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Abstract

The scaling-down of silicon integrated circuits has lead to a constant reduction of
the thickness of gate oxide. However, the high gate leakage current degrades the
performance of transistors and.enlarges the powet. consumption of the devices. A
solution is to replace SiO, by-high. dielectric-constant insulators, thus allowing an
increase of the packing density without a further reduction of gate oxide thickness.
Although utilizing high-k dielectrics reduced the gate leakage current effectively,
there are still some issues that we have to overcome. We have developed an approach
to deposit high-k dielectric. We deposited the ultra thin Al film on Si substrate using
PVD followed by oxidation and annealing. The MOS transistor and capacitor devices
with Al,Os dielectrics were fabricated. To investigate the characteristics of Al,O; used
as gate dielectric, we measured the leakage current, mobility and transistor
performance. The result indicates that the leakage current of Al,Os as dielectric of

MOS-capacitor is already better than that of SiO, and the electron mobility is
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comparable to published mobility data from thermal SiO,. Capacitance-Voltage (C-V)
curve shows its higher dielectric constant (k). We also show the high quality of AL,O;
dielectric according to its reliability analysis. Reliability tests were carried out by
measuring breakdown voltage, constant current stress, constant voltage stress and
stress induced leakage current (SILC) effect. To investigate the Bias-Temperature
Instability (BTI) effects on Al,O;3 CMOSFETs, the AV, changes have measured after
10MV/cm and 85°C stress. The 10 years lifetime Viax-1oyears iS from the extrapolation
of AV, changes at high gate voltage and high temperature that can barely meet the
required 1 V operation with 10% safety margin. Furthermore, to characteristics the Cu
contamination effect on Al,O gate dielectric; we measured the gate dielectric leakage
current, charge-to-breakdown and stress-induced leakage current on Al,O3; and SiO,,
respectively. The results show the Al,O; gate dielectric has strong Cu contamination
resistance. Therefore, using this approach, we can fabricate Al,O3; high-k dielectric
that is suitable in MOSFETs application. More important, this approach is simple and

fully compatible with current VLSI technology.
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Chapter 1

| ntroduction

1.1 Background and Motivation of Al,O3; High-k Dielectric

Continual the scaling-down of MOS devices has to a constant reduction of the
thickness of the gate dielectrics. For sub-0.13 um gate length technologies, an
equivalent SiO, thickness lower than 15 A is required. MOS transistor with gate oxide
thickness of 15 A and 13 A has been demonstrated, respectively [1.1], [1.2].
Nevertheless, silicon dioxide does,mot satisfy all criteria for an ideal technological
insulator, such a low thickness-would subjected to several problems for conventional
dielectrics, such as silicon oxide, silicon nitride-or oxynitride films, in terms of
leakage current density and resistance to impurity diffusion. Thereby reducing the
thickness with lower leakage current and high resistance to impurity diffusion plays
an important role. A solution is to replace these materials by high dielectric constant
(high-k) insulators, thus allowing an increase of the packing density without a further
reduction of the insulator thickness. Fig. 1-1 shows ITRS projections for low power
gate leakage. Actually, novel high-k gate dielectric has been identified in future R &
D plan [1.3] as one of the most important factors for deca-nano CMOS technology.

According to the roadmap of ITRS as shown in Table 1-1 and Fig. 1-1, the



thickness of gate oxide have be below 13 A after 2005, and the use high constant
dielectrics as insulator to replace SiO, has become so widespread in the future gate
dielectric. It would seem almost unchangeable [1.4]. Since the leakage current is
related to the physical thickness, the increasing thickness can reduce the gate leakage
current of the devices. Although high-k dielectric films exhibit smaller band gap,
weak bond, and charge trapping than SiO,. The high-k dielectric films with the same
effective oxide thickness (EOT) with SiO, provide sufficient gate control with reduce
gate leakage. That is the reason why high-k dielectrics have drawn much attention for
future gate dielectrics.

Recently, many high-k dielectric candidate materials have widely investigated
and the characteristics and issués of thosc materials have also been reported. Table
1-2 shows the physical properties for various high-k materials. The high-k dielectrics
show good performances are always accompanied by other drawbacks. Finding out
the most suitable high-k dielectric for device and altering the device structure or
process to meet the requirement of the high speed device are significant tasks to
implant high-k dielectrics to the next VLSI generation. Many alternatives to SiO,
have been proposed. Silicon nitride (Si3N4) is an attractive candidate for this purpose
due to its higher dielectric constant (~7). However, Si3N4 has a poor interface with

silicon to cause MOSFET’s surface mobility degradation and is leaky due to a high



trap density in the film. Therefore, it is not an attractive candidate for a future gate

dielectric for ULSI [1.5].

