasma
nitrided oxide is slightly decreased after the CHE stressing. This trend is opposite to

the results shown in other works, in which the increase of gate current has been
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demonstrated if the gate oxide and the interface are damaged [74], [106], [108]—[115].
Therefore, the reduction of gate leakage current is believed to be due to the local
electric field lowering induced by the electrons trapped in the gate dielectric [109],
[116].

Figure 2.7 depicts the AV; and AGn/Gn versus gate voltage as a function of
substrate bias (V) under SHE stressing for the 0.13 mm nMOSFET with plasma
nitrided gate oxide. We can clearly see that only negligible degradation has been
found even when the gate voltage is up to 2.6 V when Vy,;, was fixed at 0 V (i.e.
constant voltage stress, CVS). For the case of SHE stressing under Vg, = -2 V,
however, the AV; as well as AG,/Gy, are significantly enhanced with the increase of
gate voltage. Note that the channel of device is strongly inverted for all applied gate
voltages (V> V; = 0.38 V). Thus,the electron injection into the gate dielectric which
degrades threshold voltage (positive shift) and transconductance should be dominated
by the substrate bias rather than the .gate.voltage. These results imply that the
degradation must be strongly related to.the energy of electrons flowing through the
gate dielectric because electrons will gain energy from the substrate bias injection.
Interestingly, V; and Gy, degradations are shown in a similar trend which indicates that
Vi shift and G, reduction may be enhanced by the same degradation mechanism, i.e.
the electron trapping in the gate dielectric. In addition, the shifts of threshold voltage
as a function of substrate bias under SHE stressing for various gate dielectrics are
shown in Fig. 2.8. It can be seen that nitrogen-incorporated gate dielectrics depict
poorer immunity against SHE stressing. When the substrate bias becomes more
negatively than —1 V, all but the control device with thermal oxide show a drastic
increase in threshold voltages. These sudden increases in the threshold voltages imply
that electron trapping should be the dominant mechanism which is responsible for the

aggravated device degradation for all nitrided gate oxide devices. Based on the
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discussion abovementioned, we illustrate a schematic band diagram and electron
conduction path for the devices stressed at different bias conditions, i.e., constant
voltage stress (CVS), channel hot electron (CHE) injection, and substrate hot electron
(SHE) in Fig. 2.9. For conventional CVS, i.e. Vg, = 0 V, the channel electrons, i.e.,
cold carriers, have a higher probability to directly tunnel into the gate without entering
the conduction band of the oxide when the thickness of gate dielectric lies in the
direct tunneling regime (EOT = 1.6 nm in our cases). Therefore, only negligible
stress-induced degradation has been observed when the gate voltage is lower than 2.6
V as shown in Fig. 2.7. When a larger gate voltage is applied, a small fraction of
electrons in the high-energy tail may tunnel into the conduction band of the gate
dielectric and cause the dielectrics damaged via interaction with the dielectric network.
Since the kinetic energy of the electrons in the‘tail of the energy distribution will
increase with increasing the substrate bias, the:degradation becomes accordingly more
apparent.

It has ever been reported that electron-trapping will dominate the dielectric
degradation instead of the interface state generation for the gate oxide with heavily
nitridation [41], [52], [S57]-[59], [62], [117], [118]. The link of the electron trap
creation to the nitrogen incorporation has also been investigated [119]-[121]. It was
shown that the bonds of paramagnetic electron trap precursors introduced by the
nitrogen incorporation can be easily broken by the impact of the high energy electrons
to create the electron traps. Therefore, the presence of trapped electrons in the gate
dielectric may not only reduces the gate leakage current by locally electric field
lowering [109], [116], but also leads to threshold voltage shift. Meanwhile,
transconductance will also be degraded due to the loss of channel electrons and the
consequent Coulomb scattering with capturing electrons within the gate dielectric [35],
[47], [92]-]96].
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2.3.3 DCIV Measurement

In despite of the fact that charging pumping method is a very useful technique to
characterize the interface quality, high gate leakage in the direct tunneling regime will
cause the charge pumping measurement become unreliable, and more complicate
analyzing approaches have to be developed [122]-[126]. Another technique for
evaluating the interface quality as the Direct-Current Current-Voltage (DCIV) method
has also been proposed [127]-[134]. Because gate bias of the DCIV measurement is
biased at near the flat-band condition, the gate leakage component can be suppressed.
Figure 2.10 is the cross-sectional view of the four-terminal DCIV measurement.
Regarding the source, substrate, and drain of the naMOSFET as the emitter, base, and
collector of the parasitic BJT structure, respectively, the base current, [, is mostly
attributed to the recombination- current.-with-the recombination process through the
defects in the base region and the interface traps: Therefore, if excess interface states
are generated during device stressing, I, will be significantly increased with varying
the slope as displayed in the curve-#2, 3, and 4 for different distribution situations.
The base currents as a function of collector-base voltage (V.,) measured by the
four-terminal DCIV method of the 0.13 pm nMOSFETs with an EOT of 1.6 nm
plasma nitrided gate oxide before and after CHE and SHE stressing for 10" seconds
are shown in Fig. 2.11. Note that the slopes of /,—V curves are almost unchanged for
both CHE and SHE stressing except slightly increase of the base currents. The parallel
increase of 1, should be due to raising the effective gate bias by electron trapping in
the gate dielectric after the hot-electron stressing. Again, we confirm that the
mechanism responsible for the degradation is the electron trap generation rather than

the interface state generation. As discussed previously, we speculate that all of these
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degradations are closely related to the precursors of paramagnetic electron traps
formed by nitrogen incorporation in the ultra-thin nitrided gate oxides even though the

thickness is in the direct tunneling regime.

2.3.4 Device Lifetime

Figure 2.12 is the degradation of threshold voltage versus stress time for the SHE
injection biased at V, = 2.2 V and Vi = —-1.5 V for 10* seconds. Considering the
device lifetime defined as AV; = 10 mV, obviously the thermal oxide device has
superior reliability lifetime than all devices with nitrded gate oxides. Figure 2.12 also
shows that the AV; exhibits a power law dependence on the stress time, and the
exponent number, #, is extracted to be approximately 0.3 for all devices. Consistent
with previous reports [60], [135]-[138], it reveals that charge trapping should
dominate the hot-carrier degradation for.a-smaller exponent (0.15-0.3) is obtained. On
the other hand, 0.13 um nMOSFETs with nitrogen-incorporated gate dielectrics also
display their lifetimes are more than two orders of magnitude lower than the
counterpart with thermal gate oxide after CHE stressing are shown in Fig. 2.13. For
ten-year device operation, the optimum operating voltage could be as high as 1.5 V
for the device with thermal oxide. By comparison, all of the nitrogen-incorporated
devices show a lower operating voltage of only about 1.3 V. Consequently, these
results clearly indicate that deep sub-micron nMOSFETs with ultra-thin nitrided gate
oxides would be more vulnerable to the hot-electron-induced electron trapping in the
gate dielectric as considering the long-term reliability issues. However, both Fig. 2.12
and Fig. 2.13 depict that plasma nitrided oxide has superior hot-carrier reliability than
the nitride/oxide stack and the NO oxynitride gate dielectrics. Therefore, plasma

nitridation will be concerned as the most promising technique of forming the
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ultra-thin nitrided gate oxide for the sub-100 nm device applications.

2.4 Summary

Although nitrogen incorporation into ultra-thin gate oxide could reduce gate
leakage current effectively, the nitrided oxide will introduce the positive oxide charges
to cause threshold voltage shift and transconductance degradation. Moreover, the
nitrided oxides result in enhanced hot-electron-induced device degradations of the
significant threshold voltage shift, the transconductance degradation, and the drain
current reduction comparing with the conventional thermal gate oxide. In this study,
we have also found that electron trap, generation rather than the interface state
generation should be the main.‘hot-electron 'degradation mechanism for the deep
sub-micron devices with ultra-thin nitrided gate oxide because of the observed results
of the positive shift of threshold voltage, the-insignificant variation of subthreshold
swing, the reduction of gate leakage current, no significant slope changes of the /,-V
curves for DCIV measurement, and a small exponent value (n ~ 0.3) of the AV, versus
stress time plot. Therefore, the hot-electron-induced electron trapping in the ultra-thin
nitrided gate oxide could eventually become a severe long-term reliability concern
(CHE and SHE) for the sub-100nm technologies, and the plasma nitridation has be
shown to be the most promising technique for the ultra-thin nitrided gate oxide

applications.
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Fig. 2.1. Gate current densities as a function of gate voltage for four different gate

dielectrics, and all devices have the same equivalent oxide thickness (EOT) of 1.6 nm.
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curve-3 (0, nonuniform, 0), and curve-4 (nonuniform, nonuniform, 0).
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Chapter 3

Flicker Noise Characteristics of 0.15 um
MOSFETs with Ultra-Thin (EOT=1.6 nm)
Nitrided Gate Oxide

3.1 Introduction

Nowadays, for aggressive progress of CMOS devices in analog and RF
applications, the low-frequency (LE) noise of- MOSFETs, i.e. the so-called flicker
noise or 1/f noise, has been extensively:studied [L], [2], because a low-frequency
noise spectrum can be up-converted into-a high-frequency (HF) spectrum around the
carrier frequency. According to the previous reports, the flicker noise is believed to
arise from the fluctuation in the number of carriers and/or in carrier mobility, which
are induced by electrons trapping/detrapping through the traps and the mobility
scattering when the carriers are transporting through the surface channel of MOSFETs
[3], [4]. Therefore, the flicker noise can act as a powerful vehicle in characterizing the
quality of gate oxide near and at the Si0,/Si interface and the reliability of devices [5],
[6] because its magnitude is intimately correlated to the surface roughness of channel
[7], the scaling of device geometry [8], the plasma charging damage and breakdown
(BD) in gate oxide [9], [10], and the hot-carrier (HC) induced degradation [11]—[13].
On the other hand, the nitrogen incorporation into gate oxide may induce the
additional electron traps in the gate dielectric and reduce the mobility for a low gate

bias [14], [15], and many research reports have indicated that the flicker noise has
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become another potential problem for the nitrided gate oxides [16]—[20]. Hence, we
investigated the characteristics of the flicker noise of 0.15 pm nMOSFETs with
ultra-thin (EOT = 1.6 nm) nitrided gate oxide subjecting to the hot-carrier (HC)
stressing and the occurrence of oxide breakdown (BD). We found that the nitrogen
incorporation in the ultra-thin gate oxide will increase the flicker noise by introducing
electron traps but improve the device immunity against the hot-carrier degradation in
the flicker noise. Moreover, the noise level is increased moderately for the nitrided
oxide device comparing with the thermal oxide device when the oxides are suffering
breakdown. We also found that the frequency index of the noise spectrum is
dependent on the gate bias and will be decreased by hot-carrier degradation and oxide

breakdown.

3.2 Device Fabrication'and Characteristics Measurement

Various ultra-thin gate dielectrics with the equivalent oxide thickness (EOT) of
1.6 nm were formed after being defined the active region, including thermal oxidation,
Si3N4/S10, stack, NO-annealed oxide, and plasma nitrided oxide. After depositing and
patterning of a 150 nm un-doped polysilicon film, arsenic dopants were implanted
with the energy of 5 KeV for simultaneous gate electrode doping and shallow
source/drain junction formation. All wafers were annealed by rapid thermal annealing
(RTA) in N, gas ambient for 30 seconds for dopant activation. Subsequently, cobalt
salicidation process was performed to improve the contact resistance. Finally, the
process of standard back-end metallization completed the device fabrication.

The equivalent oxide thickness (EOT) of 1.6 nm was characterized by the

capacitance—voltage (C—V) measurement with considering the quantum mechanical
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effect. The low-frequency flicker noise measurement was performed by using the
instruments set, including HP4156, HP35670A Dynamic Signal Analyzer, and BTA
9812 Noise Analyzer, before and after the hot-carrier stressing and the breakdown of
gate oxide. Meanwhile, the output noise power spectrum density would be extracted

in the low-frequency range between 10 Hz and 10 kHz.

3.3 Results and Discussion

The linear /4—V, characteristics of 0.15 pm nMOSFETs with various ultra-thin
(EOT = 1.6 nm) gate dielectrics, including thermal oxide, SizN4/SiO, stack, NO
oxynitride, and plasma nitrided oxide,, are.shown in Fig. 3.1. All devices depict an
almost identical subthreshold swinhg (S) withra'value of 80 mV/dec, and it implies that
the qualities of these gate dielectric interfaces are similar. Meanwhile, obvious
negative shift in threshold voltage (4).is ebserved for all of the devices with nitrided
gate oxide. It is well-known that this tendency s closely related to the nitrogen-related
positive charges. Figure 3.2 shows the transconductances (g,) of all devices versus
the gate overdrive (V; — V}). It can be seen that the nitrogen incorporation not only
results in the degradation of transconductance in low gate voltages which is caused by
increasing the Coulomb scattering from additional oxide charges but also enhances
the g,, in high gate voltages because of the less mobility degradation, and these results
are consistent with the previous reports [16]. Hence, the largest V; shift and the severe
G degradation of the NO oxynitride device indicate that NO nitridation should
introduce higher level of nitrogen into the gate dielectric than other nitridation
techniques.

The results of gate voltage noise power spectrum (Sv,) for all devices at the linear
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operation (Vg — V;=1.0 Vand V4= 0.1 V) are demonstrated in Fig. 3.3. Because Sv,
is obtained by SId/gmz, we can normalize the effects of various drain currents and
transconductances for all devices. The reason why we characterize the flicker noise in
linear region rather than in the saturation region is that the device can provide a
uniform carrier distribution in the channel, and this condition simplifies the analysis
of flicker noise. Figure 3.3 depicts that once nitrogen has been incorporated into gate
oxide, the increase of flicker noise can be clearly observed. It has been reported that
nitrided oxide has higher noise level comparing with thermal oxide because oxide
traps also contribute to the flicker noise in addition to the interface states [18], and the
noise level is strongly dependent on the techniques of nitridation [16]—[20]. This is
attributed to the presence of the nitrogen-related interfacial electron traps in the gate
dielectric at energies near the conduction band edge [17]. These traps can not only
cause the fluctuation in the snumber of electrons in the channel by electrons
trapping/detrapping through the-traps:.but.alse-modulate the scattering rate of mobility
when they capture electrons [19].“Therefore; the devices with nitrided gate oxide
show higher flicker noise than the thermal oxide counterpart. Besides, the frequency
index of noise spectrum, y, seems to be lowered with the amount of incorporated
nitrogen, so the value of y should be correlated with the electron traps. Similar
speculation is also made in the previous study [18]. According to the results displayed
in Figures 3.1, 3.2 and 3.3, the plasma nitrided oxide has been shown to have superior
oxide and interface quality over the Si3N4/SiO; stack and the NO oxynitride.

For the deep sub-micron device with thermal gate oxide, it has been demonstrated
that the worst hot-carrier stress condition switches from Vy = V4 /2 to Vy = V4 [21] and
the interface state generation is the main cause of the hot-carrier degradation [21],
[22]. On the other hand, hot-electron-induced electron trapping is proposed to be the

dominant degradation mechanism of the hot-electron injection for the ultra-thin
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nitrided oxide devices [23], [24]. Thus we stressed all devices at V, = Vy=2.3 V for
1000 seconds and investigated the effect of hot-carrier degradation on the flicker
noise. Figure 3.4 and Figure 3.5 display the low-frequency Sv, noise power spectra
of thermal oxide and plasma nitrided oxide devices before and after hot-carrier (HC)
stressing in linear and saturation operation modes, respectively. Obviously, the noise
levels increase with the gate voltages for both devices whether operated in linear or
saturation mode because of the increase of channel electrons with gate bias. The
device with thermal gate oxide exhibits, however, significant increase of the flicker
noise for hot-carrier degradation, but only slight changes are observed for the devices
with plasma nitrided gate oxide. We believe that the drastic increase of noise for the
thermal oxide device is attributed to the generation of the interface states and oxide
traps [21], [22], [25]. While for the nitrided oxide device, the insignificant flicker
noise variation arises from twe factors. Fitstly,.it ‘has been shown to have better
hot-carrier immunity [26]. Secondly,'the.electron trapping in the nitrided gate oxide is
the primary mechanism for hot-catrier. degradation [23], [24], so the increase of
electron traps which are available for generating flicker noise is not significant. Hence,
the hot-carrier degradation contributes less impact on the flicker noise for the nitrided
oxide device. Moreover, comparing results shown in Fig. 3.4 and Fig. 3.5, the fresh
noise level and the increment by hot-carrier stressing are higher in linear operation
than in saturation operation for both devices. It is due to the fact that the channel is
pinch-off away from the drain when device is in saturation mode. Only portion of
electrons in the channel have probability to interact with interface and generate flicker
noise, and the hot-carrier induced interface states and oxide traps has less impact on
channel electrons because the damage region is only restricted to near the drain side
for the hot-carrier stressing. Therefore, the flicker noise will become an important

issue when device is operating in linear mode especially for analog and RF
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applications [27], [28].

The variations of gate currents with stress time for all devices stressed at V, = 3.3
V are shown in Fig. 3.6. Although the Si3Ny stack and the plasma nitrided oxide show
similar breakdown characteristics to the thermal oxide, the NO oxynitride is easier to
be breakdown than other counterparts. It is speculated to be caused by introducing
more positive oxide charges and electron traps in the gate dielectric for NO nitridation.
Once the oxide is breakdown, i.e. /, increases abruptly, stressing process is interrupted
immediately and then flicker noise measurement is performed. Figure 3.7 is the
results of low-frequency flicker noise before and after oxide breakdown (BD) for
thermal oxide and plasma nitrided oxide devices with a stress voltage of V, = 3.3V.
When oxide breakdown is occurred, the noise level is observed to be increased
moderately for the device with plasma nitrided oxide and it is significantly enhanced
for the device with thermal oxide. In addition, the increment of noise level is higher
for oxide breakdown comparing with:the results, of hot-carrier stressing. According to
the model of the oxide breakdown |29]-[31},-a considerable amount of electron traps
may be generated to construct the conduction path through the gate oxide. Therefore,
more excess electron traps are contributing to the trapping/detrapping process for
channel electrons and consequently enhance the flicker noise. Moreover, the
frequency index of noise spectrum, y, has been shown to be fluctuated with the gate
bias and this observation is strong related to the electrons capturing/emission of the
oxide traps [18]. Similar results are also obtained in our study which is demonstrated
in Fig. 3.8 for both the thermal oxide and plasma nitrided oxide devices before and
after hot-carrier stressing and oxide breakdown. The frequency index is around
1.0-1.2 for fresh devices and it is decreased when devices are degraded either by
hot-carrier degradation or even worse by oxide breakdown. Even though the variation

of frequency index with gate voltage is also speculated to be corresponding to the
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distribution of oxide traps [18], we believe, however, further investigation is still
needed for mechanism characterization with respect to the relationship between
frequency index of noise spectrum and electron traps. Finally, according to previous
results, the plasma nitrided oxide has been shown its potential for analog and RF
applications with sub-100 nm devices because of the comparable noise level to
thermal oxide, better immunity for enhancing flicker noise by hot-carrier degradation,

and moderate increase of noise level after oxide breakdown.