Among the high-k simple metal oxide, such as Tantalum oxide (Ta;Os) and

Titanium oxide (TiO;) are seriously considered as candidates for advanced CMOS

gate dielectric applications. Because of they exhibit the merits including the better

capacitance linearity than that SiO,, the lower process temperature and the larger band

gap (4.65eV) than that of the other high-k dielectrics and high reliability [1.6], [1.7].

However, Ta;Os and TiO, are not thermally stability when directly contacted to Si

substrate [1.8]. They react with Si and form an interfacial low-k dielectric layer.

Additional barrier layer has been used to prevent the reaction, but it increases

equivalent oxide thickness (EOT) and process: complexity [1.9]. In addition,

crystallization will cause from post implant RTA.

Recently, HfO, and ZrO, have attracted much attention due to their thermal

stability with poly or TiN and TaN [1.10], [1.11], [1.12]. In addition, they also exhibits

suitable dielectric constant (25~30) and energy band gap, for the use of MOSFET in

sub-micron generation. However, HfO, is poor barrier to oxygen diffusion, oxygen

tends to diffuse though HfO, and form oxide interlayer after high temperature process

and it becomes difficult to achieve the effective oxide thickness below 15 A.

Furthermore, it exists an important issue for the integration of HfO, and ZrO,. The



boron penetration effect is severe when single HfO, serves as gate dielectric of

transistors, while ZrO, reacts with poly silicon to form Zr silicide after post implant

annealing. This Zr-silicide defects increase the leakage current and degrade the

reliability. Besides, both HfO, and ZrO, will crystallize at the temperature higher than

500°C. After source/drain activation, this property increases the leakage current and

power dissipation of the device.

The use of aluminum oxide (Al,O3) has attracted much attention because it has

some advantage over silicon dioxide (SiO,) which makes it promising; lower leakage

current, greater resistance to ionic.motion, greater radiation hardness, the possibility

of obtaining low threshold voltage MOSFETs, and possibility of use in nonvolatile

memory devices. Balk [1.13] has proposed a set of criteria to be employed in the

selection of insulators either instead of, or in conjunction with silicon dioxide (SiO,) :

(1) high dielectric constant, (2) high breakdown strength, (3) an effective barrier

against contaminants such as alkali ions, copper and moisture, (4) etchable in liquid

etchants at or near room temperature, (5) stable electrical properties when used as gate

dielectric in MOSFET, (6) controllable electrical properties when used as nonvolatile

memory elements. AlbO; fulfills many of these requirements very well. ALO; is

believed to be more resistant to ion penetration than silicon dioxide (SiO,). Besides,

its very high dielectric constant (~10) that can be used for next generation MOSFETs



and memory application.
1.2 TheFormation of Al,O3; High-k Dielectric

Many methods to deposit ultra thin high-k dielectrics on substrates have been
proposed in recent years and various methods exhibit the merits as well as some other
issues that have to be solved.

In this study, we used the advance deposition method to fabricate Al,O3 high-k
dielectrics. We utilized the self-limit property of Al,Os to prevent from the formation
of interface oxide and have the effect of aluminum doping at the same time. The
pre-cleaned wafer was loaded in the chamber under high vacuum condition, and then
aluminum layer was deposited in evaporation on Si Substrate. Because extremely high
quality is required for gate dielectric, we have used thermally grown Al,Os; from
oxidized Al on Si-substrate. In comparison, sputtering and oxygen plasma have been
used in the past to deposit aluminum oxide. However, high defects can be expected
from Ar-ion bombardment and oxygen plasma respectively [1.14]. The MOS
transistor and capacitor devices with Al,Os3 dielectrics are fabricated and measured. It
is found in our study that the self-limiting oxidation mechanism is one of the
important merits of Al,O3 for either reproducibility or uniformity control. We have
first characterized the electrical property of Al,Os as dielectric of MOS-capacitor to

figure out if this material can be used as a gate dielectric of a MOSFET. Then we



applied it to be gate dielectric of a MOSFET and characterized its electrical

properties.

1.3 TheMeasurement of the Devices

To investigate the electrical characteristics of MOSFETs, we measured the
leakage current, stress induced leakage current and V, degradation using HP4156C
semiconductor parameter analyzer with high temperature chuck. Besides, HP4284A
precision LCR meter was used to evaluate the capacitance at a high frequency
100KHz and a quasi-static frequency 10Hz. The thickness of the aluminum oxide film
was measured by a single wavelength ellipsometer. We assumed the oxide layer was
homogeneous with a refractive index n=1.76 (typical of bulk aluminum oxide). The
structure and atomic composition of capacitor samples were investigated by micro
analyses, such as secondary ion mass spectrometry (SIMS). For the SIMS analysis,
we can determine the oxide and aluminum diffusion profile into silicon. The leakage
current of 48 A Al,Os as dielectric of MOS-capacitor is already better than that of
SiO, with the same equivalent thickness of 13 A. Capacitance-Voltage (C-V) curve
shows its higher dielectric constant (k). Besides, the effective mobility of Al,Os gate
MOSFETs is closed to the effective mobility of traditional SiO, gate MOSFETs. The

interface trap density was calculated from high-low capacitance method. We also



show the high quality of ALO; dielectric according to its reliability analysis.
Capacitor reliability tests were carried out by measuring constant current stress,
constant voltage stress and SILC (Stress Induced Leakage Current) effect. To
investigate the Bias-Temperature Instability (BTI) effects on fully silicided-gate/Al, O3
CMOSFETs. The AV, changes have measured after 10MV/cm and 85°C stress. The 10
years lifetime Viax-10years 1S from the extrapolation of AV, changes at high gate voltage
and high temperature. Furthermore, to characteristics the Cu contamination effect on
ALO; gate dielectric,c we measured the gate dielectric leakage current,
charge-to-breakdown and stress-induced leakage current on AlL,Os; and SiO,,
respectively. These results suggest'the possible application of aluminum oxide (Al,O3)

to the next generation of VLSI.

1.4 ThesisOutline

In this thesis, we performed a high-k dielectric Al,O3 for the MOSFETs device
by thermal oxidizing the thin Al and than studied the electrical properties and
mechanism of Al,O; dielectric. Moreover, we have studied the Bias-Temperature
Instability (NBTI) on fully Nickel silicide (NiSi) and germanided (NiGe) gate on
high-k Al,O; nMOSFETs and pMOSFETs, respectively. Finally, the Cu contamination

on Al,O3 gate dielectric was characterized.



In Chapter 2, we have studied the Al,Os to use as an alternative gate dielectric.
To ensure good quality, Al,Os is thermally oxidized from MBE-grown AlAs or Al on
Si-substrates. Experimental results indicate that the leakage current from oxidized
AlAs is larger than that from directly oxidized Al, which may be due to the weak
As;0sinside Al,Os. The leakage current of a 53 A ALO;j is already lower than that of
Si0, with an equivalent oxide thickness of 21 A.

In Chapter 3, firstly we have reported a very simple process to fabricate Al,O3
gate dielectric with k (9.0 to 9.8) greater than SizN4. Al,O3 is formed by direct
oxidation from thermally evaporated’Al. The 48 A A1,0; has ~6 orders lower leakage
current than equivalent 13 A Si0,1Good AL,Os/Siinterface was evidenced by the low
interface density of 1x10'" eVem? ‘and compatible electron mobility with thermal
Si0,. Good reliability is measured from the small SILC after 2.5 V stress for 10,000s.
Secondly high quality La,Os was fabricated with EOT of 9.6 A, leakage current of 0.4
A/ecm® and Dy of both 3x10' eV''/em®. The high-k is further evidenced from high
MOSFET’s 1 and gy, with low L. Good SILC and Qpp are obtained and comparable
with SiO,. The low EOT is due to the high thermodynamic stability in contact with Si
and stable after H, annealing up to 550°C.

In Chapter 4, we have studied the Bias-Temperature Instability (BTI) on fully

Nickel silicided (NiSi) and germanided (NiGe) gate on high-k Al,O; nMOSFETs and



PMOSFETs, respectively. At an equivalent-oxide thickness (EOT) of 17 A, the
NiSi/Al,0;3 pMOSFETs and NiGe/Al,0; nMOSFETs have comparable threshold
voltage (V;) change of -34 and 33 mV at 85°C and 10 MV/cm stress for 1 hour. This
result is quite different from the more severe native BTI (NBTI) degradation
measured in oxynitride pMOSFET than positive BTI (PBTI) in nMOSFET. The
extrapolated maximum voltage for 10 years lifetime is 1.16 and -1.12 V from
NiSi-NiGe/Al,O; CMOSFETs that can barely meet the required 1 V operation with
10% safety margin. However, further improvement is still required since the 18 A
oxynitride CMOSFETs have higher 10 years lifetime operation voltage of 2.48 and
-1.52 V for PBTI and NBTI, respectively.