3.4 Summary

We have found that the nitrogen incorporation in the ultra-thin gate oxide will not
only induce the positive oxideé charges to. cause threshold voltage shift and
transconductance degradation -but also increase the flicker noise by introducing
electron traps in nitrided oxide’-It is due“to-the fact that the low-frequency flicker
noise is mainly generated by trapping/detrapping of channel electrons with the
interface states and the electron traps. However, nitrogen incorporation can improve
the device immunity against the hot-carrier degradation in the flicker noise because
the hot-electron-induced electron trapping may suppress the generation of flicker
noise. Although a considerable amount of electron traps are created to enhance the
flicker noise when oxide breakdown is occurred, moderate increase of noise level is
observed when the nitrided oxide is suffering breakdown comparing with the thermal
oxide. We also found that the frequency index of noise spectrum is varied with the
gate bias and it is strong related to the oxide traps. Moreover, the frequency index will
be lowered by hot-carrier degradation and even worse by oxide breakdown for both

thermal oxide and nitrided oxide devices. For considering the characteristics of flicker
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noise, the plasma nitrided oxide has been shown to be the most promising candidate
of the ultra-thin nitrided oxide for sub-100 nm MOSFET devices in analog and RF

applications.
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various ultra-thin (EOT = 1.6 nm) gate dielectrics.
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Chapter 4

Reliability of Strained SiGe Channel pMOSFETs
with Ultra-Thin (EOT = 3.1 nm) N,0-Annealed
SiN Gate Dielectric

4.1 Introduction

The strained SiGe layer as the channel of the deep sub-micron MOSFETs has
been extensively studied recently forsimproving:the performance of device [1], [2]. In
addition to the fact that the bulk-cartier mobility. of the SiGe layer is higher than that
of the Si layer, the compressive strain of SiGe layer [3]-[5] and the quantum
confinement effect induced by thé-offset of valence band between SiGe and Si [6] are
both lead to the enhancement of hole mobility when the SiGe layer is deposited
directly on the Si substrate. Consequently, the performance of pMOSFET devices is
predictably increased by using the SiGe channel [7]-[9]. Moreover, the SiGe devices
have several attractive merits in device fabrication. Firstly, the SiGe layer can be
selectively deposited on the Si substrate by a chemical vapor deposition (CVD)
system. Secondly, the process of device fabrication is completely comparable to the
conventional Si devices. Finally, the high dopant activation rate of SiGe is beneficial
to form the shallow junction in source and drain, and the process with low thermal
budget can be realized [10].

In spite of the advantages mentioned above, the lattice mismatch between SiGe

and Si interface will induce the formation of dislocations in the deposited SiGe film

81



and the Ge-induced scattering in the SiGe layer will degrade the carrier mobility [6].
Besides, lacking a high quality gate insulator is another concerned issue of the SiGe
MOSFETs because Ge precipitates will be formed at the Si0,/SiGe interface when the
SiGe layer is thermally oxidized to grow the gate oxide and the quality of gate oxide
will be deteriorated. Therefore, thermal oxidizing a Si capping layer [11] or direct
depositing on the SiGe substrate [12], [13] has become the most appropriate method
to form the gate insulator of the SiGe channel MOSFETs. However, the high
temperature oxidation process may cause the relaxation of the strained SiGe layer.
Because the temperature of dielectric deposition is generally much lower than that of
thermal oxidation and the relaxation problem can be effectively prevented, the silicon
nitride (SiN) has been reported as the promising candidate of the gate dielectric for
the SiGe channel MOSFETs [12];-[13]. Although the dielectric constant of SiN is
larger than that of conventional SiO, and'the boron-penetration from the p* poly-Si
gate can be effectively suppressed by using.the, SiN-gate dielectric, the excess oxide
charges and interface states introduced.by the SiN gate dielectric cause the shift of
threshold voltage and degrade the device performance. Therefore, N,O-annealing has
been proposed to improve the quality of the SiN gate dielectric and the SiN/Si
interface [14], [15].

For concerning the reliability of device, the hot-carrier (HC) degradation has
been extensively investigated for the conventional Si channel devices with
non-nitrided and nitrided gate oxides [16]—[21]. The oxide charges and the interface
states may be generated by the hot-carrier stressing [20], [21]. In addition, the effect
of negative-bias temperature-instability (NBTI) has also been reported as another
degradation issue dominating the device reliability because the interface state
generation and the oxide charge formation will be induced by the electrochemical

reaction at the interface when the device is stressed at high voltage and high
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temperature [22]—[25]. Although many studies have subjected to the Si and SiGe
channel MOSFETs with SiN-related gate dielectric [12], [13], [16], [17], the electrical
characteristics and the reliability of the SiGe channel devices with N,O-annealed SiN
gate dielectric still need extensive study. In this paper, therefore, we fabricated
pMOSFETs with Sijs5Gey.15 channel and ultra-thin NyO-annealed SiN gate dielectric,
and investigated the device degradations of the hot-carrier and

negative-bias-temperature-instability stressing.

4.2 Device Fabrication and Characteristics Measurement

The pMOSFETs with SiggsGeg s channel and ultra-thin N>O-annealed SiN gate
dielectric were fabricated on 6-inch (100)orientated Si substrate for our experiments.
After performing the standard local oxidation of-silicon (LOCOS) process, we
selectively deposited 50 nm SiggsGep15--epitaxy layer on the Si substrate in an
ultra-high vacuum chemical vapor depesition (UHVCVD) system at 550 °C. The
SiGe layer was in-situ doped with phosphorus. After being cleaned by the RCA
process, the SiN gate dielectric was deposited in a low pressure chemical vapor
deposition (LPCVD) system with dichlorosilane (DCS, SiH,Cl,) and NH3 at 780 °C
and then annealed immediately by using the rapid thermal annealing (RTA) at 900 °C
in N,O ambience for 30 seconds. Sequentially, the gate electrode was formed by
depositing the 150 nm undoped poly-Si film in an LPCVD system and patterning by
using lithography and etching process. The source/drain was carried out by following
the processes of the source/drain extension implantation (BF, with a dosage of 1x10"*
cm™ at an energy of 10 keV), oxide spacer formation (LPCVD TEOS oxide), the

self-aligned gate and source/drain implantation (BF, with a dosage of 5x10"° cm™ at
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an energy of 20 keV), and the dopant activation (RTA at 900 °C in N, ambience for 30
seconds). Finally, we completed the device fabrication by processing the standard
back-end-of-line (BEOL) contact and metallization for all wafers. The schematic
device cross-section and process flow of the device fabrication are also illustrated in
Fig. 4.1.

The electrical characteristics of the capacitance-voltage (C-V) and the
current-voltage (/-V) characteristics were measured by using the Agilent 4284 LCR
meter and the Keithley 4200 semiconductor characterization system, respectively. The
reliability of devices was investigated by evaluating the degradations of the drain
current (Aly), transconductance (AGy,), and threshold voltage (AV;) when they were
stressed under the hot-carrier (HC) and the negative-bias-temperature-instability
(NBTI) stressing. Additionally, the'density of iterface state (Vi) was extracted from
the charge pumping current (/cp) which was-obtained by using the charge pumping

technique with a constant base level (Vg pase)-and,varied pulse amplitudes (Vg peak)-

4.3 Results and Discussion

4.3.1 C-V and I-V Characteristics of pMOSFETs

Figure 4.2 shows the capacitance-voltage (C—V) characteristics of the pMOSFET
with Sijs5Geg 15 channel and N,O-annealed SiN gate dielectric. The equivalent oxide
thickness (EOT) of 3.1 nm shown in Fig. 4.2 is extracted from the accumulation
capacitance (Cy) of the high frequency (100 kHz) C-V curve. There is no hysteresis
observed, implying that the ultra-thin N,O-annealed SiN gate dielectric has only an

insignificant amount of oxide traps. Besides, the capacitance at strong inversion is
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slightly lower than that at strong accumulation, which is mainly due to the poly
depletion effect (PDE). On the other hand, the leakage current of the N>O-annealed
SiN gate dielectric, as shown in Fig. 4.3, is more than two orders of magnitude lower
than that of the conventional thermal oxide with the same EOT [26]. This is caused by
the thicker physical thickness of the SiN layer because the dielectric constant of SiN
is higher than that of SiO,. Moreover, the well-fitted straight line in the
Fowler-Nordheim (J/Eeffz versus 1/Eg) characteristics shown in the inset of Fig. 4.3
demonstrates that the conduction mechanism of the gate current is dominated by the
Fowler-Nordheim (FN) tunneling with an effective barrier height of 1.8 eV.

The characteristics of Iy and G, versus V, are demonstrated in Fig. 4.4. The
threshold voltage (7;) of —1.87 V and the subthreshold swing (S) of 125 mV/dec are
also presented. Figure 4.5 displays the /.—Vy eurves with various gate overdrives
(V=1 from 0 to =2 'V for the-same device. Apparently, Figures 4.4 and 4.5 depict
that the pMOSFET with SiGe channél and-ultra-thin N>O-annealed SiN gate dielectric

has well-performed on/off and output characteristics.

4.3.2 CVS and CCS for pMOSCAPs

The C-V characteristics of pMOSCAPs before and after being stressed under
various conditions of constant voltage stress (CVS) are shown in Fig. 4.6. Because the
C—V curves remain almost unchanged after stressing, it indicates that the CVS has
negligible effects on the C—V characteristics even the gate voltage is up to 5.3 V and
no polarity dependence is observed. Figure 4.7 displays the variations of leakage
currents with constant voltage stressing bias conditions which is so-called the
stress-induced leakage current (SILC). Although only a slight increase of the current

density with the stressing time was observed, the degradation at the negative gate
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voltage regime, however, is slightly larger than that at the positive gate voltage regime.
Because the stress-induced leakage current is dominated by the
trap-assisted-tunneling (TAT) [27], [28], the polarity dependence of SILC reveals that
the traps generated in the gate dielectric during the stressing process should be close
to the gate electrode. Moreover, similar results are also obtained for various

conditions of constant current stress (CCS) as shown in Fig 4.8 and Fig. 4.9.