In Chapter 5, we have studied the' Cu contamination effect on 42 A thick ALO;
MOS capacitors with an equivalent-oxide thickness (EOT) of 19 A. In contrast to the
large degradation of gate oxide integrity of control 30 A SiO, MOS capacitors
contaminated by Cu, the 19 A EOT Al,O; MOS devices have good Cu contamination
resistance with only small degradation of gate dielectric leakage current,
charge-to-breakdown and stress-induced leakage current. This strong Cu
contamination resistance is similar to oxynitride (with high nitrogen content) but the
Al,Os gate dielectric has the advantage of higher-k value and lower gate dielectric

leakage current.



Finally, conclusions and the future prospects were given in Chapter 6.
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Dielectric Contact stability
Material | constant AEC (&V) | with Si (KJ/mole) Crystal
(K) toS Si+Mox--> M+ SiO structure
SOz 3.9 . 9 3 Stable Amorphous
Al,O3 9 |7 2.8 @Borpdous
La,O3 30 | 3 2. 3 AInBrphbus
HfO, 25 |7 1.5 Crystal T>800C
Crystal
ZrOy 25 1. 4 42 . 3 T>400~800C
TiO» 80 !5 1. 2- Tetragonal

Table 1-2 Physical properties for various high-k materials.
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Chapter 2
Electrical characterization of Al,O;on Si from

thermally oxidized AlAsand Al

2.1 Introduction
It has been shown that the practical scaling limit for gate oxide is due to the
leakage current by direct-tunneling process [2.1], although 11-15 A direct-tunneling
gate oxide has already been demonstrated [2.2], [2.3]. The thickness of thermally
grown gate oxide is scaled down t0°35-40 A for. the 0.18-um VLSI generation, and
further scaling down below 15-A is required‘within a few years [2.4]. Unfortunately
the large direct-tunneling current precludes the use of silicon dioxide (SiO,) below
15-20 A thickness. However, continuously scaling down the gate oxide is necessary to
increase the current drive capability of MOSFETs and the operation speed of ICs. The

relationship of drive current and gate oxide thickness is shown in equation (1):
1 WeKA

IDsat E lu n_

Lt (VeVD 2 M

where Ipg 1s the device saturation current, Vg is the applied gate voltage and k is

the dielectric constant of gate capacitor. The only solution to overcome this difficulty

and to continuously scale down the gate dielectric is to use a thicker dielectric with a

higher k value. Therefore novel high-k gate dielectric has been identified as one of the
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most important R & D plans [2.4] for deca-nano CMOS technology. Unfortunately,
because of the stringent requirements for device quality gate dielectric, no satisfactory
alternatives to SiO, has so far been found. Recently, aluminum oxide (Al,O3) has
attracted much attention because of its very high dielectric constant (~10) that can be
used for next generation DRAM and Flash memory application [2.5]. Moreover,
ALO; has also been treated as a gate barrier in InAlAs/InGaAs MESFET using
plasma oxidation of deposited Al [2.6]. In this study, we have first characterized the
electrical property of Al,Os to use as an alternative gate dielectric of MOSFETs.
Because extremely high quality is tequired for gate dielectric, we have used thermally
grown ALO; from oxidized AlAs or Al that were grown in an ultra-high vacuum
molecular beam epitaxy (MBE) system. In comparison, sputtering deposition and O,
plasma oxidation have been used in the past to deposit Al,O3; however high defects
can be expected from Ar" bombardment and plasma damage, respectively. In this
work, the leakage current of a 53 A Al,O; from direct oxidized Al is already better
than that of SiO, with the equivalent thickness of 21 A [2.2]. This result suggests the

possible application of Al,O; to VLSI.

2.2 Experimental

P-type 4-inch [100] Si wafers with typical resistivity of 10 ohm-cm are used in
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this study. After modified RCA cleaning, HF dipping, rinsing in DI water and spun dry,
the wafer was treated by HF-vapor passivation and immediately loading into the MBE
chamber. The HF-vapor passivation has been used to reduce thermal budget to desorb
the native oxide [2.7]. Then 40-80 A AlAs or 40-55 A Al were grown by MBE at
500°C. The oxidation process was performed in a standard furnace at 500°C for 90
min., and the dielectric thickness was measured by an ellipsometer. After oxidation,
3000 A poly-Si was deposited followed by phosphorus doping using POCI; at 850°C.
The wafers were then received a 30-min. nitrogen anneal at 800°C. This anneal was
found to be very effective to reduce dielectric leakage current. Subsequently, 3000 A
Al was deposited and gate electrode was defined by-patterning and wet etching. The
gate dielectrics were electrically characterized by I-V leakage current using a
semiconductor parameter analyzer, and the composition profiles were measured using

secondary ion mass spectroscopy (SIMS).