4.3.3 HC and NBTI Stressing for pMOSFETs

Figure 4.10 displays the degradation of drain currents (Al4) versus stress time
when devices are stressed with the hot-carrier (stressed at Vy=Fy, the
channel-hot-carrier (CHC), and Vgi=2V4/3, the drain-avalanche-hot-carrier (DAHC))
and the negative-bias-temperature-.instability(stressed at room temperature (RT) and
100 °C) stressing. Obviously, the degradation-of HC stressing is much severe than that
of NBTI stressing, and the CHC" stressing has*been shown to be the worst case.
Similar results, as shown in Fig. 4.11, are also observed for the degradation of
transconductance (AGp,). Because the trends of Aly and AGy, are almost identical, the
same mechanism should be responsible for the hot-carrier degradations of drain
current and transconductance. However, the wvariations both for /; and G, are
moderate when the devices are stressed with the NBTI stressing at 100 °C as
compared with the counterparts at room temperature. This can be explained by the
self-recovery effect of the high temperature NBTI degradation [29]. Moreover, the
shift of threshold voltages (AV;) with the stress time is plotted in Fig. 4.12.
Interestingly, all values of AV; are positive for all stressing conditions and follow a
power law with the stress time in the form of AV, =A{", indicating that electron

trapping in the gate dielectric and/or at the interface is occurred during the stressing
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process. According to the previous report [30], for a small value of n (n < 0.2) means
that the degradation of V; should be dominated by the electron trapping in the gate
oxide while AV} should be caused by the interface state generation for a large value of
n (n > 0.3 in our case). Therefore, we believe that the interface state generation is
responsible for the hot-carrier degradation and the electron trapping in the gate
dielectric dominates the NBTI reliability degradation for the pMOSFET with
Sip85Geo. 15 channel and N,O-annealed SiN gate dielectric.

The interface state density variation accompanying with stressing using the charge
pumping (CP) technique are shown in Fig. 4.13. The charge pumping currents (Icp)
are increased after the devices are stressed, and this confirms the generation of excess
interface states. In addition, Fig. 4.14, the enlargement of Fig. 4.13, also depicts
slightly positive shifts of the Icp curves. Again, the occurrence of electron trapping
which has been observed after stressing is obviously consistent with the results of AV.
Comparing the interface state generation(Adjy)-for all stressing conditions in Fig. 4.15,
the hot-carrier stressing, especially the CHC stressing, shows higher AN; than the
NBTI stressing. It demonstrates that the generated interface states play the most
important role in the hot-carrier degradation for the device reliability. Nevertheless, it
is worth to notice that the result of charge pumping measurement for the NBTI
stressing at 100 °C is not shown here because of its insignificant degradation due to
the self-recovery effect.

The degradations for the different bias conditions of V, = V4 =—4.5, -5, and -5.3
V were further investigated even though the CHC stressing has been shown to be the
worst case for the hot-carrier degradation. The results of Aly, AGp, and AV, are shown
in Fig. 4.16, Fig. 4.17, and Fig. 4.18, respectively. Although the drain currents are
degraded with increasing the stressing time and applying voltages, the AG,, tends to

saturate when the device was stressed under higher voltages for a longer time. It is
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quite different from the case of stressing at V, = V4 = —4.5 V which the degradations
of Iy and G, are increased monotonically with the stress time. From the shifts of
threshold voltage induced by the hot-carrier stressing as well as the results shown in
Fig. 4.16, positive shifts of V; are only occurred at the beginning for the stressing
voltages of —5 and —5.3 V and then the AV} tends to be negative. It means that the
electron trapping dominates the device degradation at the initial stage of the
channel-hot-carrier stressing and then the hole trapping is enhanced to mainly degrade

the device characteristics for a longer time stressing [31], [32].

4.4 Summary

We have successfully fabricated pMOSFETS. with selectively 50 nm epitaxial
Sip85Geo.15 channel and ultra-thin (EOT = 3.1-nm) N>O-annealed SiN gate dielectric.
No significant as-deposited oxide traps have-been observed in the N,O-annealed SiN
gate dielectric and the FN tunneling. has.been demonstrated as the conduction
mechanism responsible for the gate leakage current with an effective barrier height of
1.8 eV. Besides, the device also shows well-performed on/off and output
characteristics. For the reliability concern, insignificant degradation has been found
when the capacitors were stressed under the constant voltage (or current) stressing.
This means that a good quality of gate dielectric can be obtained by the N,O-annealed
SiN film. On the other hand, the polarity dependence of SILC reveals that the oxide
traps generated during the stressing process should be more close to the gate electrode.
Moreover, we have studied the effect of hot-carrier and negative-bias-temperature
instability stressing on the SiGe channel pMOSFETs with ultra-thin N>O-annealed
SiN gate dielectric. It is found that the hot-carrier degradation is more severe than the

NBTI degradation and the channel-hot-carrier stressing is regarded as the worst case
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of device degradation. According to the power law relationship of AV; versus stress
time as well as the results of charge pumping measurement, we have demonstrated
that the interface state generation is the predominant factor for the HC degradation
while the electron trapping dominates the degradation of device characteristics for the
NBTI stressing. Although the electron trapping has been found to occur at the initial
stage of the high voltage CHC stressing, the hole trapping will eventually dominate

the degradation when the device is stressed for a longer time.
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Fig. 4.1. The schematic device cross-section and process flow of device fabrication.
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Fig. 4.3. The current—voltage (/-V) characteristics of the pMOSFET with 50 nm
Sipg5Geo.1s channel and N,O-annealed SiN (EOT=3.1 nm) gate dielectric. The inset
shows the fitting of Fowler-Nordheim (FN) tunneling with an effective barrier height

of 1.8 eV.
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N,O-annealed SiN gate dielectric under the constant voltage stress (CVS).
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Chapter 5

Channel Thickness Effect on Strained SiGe
Channel pMOSFETs with Ultra-Thin (EOT = 3.1
nm) N,0-Annealed SiN Gate Dielectric

5.1 Introduction

To enhance the performance of pMOSFETs, the silicon germanium (SiGe) layer
has been introduced into the channel of pMOSFETs because (a) it has higher bulk
carrier mobility than that of bulk Si,'(b) the offset.of-valence band between SiGe and
Si substrate leads to the quantum confinement.effect of holes which also contributes
the increase of hole mobility [1], and (c) the-hole mobility is further enhanced when
the SiGe layer is deposited on top of Si substrate due to the induced compressive
strained in the SiGe channel [2], [3]. Although the SiGe channel devices have
abovementioned advantages, however, the gate oxide formed by the conventional
thermal oxidation process will cause Ge precipitates at the interface between SiGe and
oxide, which will deteriorate the quality of gate oxide [4]. Therefore, one appreciable
approach to prepare the gate dielectric for SiGe channel devices is using the
deposition technique at lower temperature which can also prevent the relaxation of the
strained SiGe layer. Recently, the ultra-thin silicon nitride (SiN) has been reported as
the possible alternative of gate dielectrics for the SiGe channel pMOSFETs [4], [5]
owing to the advantages of suppressing the boron penetration, a larger dielectric

constant, and better hot-carrier hardness [6]. Unfortunately, SiN films usually contain
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a large amount of fixed oxide charges, which can cause the threshold voltage shift,
and increase the interface state density to degrade the device performance [7]. Hence,
N,O-annealing has been reported to improve the qualities of the SiN layer and the
SiN/Si interface by forming an oxygen-enriched interface (OI-SiN) [8]. In this paper,
we employed the low temperature (800 °C) N,O-annealed SiN gate dielectric for
fabricating the SiGe channel pMOSFETs. According to the results of electrical
characteristics, we found an excellent interface quality, a considerably low
subthresthold swing, and significant hole mobility improvement can be achieved for

the SiGe channel pMOSFETs with the ultra-thin N,O-annealed SiN gate dielectric.

5.2 Device Fabrication and Characteristics Measurement

The devices were fabricated on 6-inch (100) orientated Si wafers. After the
standard LOCOS isolation being fabricated, the: SipssGeo s epitaxial layers with
various thicknesses of 5, 15 and 30 nm were selectively deposited on top of the Si
substrates by ultra-high vacuum chemical vapor deposition (UHVCVD) at 550 °C.
The SiGe layers were in-situ doped with phosphorus and the doping concentrations
were 9><1017, 1><1018, and 4x10" cm™ for the thickness of 5, 15, and 3 nm,
respectively according to the results of SIMS analysis shown in Fig. 5.1. After being
cleaned by RCA process, the ultra-thin SiN gate dielectrics were deposited by low
pressure CVD (LPCVD) furnace with dichlorosilane (DCS) and NH; at 780 °C, and
the rapid thermal annealing (RTA) at 800 °C for 30 seconds in N,O ambience
immediately followed. The undoped 150 nm poly-Si deposition were performed by
LPCVD furnace with silane (SiH4) at 620 °C and patterned by using lithography and

etching process as the gate electrode. Then, the self-aligned source/drain extension
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was implanted with BF, by a dosage of 1x10'* cm™ at 10 keV. An oxide spacer was
formed by etching isotropically the low temperature TEOS oxide (LTO), and the
self-aligned gate and source/drain implantation were performed by implanting BF,
with a dosage of 5x10'° cm™ at 20 keV. After the substrate contact being defined and
implanted to improve the body contact, the dopant activation by RTA at 900 °C in N,
ambience for 30 seconds was carried out. Then, the devices were passivated with 500
nm LTO oxide followed by a standard back-end-of-line (BEOL) contact and
metallization processes. Finally the devices were annealed in a furnace with the
forming gas at 400 °C for 30 minutes before the electrical characteristics
measurements.