2.3 Resultsand Discussion
Fig. 2-1 presents the SIMS profiles of oxidized AlAs at 500°C, where O, Al and
As are detected within the oxidized layer. The possible AlAs oxidation process is in

the following equation:

AlAs+3/20; - 1/2 A,03+ 1/2 As,03 (2)
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Therefore both Al,O; and As;Osare formed during AlAs oxidation. As shown in Fig.
2-1, significant Al and As diffusion into Si is observed. The diffused As into Si will
behave as a n-type dopant and change the threshold voltage, while the amount of
diffused Al is dependent on the solid solubility of Si. However, none of these effects
are desirable for MOS devices. The reduced surface concentration of As is due to the
out-diffusion into ambient during oxidation.

Fig. 2-2 shows the SIMS profile of oxidized Al. The O, concentration decreases
to its background value as increasing depth beyond the oxidized layer. This is because
the Si oxidation rate is negligibly slow at this temperature. In sharp contrast to AlAs
oxidation, the oxidized Al shows a much shatper SIMS profiles. Possible reason may
be due to the absence of As-enhanced diffusion during oxidation. Another advantage
of direct Al oxidation may be due to the strong bonding energy of Al,Os instead of
As,O;3 from oxidized AlAs. Therefore, the oxidized Al films may provide not only
better material quality but also lower diffusion into Si during oxidation.

We have further characterized the electrical behavior of these oxides. Fig. 2-3
shows the typical J-V characteristics of MOS capacitors from oxidized AlAs. The
capacitor leakage current reduces with increasing dielectric thickness from 80 to 130
A. This is a typical behavior because a thicker insulating barrier has lower electric

field that can block the electron transport more easily. However, this thicker insulating
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barrier did not successfully reduce the leakage current at low voltages less than ~0.7 V.
Possible reasons may be due to trap-assisted tunneling at low electric field [2.8]. The
traps may be generated by the weak bonding strength of As;Os inside Al,O3 matrix or
vacancies by As out-diffusion.

To investigate the effect of As-related weak As,Os or vacancies, we have studied
the electric characteristic of capacitors with directly oxidized Al. In comparison the
J-V characteristics of ~ 80 A oxides in Figs. 2-3 and 2-4, a much lower leakage
current is observed at gate voltage below 1 V from directly oxidized Al. This leakage
current at low gate electric field is related to the intrinsic defects [2.8] that is similar to
stress-induced leakage current-(SILC) [2.7], [2.9].-Therefore the As-related weak
As,03 or vacancies are responsible to the increased-oxide leakage current. The almost
same current at high voltages is due to the dominated tunneling mechanism. We have
further compared the leakage current of AlLO; with SiO, from the published I-V
characteristic [2.2]. It is important to note that the leakage current of 53 A AL, Oy is
already better than the leakage current of MOS capacitors with the same equivalent
thickness of 21 A thick SiO, [2.2].

2.4 Conclusion
We have studied the thermally oxidized AlAs and Al to use as an alternative gate

dielectric. The leakage current from AlAs oxidation is larger than that from Al
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oxidation at low voltages. The leakage current of a 53 A AlL,Oj is already lower than
SiO, with an equivalent oxide thickness of 21 A. These results suggest that scaling

equivalent oxide thickness below 13 A is possible using the Al,Os films.
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Fig. 2-1 SIMS depth profiles of oxidized AlAs at 500°C.
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Fig. 2-3 J-V characteristic of MOS capaciters with deposited AlAs oxidized at a

temperature of 500°C to form Al,Os-dielectric. The capacitor area is 800umx

800um.
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temperature of 500°C to form AbOs-dielectric. The capacitor area is 800umx

800um. The J-V characteristicof 21 A 'Si0, is from reference 2.
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Chapter 3
Device and Reliability of High-k Al,0O3; and La,0O3
Gate Dielectric with Good Mobility and L ow D;

3.1 Introduction

By continuously scaling down the CMOS technology, ultra-thin high-k gate
dielectrics with low leakage current are required to replace the direct-tunneling
current dominated thermal SiO,. Recently SisNs gate dielectric has been studied
extensively to replace thermal Si0,{3.1]; however, the marginal improvement beyond
SiO; is due to the relatively lower k and slightly higher leakage current. Although
stacked high-k materials have been studicd to achieve higher k value than that of
Si3N4[3.2], [3.3], it may require complicated process steps and the leakage current is
still higher than expected. In this study, we report a very simple process to fabricate
AlLOj; as an alternative gate dielectric with a k value (9.0 to 9.8) greater than Si3Ny. To
avoid any process related damage, Al,O3 gate dielectric is formed by direct oxidation
from thermally evaporated Al. In addition to high-k, the 48 A Al,Os has ~6 orders
lower leakage current than equivalent 13 A SiO,. Good mobility, interface trap density,
and reliability are also achieved using this process.