The capacitance—voltage (C—V) characteristic of each capacitor was measured
using an HP4284 LCR meter. The equivalent oxide thickness (EOT) of the gate
dielectrics was obtained from the strong accumulation capacitance (EOTZSSiOZ/CaCC).
The current—voltage (/-V) charactetistics - were. measured by using a Keithley 4200

semiconductor characterization system:.

5.3 Results and Discussion

Figure 5.2 shows the C—V characteristics of pMOSFETs with different strained
SiGe channel thickness. The smaller value EOT of approximately 3.1 nm was
obtained for the devices with thinner SiGe channels of 5 and 15 nm. The 30 nm SiGe
channel device, however, depicts higher EOT value (3.5 nm). It is speculated that the
faster deposition rate of SiN layer may be induced by the poor quality and/or the high

strain energy of a thicker SiGe channel. In addition, the distortion of C—V curve for
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the 30 nm SiGe channel device indicates more interface states did exist at the
SiN/SiGe channel interface, and the shift of flat-band voltage (Vi) is probably not
only due to the higher oxide charges and interface states but also due to a slightly
heavier doping concentration in the thicker SiGe channel which was evidenced by the
SIMS profiles.

The 1.~V and I+—Vy characteristics are shown in Fig. 5.3 and Fig. 5.4. The
threshold voltages of the devices with thinner strained SiGe channel (5 and 15 nm) are
almost identical and they are smaller than that of the 30 nm SiGe channel device
because of their smaller Vi, and lighter channel doping concentration. In addition, the
subthreshold swing of as low as 68 mV/dec can also be realized in the devices with 5
and 15 nm stained SiGe channel. As strained SiGe channel increases up to 30 nm, the
subthreshold swing increases drastically. On theother hand, the thin SiGe channel
devices demonstrate higher driving.currents than the 30-nm SiGe channel device for
various overdrive gate biases (Vg=V})ias well-as Fig. 5.4 shows. Figure 5.5 depicts the
results of charge pumping measurément. for extracting the interface state density (the
extracted interface state density is shown in Fig. 5.6). Obviously, the charge pumping
current (I;) of the 30-nm SiGe channel device is much higher than that of the
counterparts, and it means that the 30-nm SiGe channel device has a poor interface
because the charge pumping current is proportional to the amount of interface states.
The negative shift of the I, for the 30-nm SiGe channel device also indicates that
positive charges are induced in the gate dielectric. These results are consistent with
the information obtained from the C—V and I4—V, curves for the 30-nm SiGe channel
device. Figure 5.6 illustrates the comparison of the interface state density (Nj)
extracted by charge pumping technique and the subthreshold swing (S) for all samples.
From the I, data previously shown in Fig. 5.5, it is expected that the device with 30

nm SiGe channel may show nearly one order of magnitude higher Ny than the other
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devices. Besides, Ny and S show almost identical trends, and this is in a good
agreement with the well-known results, i.e. the lower the interface state density, the
lower the subthreshold swing. We believe that the significant increases in
subthreshold swing and the interface state density should come from the increase of
the dislocation density in the devices with 30 nm SiGe channel thickness [9].
Therefore, we can conclude that with the combination of the sufficiently thin (<30 nm)
strained SiGe channel layer and ultra-thin N;O-annealed SiN gate dielectric, we can
obtain a pMOSFET with excellent ON/OFF switching characteristics and
performance.

Figure 5.7 and Fig. 5.8 show the results of the gate-induced drain leakage
(GIDL) and the junction leakage for all devices, respectively. We can clearly see that
for the thinner SiGe channel devices, the GIDL and the junction leakage are almost
the same and both are one order-of magnitude-lower than that for 30 nm strained SiGe
channel device. These results furtheristrengthen.our previous speculation that a higher
dislocation density in 30 nm SiGe channel layer is the culprit of the degraded
characteristics.

The normalized transconductance (GmxT,x) characteristics of all splits are shown
in Fig. 5.9. The GmxTox characteristics are almost identical for 5 and 15 nm SiGe
channel devices and they are not only higher than that of the Si channel device due to
the compressive strain but also superior than that of the device with 30 nm channel
thickness because of their lower interface state and dislocation density at low gate
voltages. However, at high gate voltages, the GxT,x of the 30 nm SiGe channel
pMOSFET becomes larger because higher level of carrier trapping at the interface
traps may screen the surface scattering through coulombic shielding at high gate bias
[7], [10]—-[13]. The effective hole mobility for all devices are also shown in Fig. 5.10.

As expected [14], [15], the mobility improvement is clearly observed for all SiGe
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devices with respect to the Si channel device owing to the fact that the induced
compressive strain and the quantum confinement of holes in the SiGe channel are
both helpful for improving the hole mobility. Because N,O-annealing may introduce
oxygen into the interface to form an oxygen-enriched interface [8], it may also
probably cause oxidation of SiGe layer near the interface. Consequently, the hole
mobility will be additionally enhanced with slightly increasing the Ge content of the
SiGe channel [16], [17]. For the devices with the SiGe channel thinner than 15 nm,
significant hole mobility improvement (more than 50 % enhancement as compared to
the Si channel device) can be achieved in the linear operation; while the device with
30 nm SiGe channel suffers the mobility degradation in the low voltage regime due to
the higher interface defect density and bulk dislocation density and gains slight
enhancement of the hole mobility:in the high voltage regime owing to the screening
effect on the surface scattering. ‘Besides, the mobility-of the 5 nm SiGe channel device
is slightly larger than that of the 15 hm SiGe.channel counterpart which is due to the
higher surface compressive strain«for. the thinner strained SiGe layer. Therefore,
taking into account the relatively high leakage current and poor subthreshold swing,

the thickness of the strained SiGe channel should be optimized less than 30 nm.

5.4 Summary

We have investigated the electrical properties of the strained SigpgsGeg s
pMOSFETs with various SiGe channel thickness of 5, 15, and 30 nm and the
ultra-thin N>O-annealed SiN gate dielectric. A thin EOT of 3.1 nm and an excellent

subthreshold swing of 68 mV/dec have been obtained for the devices with 5 and 15
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nm SiGe channel, and the density of interface state and dislocation are also shown
even lower than that of the 30 nm SiGe channel device which are supported by the
GIDL and junction leakage measurements. Moreover, with respect to the thinner SiGe
channel devices, the 30 nm SiGe channel pMOSFET has been demonstrated having
degradation in transconductance at low gate voltages because of its higher density of
interface state and dislocation; at high gate voltages, the transconductance is, however,
improved because of the screening effect on the surface scattering. On the other hand,
the enhancement in the effective hole mobility caused by the compressive strain and
the quantum confinement effect for all SiGe channel pMOSFETs as compared with
the Si channel device has also been displayed. Finally, we have proposed the
well-performed pMOSFETs with suitably thin (<30 nm) SiGe channel and ultra-thin
N,O-annealed SiN gate dielectri¢: and also demonstrated their potential for the

advanced sub-100 nm device technology and applications.
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Chapter 6

Electrical Characteristics of Ultra-Thin HfO,
Gate Dielectrics Prepared Using Different

Pre-Deposition Surface Treatments

6.1 Introduction

As the gate oxide thickness of metal-oxide—semiconductor (MOS) devices is
scaled down to below 1.5 nm [1], thé tunneling, current through gate dielectrics and
their reliability become serious problems [2]: Therefore, high-dielectric-constant
(high-k) materials, such as theZrO,-based [3], HfOs-based [4], and Al,Os-based [5]
metal oxide insulator, have received considerable attention as alternative dielectric
materials. These metal oxide insulators are able to significantly suppress the leakage
current relative to that of traditional SiO,-based dielectrics having the same equivalent
oxide thickness (EOT) because of their greater physical thickness. Among these
candidates, HfO, and its silicate not only have relatively high dielectric constants and
wide band gaps but they also have been demonstrated to display impressive thermal
stability when in contact with the silicon substrate [6]. Therefore, HfO,-based
insulators are promising candidates for the generation of sub-1.5-nm gate dielectrics.
Although several groups have demonstrated in recent years the excellent electrical
properties of MOS capacitors featuring HfO,-based gate dielectrics [7]—[9], there still
remain many challenging issues, such as the formation of the interfacial layer and the

degradation of mobility in MOSFET devices, that require further investigation.
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Recently, traps existing in high-k gate dielectrics have been demonstrated as another
issue of concern because their presence can cause threshold voltage instability [10]
and degradation in their reliability [11].

To provide a high-quality interface, surface treatment — e.g., forming an SiO,,
SiON, or SiN layer — is a viable approach toward eliminating the formation of an
excessively thick interfacial layer. Surface nitridation can not only result in a good
barrier for interfacial reaction and dopant diffusion but it also can alleviate the issue
of leakage current without increasing the equivalent oxide thickness; in addition, it
can also provide better thermal stability and reliability [12], [13]. Forming a SiO,
layer by thermal oxidation or chemical oxidation beneath an HfO, film has also been
reported as an effective method for reducing the leakage current and improving the
quality of the interface [14]. Despite the advantages mentioned above, however, both
techniques have their drawbacks.. For example, nitrogen incorporation may induce
extra oxide charges in the gate dielectric.and-then cause a shift in the flat-band voltage
[13]. On the other hand, the low-k character of the SiO, layer would inevitably cause
an increase in the EOT and seriously limit the gate oxide scaling. In this study,
therefore, we have investigated and compared the electrical characteristics of
capacitors having HfO, gate dielectrics that have been deposited onto the silicon
substrate using different surface treatments (HF-dipped, NHs-annealed, and
RTO-treated). After measuring the capacitance—voltage (C—V) and current—voltage
(I-V) characteristics, the values of the equivalent oxide thickness (EOT), flat-band
voltage (Vn), hysteresis, and leakage current can be extracted. Moreover, we have
also investigated the dependence of hysteresis on the magnitude of the initial
inversion bias (Viy), temperature, and measuring frequency. We have found that the
hysteresis width varies exponentially with respect to both the initial inversion bias and

temperature, but it remains less sensitive to the measuring frequency. Interestingly,
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this bias-and-temperature-dependent hysteresis behavior can be described in the form
C(T)-exp(RYV,,). Finally, we have deduced that the mechanism responsible for the

current conduction in these gate dielectrics involves trap-assisted tunneling (TAT); we

have also calculated the corresponding parameters of this model, which are presented.