Although high-k gate dielectrics have attracted much attention recently, further
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reduction of EOT may be limited by the interface reaction region between high-k
material and Si [3.4], [3.5]. Therefore, the search for thermodynamically stable high-k
dielectric directly on Si is important to meet future sub-10 A requirement. Besides the
required good electrical properties such as low interface trap density (Dj), low
leakage current, high breakdown field (Epp) and good reliability, high-k material must
also be compatible with existing VLSI process. Thus, good stability with H, and high
transition temperature from amorphous to crystal [3.5] are necessary to prevent
dielectric degradation by H, and crystalline structure created defects or dislocations
during strain relaxation in process. Pteviously, we.have worked that amorphous Al,Os3
directly on Si can meet near all-the requirements and stable up to 1000°C [3.6], except
that EOT (21 A) and Dy, (1x10'"eV:"/em?) are still high. The high D; is unacceptable
for IC because of the increased noise [3.7]. In this study, we have used amorphous
La,03 (k~27) to achieve 4.8 A EOT and reduced Al,O; EOT to 9.6 A, where La,0;
has similar property as Al,Oz but with even better thermal stability on Si (Table 1-2).
In addition to respective low leakage current of 0.06 and 0.4A/cm* for La,Os and
AL O3, both dielectrics now have good Dj (3xlO10 eV'l/cmz), Egp, SILC, and Qgp as

compared with SiO,.

3.2 Device and Reliability of High-k Al,O; Gate Dielectric
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3.2.1 Experimental

To avoid any possible process-related damage in Al,O; gate dielectric [3.8], we
have used direct thermal oxidation from thermally evaporated Al on Si. Native oxide
is suppressed by a HF-vapor passivation and desorbed in-situ inside an ultra-high
vacuum MBE environment [3.9], followed by an immediate Al evaporation.
Deposited Al was oxidized at a temperature of 400°C to form Al,O;. Then the Al,O;
was annealed in nitrogen ambient to reduce defects. Poly-Si gate MOS capacitor and
transistor were fabricated to evaluate the electrical characteristics. The suppression of
native oxide is important to achievethigher k m Al,O;, and we have used similar idea
to achieve atomically smooth ultra-thin oxide with good electrical characteristics and
reliability [3.10]. For comparison, MOS capacitor and transistor were also fabricated

by thermal SiO,.

3.2.2 Results and Discussion
3.2.2.1 The physical property of Al,O;

We have first measured the SIMS profile in Fig. 3-1 to confirm the formation of
ALO;. Although Al diffusion into Si can be observed, the concentration reduces
rapidly as increasing thickness into Si. Fig. 3-2(a) and 3-2(b) illustrates the TEM

photos of Al oxidized at 400°C and 500°C, respectively. The crystalline structure is

26



observed in Al,Os bulk oxidized at 500°C. We have also used C-V measurement to
-3

determine the Al diffusion and the concentration is lower than 1x10'® c¢m™.

Furthermore, the field-dependent mobility also suggests the low Al diffusion into Si.

3.2.2.2 Gate capacitor

Fig. 3-3 presents the J-V characteristic of a 48 A Al,O; capacitor. The leakage
current is ~6 orders of magnitude lower than that of the equivalent 13 A thermal SiO,.
In order to obtain an accurate k value, we have also measured the C-V of a thick 110
A Al,O; capacitor. As shown in Figl3-4, a k'value of 9.0 is measured that is higher
than Si3N4. In Fig. 3-5 presents the measured interface trap density with a mid-gap
value of 1x10" eVem™ from this capacitor. This low interface trap density is suitable

for MOSFET application.

3.2.2.3 Mobility and transistor performance

To further characterize the Al,O3/Si interface, we have fabricated a wide gate
MOSFET to measure the electron mobility. Fig. 3-6 shows the effective mobility of an
80 A Al,0; MOSFET. The electron mobility is comparable to published mobility data
from thermal SiO,. Fig. 3-7 shows the [4-V4 characteristics of an 80 A ALO;

MOSFET with a gate length of 10-um. The higher current drive of Al,O; MOSFET
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than that of thermal SiO, also proves the high-k value in Al,O; MOSFET and a k of

9.8 is obtained.

3.2.2.4 Reliability

Fig. 3-8 and Fig. 3-9 show the 48 A Al,03 gate dielectric under a 2.5 V constant
stress for 10,000 sec, and good reliability is evidenced from the very small current
change and stress-induced leakage current (SILC) respectively. Fig. 3-10 and Fig.
3-11 present the same Al,O; gate dielectric under a much higher stress of ~5.4 V with
a 0.1 mA/cm”® constant current density ffor 1000 se¢. The small voltage changes less
than 0.04 V and the small SILC also 'suggest the excellent reliability. Therefore, the
ALOj; gate dielectric is suitable for continugusly operation at VLSI generations of 2.5

V and beyond.