6.2 Device Fabrication and Characteristics Measurement

We fabricated n-type metal—insulator—silicon (NMIS) capacitors that have
standard LOCOS isolation on p-type (100)-oriented 15-25 ohm-cm silicon substrates.
After cleaning using the RCA process, we split the wafers into three different groups
with each one being subjected to a different surface treatment processes prior to HfO,
deposition: i.e., either the HF-dipped, NHs-annealed, or RTO-treated process. The
HF-dipped wafers were prepared “by immersing the wafers in a dilute HF (100:1)
solution and then drying them directly witheut-rinsing in DI water. The NH3 annealing
process was performed by subjecting the wafers to a pure NH3 atmosphere at 800 °C
for 60 min in an LPCVD system. The RTO treatment process was performed by
placing the wafers in a rapid thermal oxidation (RTO) system, featuring an O, source,
at 800 °C for 30 s, followed by in situ N; annealing at 1000 °C for 30 s. The HfO,
films were deposited by atomic vapor deposition (AVD) using an AIXTRON
Tricent® system at a substrate temperature of 500 °C. To improve the film quality, all
of the samples were subjected to post-deposition annealing (PDA) under N, at 600 °C
for 30 s. A 200-nm layer of polycrystalline silicon (poly-Si) was deposited
successively by LPCVD, and then it was patterned by lithography and etching
processes to form the gate electrode. Dopant activation by rapid thermal annealing

(RTA) at 900 °C for 30 s under an N, atmosphere was followed by poly-Si gate
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implantation of As using a dosage of 3 x 10" cm™ at 20 keV. Finally, the reverse side
of each substrate was coated with a 500-nm-thick Al layer to achieve a conductive
contact for electrical measurements.

The capacitance—voltage (C—V) characteristic of each capacitor was measured
using an HP4284 LCR meter. The equivalent oxide thickness (EOT) of the gate
dielectrics was obtained from the strong accumulation capacitance (EOT = &sio,/Cacc)
and the hysteresis was determined by the shift of the flat-band voltage (V). The
current—voltage (/-V) characteristics were measured by using a Keithley 4200
semiconductor characterization system; from these measurements, it became possible

to examine the leakage current and the conduction mechanism.

6.3 Results and Discussion

6.3.1 TEM and XPS Analysis

Figure 6.1 shows the cross sections of the HfO, films with different surface
treatments. Form the TEM pictures, we can evaluate the thickness of the interfacial
layers (IL) for all samples after completing fabrication process, and they are about 1.5,
1.2 and 2.0 nm for the HF dipping, NH3 nitridation, and RTO annealing surface
treatments, respectively. The obtained thinner interfacial layer for the NH;-annealed
sample is due to the fact that SiNy is a good barrier against atom diffusion than the
other interfacial layer materials [15], [16]. Consequently, the formation of interfacial
layer can be suppressed by blocking the oxygen diffusion into the interface. The
spectra of XPS analysis for all samples are shown in Fig. 6.2. Obviously, the peak of

binding energy is independent of the surface treatments. It reveals that the surface
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treatment process will not cause the variation of the HfO, composition.

6.3.2 C-V and I-V Characteristics

The electrical characteristics of NMIS capacitors with respect to their various
surface treatments are shown in Figs. 6.3 and 6.4. Figure 6.3 displays the
high-frequency (100 kHz) C—V curves. All of the splits depict the presence of positive
charges in the dielectrics because negative shifts in flat-band voltages (V) are clearly
observed when compared to the ideal values of Vy, which have been determined by
simulation [17]. The equivalent oxide thicknesses extracted from each maximum
accumulation capacitance (EOT = SSioz/Cacc) are 3.4, 3.2, and 3.9 nm for the
capacitors prepared using the HF-dipped, NHs=annealed, and RTO-treated surface
treatment processes, respectively. According to previous reports, the interfacial layer
for the HF-dipped sample is hafnium-silicate-like [18], [19], for the NH3s-annealed
sample it is SiNx [15], and for the RTO-treated one it is SiO; [20]. The fact that we
obtained the lowest value of EOT for the NH3-annealed sample suggests that SiNy is
the most effective of the three in suppressing the growth of an interfacial layer. This
finding might be attributed to the fact that SiNy is much more dense barrier against
atom diffusion than are the other interfacial layer materials [15], [16]. A larger
negative shift in V', indicates, however, that more positive charges are induced upon
introducing the nitrogen atoms into the gate dielectric [13], [21]. Figure 6.4 exhibits
the characteristics of the leakage currents as a function of voltage. The magnitudes of
the leakage currents for the samples subjected to pre-deposition NHj nitridation and
RTO surface treatments are more than one order of magnitude lower than that of the
HF-dipped sample. Figure 6.5 displays the distributions of leakage currents at a

voltage of —2.5 V. Obviously, all of the distributions are quite uniform, which implies
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the resultant trend in the values of the leakage current is not a specific case. In the
case of the RTO surface-treated sample, the increase in physical thickness can account
for the dramatic reduction in leakage current, but such an argument does not explain
the reduction of leakage current obtained in the case where NH; surface treatment was
performed because the value of the EOT of the NH3-annealed dielectric is even lower.
We speculate that the effectiveness of SiNy in blocking oxygen diffusion is helpful in
improving the quality of the overlying HfO, thin film by reducing the density of
electron traps (or oxygen vacancies). Therefore, NH; surface treatment not only can
suppress the growth of an interfacial layer but also result in the reduction of the

leakage current of the gate dielectric [12], [13], [15].

6.3.3 Hysteresis

Figure 6.6 demonstrates the hystetesis-behavior of the capacitors formed using
the different substrate surface treatment.procedures; the hysteresis width is defined by
the flat-band voltage shift (AVy,). We observe clearly that the hysteresis width depends
strongly on the sweeping voltage; it increases upon raising the initial inversion bias
(Vinv). It is believed that a higher initial inversion bias (inversion-to-accumulation)
would lead to more electrons being injected from the inversion layer and becoming
trapped in the gate dielectric and, as a consequence, this process would result in a
larger positive shift in the flat-band voltage. These results are consistent with the
results of a previous study reported by Morioka et al [22]. The curves in the opposite
direction (accumulation-to-inversion) were observed, however, to be rather insensitive
to the sweeping bias. This trend reveals that these traps are more likely to be located
near the Si substrate and can be detrapped easily during upon sweeping in the

opposite direction. These kinds of traps are referred to as the inner-interface states
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existing between the HfO, layer and the interfacial layer beneath it [22], [23]. The
hysteresis widths measured under the conditions of V,.c = -3 V and Vj,, = +3 V are
0.35, 0.4, and 0.8 V for the HF-dipped, NH3-annealed, and RTO-treated samples,
respectively. As we discussed above, the reason for the larger hysteresis width
observed for the RTO-treated capacitor, relative to its counterparts, is due to the
higher density of electron traps at the HfO,/SiO, interface. On the other hand, the
positive charges present in the SiNy layer are not as efficient at trapping at the
inner-interface and, therefore, we observed only a slight increase in the hysteresis
width.

The relationship between the hysteresis and the initial inversion bias is shown in
Fig. 6.7. Interestingly, the hysteresis follows an exponential law with Vj,, in the form
A-exp(RYV,,) , where R, is defined as a eciprocal voltage constant. The
NH;s-annealed and RTO-treated-samples not.only. display larger hysteresis, but they
also possess higher values of Ryrelative.to that.of the HF-dipped sample. Because the
hysteresis is caused primarily by the electronstrapped in the gate dielectric, the value
of R, should, therefore, be strongly dependent on the number of electron traps.
According to this result, we infer that the hysteresis is caused mainly by filling of the
as-fabricated traps because the inversion charge density varies exponentially with the
surface potential [24]. This conclusion agrees well with our experimental results. On
the other hand, the hysteresis is also a function of temperature, as illustrated in Fig.
6.8. We observe that the hysteresis decreases as the temperature is elevated. There are
two reasons to explain this observation. Firstly, since the capture cross section of the
electron traps would decrease at higher temperatures [10], [25], the electrons would
not be trapped as easily upon elevating the temperature. Secondly, at higher
temperatures, the trapped electrons in the gate dielectric would have a higher

probability of escaping from the trap sites and, hence, the hysteresis becomes less
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significant. The activation energy (E,) extracted from the Arrhenius plot is almost
identical (ca. 0.092 eV) for each sample. Therefore, we speculate that the hysteresis
behavior in high-k materials is predominated essentially more by the number of
electron traps rather than by the energy distribution of the electron traps because the
temperature has the same effect (it causes electrons to detrap from the trap sites) on
the hysteresis of each sample. The number of electron traps in the gate dielectric,
however, is very sensitive to the fabrication process followed. These results can be
verified by our experimental data. From the results presented in Figs. 6.7 and 6.8, we
describe the hysteresis behavior as follows:
At a given temperature, the hysteresis width can be written as
hysteresis width = A-exp(R V) (6.1)
while at a given inversion bias, it can be described as
hysteresis-width = B -exp(E, /kT) (6.2)
where 4 and B are constants that depend.strongly on the surface treatment process that
was employed. Under conditions of iy = +37Vat T = 300 K, we should obtain the
same hysteresis width from both Eqs. (6.1) and (6.2). Thus, we can obtain
A-exp(3R))=B-exp(E, /0.026), (6.3)
and then
E, =0.026In(A/B)+0.078R, . (6.4)
Apparently, as Eq. (6.4) states, the value of E, follows a linear relationship with
respect to R,. Table 6.1 summarizes the data obtained for the values of 4, B, In(4/B),
Ry, and E}, for all of the samples. The values of £}, in Table 6.1 derived from Eq. (6.4)
coincide quite well with those extracted from the experimental data in Fig. 6.8. Hence,
we conclude that the hysteresis behavior in Hf-based high-k materials can be modeled
appropriately by
hysteresis width = C(T)-exp(RYV, ) (6.5)

V' iny
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where C(T) is an exponential function of temperature related to an activation energy.
Figure 6.9 presents the results of analyzing the hysteresis as a function of the
C-V measuring frequency. We observe that, for each sample, the hysteresis width
changes insignificantly upon increasing the frequency (from 5 kHz to 1 MHz). This
finding indicates that the electron traps that are responsible for the hysteresis behavior
can be classified as slow traps in the gate dielectric, as has been reported previously
[26], because the electrons are not trapped easily when measured at higher

frequencies.

6.3.4 Conduction Mechanism

The mechanisms previously reported for the‘leakage currents in MIS capacitors
that have high-k gate dieleetrics are Fowler—Nordheim tunneling (FN) [27],
trap-assisted tunneling (TAT) [28], and-Peele—Frenkle emission (PF) [7], [29], [30].
So far, the dominating mechanism s still'an issue under debate because the
conduction mechanism for the high-k films might be process dependent; this
phenomenon explains why different conclusions have been drawn by different groups.
Nevertheless, we have investigated (shown in Fig. 6.10) our experimental data of
leakage currents, which are temperature dependent (20-125 °C). In an attempt to
clarify the dominant current conduction mechanism in our films, in Fig. 6.11 we have
plotted the leakage currents as a function of reciprocal temperature for two different
applied voltages. Clearly, the leakage currents are more strongly dependent on
temperature at low voltage, with a weaker dependence observed at higher voltage.
This trend is quite consistent with the results described from previous studies [28].
Therefore, we believe that the conduction mechanism in our samples is also be

dominated by trap-assisted tunneling (TAT) at low gate biases (V, <2 V).
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According to the trap-assisted tunneling model in the low-voltage range [28], the

gate current density should be defined by the expression
J, ~expl(qV, ¢+, +4)/ KT~ exp(~E, / kT) (6.6)

where Vi is the voltage across the interfacial layer, ¢ is the barrier height between
the Si substrate and the interfacial layer, ¢, is the barrier between the interfacial layer
and HfO,, ¢ is the effective energy of the electron traps with respect to the conduction
band edge of the HfO, layer, and E, is the activation energy. Consequently, the
effective electron trap energy, @, can be extracted from the activation energy, which is
obtained from the slope of the Arrhenius plot of the leakage current if the values of
ViL, ¢1, and ¢, are given.
For a stacked gate dielectric, it is well-known that

1/C, =W C,, +1Cy (6.7)
where Cr is the total accumuldtion capacitance, Cue is the capacitance of the HfO,
film, and Cy is the capacitance of*the interfacial layer. Hence, we can derive the
equation

£or :th_k+i:th_k(1+5hktm), (6.8)
Eox Cwe  €n Em Enlye

ox

where &y, &, and g are the dielectric constants of SiO,, HfO,, and the interfacial
layer, respectively, and # and # are the thicknesses of the HfO, and interfacial layers,
respectively. The values of #x and gk can be obtained by considering the TEM
analysis, C—J measurements, and quantum mechanical effects (in our case, ty ~ 6.5
nm and gk ~ 18). Because the stacked gate voltage, Viuck, 1S almost equal to the
applied gate voltage, V,, under positive bias (Vsuck = Vg — Vo — ¥ ~ V), we can

derive the voltages across the HfO; and interfacial layers further, as follows:

v =v [| G g 6.9)
°f \eutu
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v, =V, /| el (6.10)
I Enty

where Vi is the voltage across the HfO, layer. As we mentioned above, the interfacial
layers of the HF-dipped, NH3-annealed, and RTO-treated samples are Hf-silicate-like,
SiNy, and Si0,, respectively. Therefore, the values of @ can be assumed to be 1.5 eV
[31], 2.4 eV [32], and 3.2 eV, respectively, for these three kinds of interfacial layers.
Additionally, because the conduction band barrier height of HfO, on an Si substrate is
1.5 eV [31], the value of ¢, can be determined by the expression ¢;—1.5 eV. From Eqs.
(6.5), (6.7) and (6.9), therefore, we obtain effective electron trap energies of 0.541,
0.546 and 0.437 eV for the HF-dipped, NHs-annealed and RTO-treated samples,

respectively. Table 6.2 summarizes the extracted data for all of the samples.

6.4 Summary

We have studied the influence that'different pre-deposition surface treatments
have on the electrical characteristics of HfO, gate dielectrics. We have found that
NHs-annealed surface treatment not only can result in a decrease in the equivalent
oxide thickness but it also significantly reduces the leakage current. In contrast, the
RTO-treated process is also able to reduce the leakage current, but it increases the
EOT because of its greater physical thickness. We have also investigated the
dependence of hysteresis on the initial inversion bias (Viy), temperature, and
frequency. Our results indicate that the hysteresis width depends exponentially on
both the temperature and the initial inversion bias, but it is rather insensitive to the
measuring frequency. The relationship between the reciprocal voltage constant, R,

and the activation energy, Ep, obviously is linear, and the hysteresis of our gate
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dielectrics is described well by an empirical relationship of the form
C(T)-exp(RYV,,). In addition, we have found that the electron traps in the gate
dielectrics fall in the category of slow traps and that they should play a key role in the
hysteresis behavior: a large number of electron traps present in a gate dielectric results
in a larger hysteresis width. Moreover, the NHs-annealed surface treatment increases
the hysteresis width only slightly when compared to that of the Hf-dipped sample,
while the RTO-treated sample exhibits a considerably larger hysteresis width. We
believe that more electron traps exist at the inner-interface between the HfO, and SiO,
layers. Finally, we have observed that the leakage currents exhibit a stronger
temperature dependence at low voltage than they do at higher voltage. Therefore, we
believe that the conduction mechanism for each sample at a low gate bias is
dominated by trap-assisted tunneling. We have.also extracted the corresponding
parameters for the TAT model and,have presented the:data for all splits. In conclusion,
we believe that surface nitridation is-the mest, promising method of pre-deposition
surface treatment of HfO, gate diclectrics forimproving the electrical characteristics

in terms of EOT, leakage current, and hysteresis.
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Table 6.1. Values of 4, B, In(4/B), R,, and E; under the conditions of Vi,, =+3 Vat T

=300 K. The terms 4 and B are proportionality constants, R, is the reciprocal voltage

constant, and Ej, is the activation energy.

En = 0.026In(4/B) + 0.078R,

Surface
A B In(A4/B) R, (1/V) Ey (eV)
Treatments
HF-dipped 0.150 8.74 x 107 2.843 0.274 0.095
NHjs-annealed 0.151 1.40 x 1072 2.378 0.336 0.088
RTO-treated 0.200 2.15x 1072 2.230 0.435 0.092
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Table 6.2. Values of E,, ¢V, ¢1, ¢, and ¢ for all samples at V, =+1 V. The term E, is
the activation energy, Vi is the voltage across the interfacial layer, ¢, is the barrier
height between the Si substrate and the interfacial layer, ¢, is the barrier between the
interfacial layer and HfO,, and ¢ is the effective energy of the electron traps with

respect to the conduction band edge of the HfO; layer.

Ea=-qVv—¢ + &+ @) (V)

Surface
E, gV é 3 b
Treatments
HF-dipped 0.384 0.575 1.5 0.0 0.541
NH;s-annealed 0.405 0.549 2.4 0.9 0.546
RTO-treated 0.433 0.630 32 1.7 0.437
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(c) RTO-treated

Fig. 6.1. TEM pictures of the cross sections for the HfO, films with different surface
treatments. (a) HF-dipped. (b) NH3-annealed. (c) RTO-treated.
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Fig. 6.2. The XPS spectra of the HfO, films with different surface treatments.
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Fig. 6.3. The capacitance—voltage (C—V) characteristics of NMIS capacitors prepared
by applying the three different surface treatment processes. The equivalent oxide
thickness (EOT) was determined by measuring the maximum accumulation

capacitance.
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Fig. 6.4. The plot of the leakage current as a function of gate voltage for each sample.
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Fig. 6.5. The cumulative distribution of leakage currents at V, = —2.5 V for capacitors

formed by using the three different surface treatment processes.
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Fig. 6.6(a). Normalized C-V curves with different sweeping voltages for the
HF-dipped sample. The initial inversion biases (Viny) are +1, +2, and +3 V, and the

accumulation bias (V) is =3 V.

156



1.0 . . . . .