3.3 Device and Rdliability of High-k La,O3; Gate Dielectric
3.3.1 Experimental

To avoid any k value reduction, interfacial native oxide is suppressed by
HF-vapor passivation and in-situ desorption [3.6] followed by an immediate La or Al

evaporation. Because La or Al is highly reactive with O,, low oxidation temperatures
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< 400°C is used to reduce metal diffusion into Si. The formed oxides were further
annealed in N, at 900°C. To reduce gate depletion, Al gate is used for MOS capacitor
and transistor to evaluate the electrical characteristics. H, annealing at 450-550°C is
performed to study the stability with H,. Besides achieved higher k, suppression of
native oxide is important to obtain a smooth interface, low Dy, and high reliability in

our previously achieved atomically smooth ultra-thin oxides.

3.3.2 Results and Discussion
3.3.2.1 Gate capacitor

Fig. 3-12 presents the J=V characteristics of La,O; and Al,O; capacitors.
Comparable leakage current for La,Q3on Sior Si3Gey7 [ s obtained that is important
for high mobility PMOS [3.11]. The stacked Al,O3/La;Os is used to reduce leakage
current for C-V to obtain Dj. In order to get accurate k and EOT, the oxide thickness
is carefully examined by both ellipsometer and TEM in Fig. 3-13. The very uniform
oxide and smooth interface are due to native oxide free surface and high thermal
stability in Table 1-2 as contact with Si. Therefore, low EOT can be expected. Fig.
3-14 shows the cumulative values for high-k oxides, and leakage current of 0.06
A/cm? for La,Osand 0.4 A/cm? for AlLOj; are obtained. Fig. 3-15 is the C-V curves and

k values of 27 and 8.5 are measured for respective La,O3; and Al,Os that gives the low
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4.8 A and 9.6 A EOT (without QM correction). Small hysterisis of 11 and 22 mV are
measured for respective dielectrics that indicates good quality because of applied high
annealing temperature without transition to crystal structure [3.5]. Fig. 3-16 shows the
measured Dy of 3x10' eV"'/em?® from both capacitors. This low Dy close to thermal

Si0; is extremely important for circuit to lower 1/f noise [3.7].

3.3.2.2 Transistor performance with 4.8 A EOT

We have further fabricated wide gate MOSFETs with 4.8 A EOT. Figs. 3-17
shows the device 14-Vg4, and important I3-V, and gy, -are plotted in Fig. 3-18. The very
high current drive and g, are due to high-k that gives a k of ~27 consistent with C-V
measurement. Good device pinch-off Iyg<107°A/um and small sub-threshold swing
of 75 mV/decade are observed, and the small swing also suggests the low Dj. The
effective mobility is further plotted in Fig. 3-19. The electron mobility is comparable

with published universal mobility data for thermal SiO, because of low Dj;.

3.3.2.3 Reliability

Fig. 3-20 shows the gate dielectrics under a -2.5 V constant stress for 1 hour with

total Qin; of 1.3x10° and 1.2x10°C/ecm’® for La,Os; and AlLOs, respectively. No
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significant charge trapping is occurred during stress, and small SILC for both
dielectrics is observed in Fig. 3-21. Good reliability for 4.8 A EOT LayOs is
evidenced from the high Qgpin Fig. 3-22 and comparable with current SiO; [3.12].
The good SILC and Qgp may be due to the high lattice energy in Table 1-2. From the
50% failure time, an extrapolated max voltage of 2.3 V is obtained for 10 years
lifetime that suggests good reliability for VLSI application with 4.8 A EOT and small

leakage of 0.06 A/cm” at 1 V.

3.4 Conclusion

We report a very simple process tofabricate Al;0; gate dielectric with k (9.0 to
9.8) greater than SizN4. AlL,Os; is ' formed by direct oxidation from thermally
evaporated Al. The 48 A Al,O; has ~6 orders lower leakage current than equivalent 13
A Si0,. Good Al,03/Si interface was evidenced by the low interface density of 1x10"'
eVem™ and compatible electron mobility with thermal SiO,. Good reliability is
measured from the small SILC after 2.5 V stress for 10,000 sec.