—— Vinv=1v’ Vacc=-3v
x 0.9t ]
g . —o— V=2V, V=3V
Q os} —a— V=3V, V, =3V -
© : NH.-annealed
o 07F¢F 3 -
&)
o .
& 06F
2
o 05 B
©
O 04}
§o
o)
N 03¢
'®©
£ 02}
o)
Z 01}
0.0 '
-3 -2 -1 0 1 2 3

Gate Voltage, V, (V)

Fig. 6.6(b). Normalized C-V curves with different sweeping voltages for the
NH;s-annealed sample. The initial inversion biases (Viyy) are +1, +2, and +3 V, and

the accumulation bias (V) is =3 V.
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Fig. 6.6(c). Normalized C-V curves with different sweeping voltages for the
RTO-treated sample. The initial inversion biases (Viyy) are +1, +2, and +3 V, and the

accumulation bias (V) is =3 V.
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Fig. 6.7. The dependence of hysteresis width on the inversion bias (Viny) during C—V
measurement. The reciprocal voltage constant (R,) is obtained from the slope of the

fitted line.
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Fig. 6.8. The plot of hysteresis as a function of the reciprocal of temperature. The

activation energy (Ey) for each sample is ca. 0.092 eV.
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Fig. 6.9. The plot of hysteresis as a function of the C—JV measuring frequency.
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Fig. 6.10(a). The plot of leakage current as a function of gate voltage for the

HF-dipped sample as the temperature was varied from 20 to 125 °C.
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Fig. 6.10(b). The plot of leakage current as a function of gate voltage for the

NHj;-annealed sample as the temperature was varied from 20 to 125 °C.
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Fig. 6.10(c). The plot of leakage current as a function of gate voltage for the

RTO-treated sample as the temperature was varied from 20 to 125 “C.
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Chapter 7

Conclusions and Suggestions for Further Study

7.1 Conclusions

We have investigated the hot-carrier degradation, reliability, and flicker noise
characteristics of the deep sub-micron nMOSFETs with various ultra-thin (EOT = 1.6
nm) gate oxides, including thermal oxide, Si3N4/SiO, stack, NO oxynitride, and
plasma nitrided oxide. Next, the reliability and the channel thickness effect of the
deep sub-micron pMOSFETs with:ultra-thin (EOT = 3.1 nm) N,O-annealed SiN gate
dielectric and strained SijssGegjs.channel have been studied. Finally, we have also
investigated the electrical characteristics-of-the, ultra-thin HfO, gate dielectrics with
different pre-deposition surface treatments of HF dipping, NH; nitridation and RTO
annealing. In conclusion, we summarize the results and discussions in the following

list.

For the deep sub-micron nMOSFETs with various ultra-thin (EOT = 1.6 nm) gate
oxides:

1. Nitrogen incorporation into ultra-thin gate oxide could reduce gate leakage
current effectively, but it also introduces the positive oxide charges to cause
threshold voltage shift and transconductance degradation and induces the
electron traps to enhance the flicker noise.

2. The nitrided oxides result in enhanced hot-electron-induced device

degradations, such as significant threshold voltage shift, transconductance

166



degradation, and drain current reduction comparing with the thermal oxide.
The electron trap generation rather than the interface state generation should
be the main mechanism of the hot-electron degradation for the deep
sub-micron nMOSFET with ultra-thin (EOT = 1.6 nm) nitrided gate oxide
because of the observations of the positive shift of threshold voltage, the
insignificant variation of subthreshold swing, the reduction of gate leakage
current, no significant slope changes of the [,-V, curves for DCIV
measurement, and a small exponent value (n ~ 0.3) of the AJV; versus stress
time plot after the hot-carrier stressing. Therefore, the hot-electron-induced
electron trapping in the ultra-thin nitrided gate oxide could eventually become
a severe long-term reliability concern (CHE and SHE) for the sub-100nm
technologies.

The low-frequency flicker noise.~ is . mainly generated by electron
trapping/detrapping with-the intérface-states and the electron traps. Because of
the electron traps induced by incorperating nitrogen into oxide, the nitrided
oxides demonstrate a higher flicker noise than the thermal oxide. However,
nitrogen incorporation can improve the device immunity against the
hot-carrier degradation in the flicker noise since the hot-electron-induced
electron trapping may suppress the generation of flicker noise. On the other
hand, a considerable amount of electron traps are created to enhance the
flicker noise when oxide breakdown is occurred, and moderate increase of
noise level is observed for the nitrided oxide as compared with the thermal
oxide.

The frequency index of noise spectrum is varied with the gate bias and it is
strong related to the oxide traps. Moreover, the frequency index will be

lowered by hot-carrier degradation and even worse by oxide breakdown for
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both thermal oxide and nitrided oxide devices.

For considering the hot-carrier reliability and the characteristics of flicker
noise, the plasma nitridation should be the most promising technique for the
ultra-thin nitrided gate oxide applications, and the plasma nitrided oxide
should be the promising candidate of the ultra-thin nitrided oxide for sub-100

nm MOSFET devices in analog and RF applications.

For the deep sub-micron pMOSFETs with ultra-thin (EOT = 3.1 nm) N,O-annealed

SiN gate dielectric and strained Sig gsGeg 15 channel:

1.

A good quality of gate dielectric can be obtained by the N,O-annealed SiN
film because no significant as-deposited oxide traps are observed in the
N,O-annealed SiN gate dielectric. The conduction mechanism responsible for
the gate leakage current should be deminated by the FN tunneling with an
effective barrier height of 1.8:eV.-Meoteover, the strained SiGe channel device
with ultra-thin N>O-annealed SilN gate-dielectric shows well-performed on/off
and output characteristics.

Insignificant degradation has been found when the capacitors with ultra-thin
(EOT = 3.1 nm) N,O-annealed SiN gate dielectric are stressed under the
constant voltage (or current) stressing. The polarity dependence of SILC
reveals that the oxide traps generated during the stressing process should be
more close to the gate electrode.

The device reliability of hot-carrier degradation and NBTI stressing has been
investigated. The hot-carrier degradation is more severe than the NBTI
stressing and the channel-hot-carrier stressing is regarded as the worst case of
device degradation. According to the power law relationship of AV; versus

stress time as well as the results of charge pumping measurement, the interface

168



state generation should be the predominant factor for the HC degradation
while the electron trapping may dominate the degradation of device
characteristics for the NBTI stressing. On the other hand, although the electron
trapping occurs at the initial stage of the high voltage CHC stressing, the hole
trapping eventually dominates the degradation when the device is stressed for
a longer time.

To investigate the channel thickness effect of the strained SiggsGeos
pMOSFETs with ultra-thin N,O-annealed SiN gate dielectric, the devices with
various SiGe channel thickness of 5, 15, and 30 nm have been fabricated. A
thin gate dielectric with EOT of 3.1 nm and an excellent subthreshold swing of
68 mV/dec are obtained for the devices with 5 and 15 nm SiGe channel, and
the density of interface state and dislocation are also even lower than that of
the 30 nm SiGe channel device because.of-their lower GIDL and junction
leakage currents.

Comparing with the thinner SiGe channel devices, the 30 nm SiGe channel
device degrades the transconductance at low gate voltages because of its
higher density of interface state and dislocation and improves, however, the
transconductance at high gate bias because of the screening effect on the
surface scattering. On the other hand, all SiGe channel pMOSFETs,
comparing with the Si channel device, show the enhancement in the effective
hole mobility which is due to the compressive strain and the quantum
confinement effect of the strained SiGe channel.

The pMOSFETs with thin (<30 nm) SiGe channel and ultra-thin N,O-annealed
SiN gate dielectric are well-performed and show their potential for the

advanced sub-100 nm device technology and applications.
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For the ultra-thin HfO, gate dielectrics with different pre-deposition surface

treatments:

1.

The NHj-annealed surface treatment not only results in a decrease in the
equivalent oxide thickness but also significantly reduces the leakage current.
In contrast, the RTO-treated process is able to reduce the leakage current but
increases the EOT because of its greater physical thickness.

The hysteresis width of HfO, gate dielectric is exponentially dependent on
both the temperature and the initial inversion bias and insensitive to the
measuring frequency without regarding the surface treatments. The
relationship between the reciprocal voltage constant, R,, and the activation
energy, Ey, is linear, and the hysteresis width could be described well by an
empirical relationship of the form C(T):exp(R)V,).

The electron traps in the-HfO, gate dielectrics-fall in the category of slow traps
and they should play a key:role in.the hysteresis behavior because more
electron traps result in a largee hysteresis width. The NHjs-annealed surface
treatment increases the hysteresis width slightly comparing with the Hf-dipped
sample, while the RTO treatment exhibits a considerably larger hysteresis
width because of more excess electron traps at the inner-interface between the
HfO, and SiO; layers.

The leakage currents exhibit stronger temperature dependence at low voltage
than at higher voltage. Therefore, the conduction mechanism at low gate bias
should be dominated by the trap-assisted tunneling. All of the corresponding
parameters for the TAT model are extracted and presented for all samples.

The surface nitridation should be the most promising method of pre-deposition
surface treatment for improving the EOT, the leakage current and the

hysteresis of the ultra-thin HfO, gate dielectric.
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7.2

Suggestions of Further Study

To further improve and enhance the performance of MOSFET devices, several

well-known advanced technologies have to be applied and need further investigation:

1.

SOI substrate: to reduce the operation voltage for low voltage and low power
applications, and double gate and multiple-channel devices, such as FINFET,
can be performed.

Strained layer channel: to enhance the channel mobility of carrier and improve
the driving capability.

S/D with metal silicide: to reduce the sheet resistance and contact resistance of
S/D and improve the output characteristics.

High-k gate dielectric: to.reduce, the gate ledkage current and enhance the gate
capacitance.

Metal gate: to eliminate the poly depletion effect and lower the gate resistance

and the propagation delay can be reduced.

Although these technologies have been well-known studied and the combination

of these technologies have also been realized, we believe that it is the first time to

propose that an advanced high performance device may combine all of these

technologies for the sub-100 nm device applications. We call it “The advanced

sub-100 nm SOI MOSFETs with strained layer channel, metal S/D, high-k gate

dielectric, and metal gate electrode,” and the device structure is demonstrated in Fig.

7.1. Notice that, in this device, we use pure metal instead of silicide metal to form the

source and drain. To achieve this device, however, many hard obstacles still have to

be overcome so far especially for the process integration. Eventually, we believe that
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it will be realized in the near future.

172



Metal Gate

High-k
Metal ) Strained Layer ) Metal
n n .
Source Si Drain

Buried Oxide

Si Substrate

Fig. 7.1. The schematic device structure of the advanced sub-100 nm SOI MOSFETs
with strained layer channel, metal S/D, high-k gate dielectric, and metal gate

electrode.
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