High quality La,O;and Al,Os are fabricated with EOT of 4.8 and 9.6 A, leakage
current of 0.06 and 0.4 A/cm® and Dj of both 3x10" eV''/em?, respectively. The
high-k is further evidenced from high MOSFET’s 14 and g, with low I, Good SILC

and Qgp are obtained and comparable with SiO,. The low EOT is due to the high
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thermodynamic stability in contact with Si and stable after H, annealing up to 550°C.
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Fig. 4-1 SIMS depth profile-of'oxidized Al at'500°C. The measured thickness is

close to that measured by ellipsometer & cross-sectional TEM.
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Fig. 3-2 TEM photos of Al oxidized at (a) 400°C and (b) 500°C.
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Fig. 4-2 J-V characteristics of the 48 A A1,0; MOS capacitor.
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at 2.5V for 10,000 sec:
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Fig. 3-13 Cross-section TEM of Al,O; and La,0s3. Very smooth interface is due to
the high thermal stability and native oxide free surface. Both dielectrics are

amorphous.
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Fig. 3-14 Cumulative distribution-of leakage’ cutrent and breakdown field for Al,O3

and La,0; gate dielectrics.

46



Capacitance (pF)

800

700 33A La,0,

600 Vv =11mV

500
400

@)

300

21A AlLO,
V =22mV

200

100

-3 -2 -1 0 1 2
Gate Voltage (V)

Fig. 3-15 Hysteresis eurves for/Al,Ozand La,0; gate dielectrics.

47



10" ¢
e
L
‘-,'>loll
= \
o \ EOT=21.8A
EOT=16.5A —=— 36A Alzog/_ssA La,0,/ Si
—O0— 36A AI203/S|
1010 1 | 1 | 1 | | 1 |

1 | 1 | 1 1
-06 -05 -04 -03 -02 -01 0.0 0.1 0.2
Energy (ev)

Fig. 3-16 Interface state density of AbLOj3 and La,O; on Si. Min Dj of 3x10'°

eV''/em? is obtained:for both dieléctrics and close to Si10,/S1.

48



25

—e—Vg=0.75V }
—w— Vg=0.6V
20 =4—Vg=0.45v

— —e—Vg=0.3V

< [—=—\Vvg=015v

é 15+

3 10+

£

E AAAAAAAAAAAAAAAAAAAAAAAAAA

QO 5 addA

0.00 025 050 075 1.00 125 150 175 2.00
Drain Voltage (V)

Fig. 3-17 14-V4 characteristics of 30 mm-x 1200, mm nMOSFETs with 33 A La,0;

gate dielectric.

49



Drain Current (A)

10°

SW=75 mV/decade
Vd=0.4Vv

N
(é]

N
o

L4
=
(&)

[N
o

Gate Voltage (V)

00 02 04 06 08 10 12 14 16

Fig. 3-18 Subthreshold characteristic and transconductance for 33 A La,0;

nMOSFETs as a function of gate bias.

50

g,, (mS/mm)



E,, (MVicm)

Fig. 3-19 Effective electron mobility versus electrical field for 33 A Lay0;

nMOSFET.

51



10

£ ~—— 21AAL,O, CVSunder -2.5V for 3600sec

< 10'F

<l

@

c

)

(@]

g 10°F

’g -— 33A La,0, CVSunder -2.5V for 3600sec

O R O S S O O O R = & O SV S O S S S e
10-1 L | L | | | | | |

L L L L L L | L
0 400 800 1200 1600 2000 2400 2800 3200 3600

Time (second)

Fig. 3-20 Time evolution of I, ander -2.5 V, for.1 hr with Qi of 1.3x10° and 1.5x10°

C/cm? for respectiverLa,O3 and AL O;.

52



21A ALO,

=
(63}

Solid Symbol: Fresh device
Hollow Symbol: Stressed device

=
o

(lstressed_ IFresh) / Ifresh (%)

Current Density (A/cm?)

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
Gate Voltage (V)

Fig. 3-21 Stress induced leakage current:and current variation for Al,O3; and La,03

under -2.5 V for lhr:

53



100

—a— \Vg=-3.3V
—4a—\Vg=-3.4V
—e—\Vg=-3.5V

Cumulative Failure (%)

40 60 80 100 120 140 160 180 200
Qg (Clem?)

Fig. 3-22 Qpgp distribution of LayO3dielectric with different V,. For 50% MTTF and

10 years lifetime, a max operation voltage-of 2.3 V is obtained.

54



Chapter 4
Bias-Temperature I nstability and Charge Trapping
on Fully-Silicided-Germanided Gates/High-k Al,O3
CMOSFETs

4.1 Introduction

As continuous scaling down the MOSFET devices into sub-100 nm scale,
oxynitride or metal-oxide high-k gate dielectric, with ultra-thin equivalent oxide
thickness (EOT), is required to replace the conventional SiO, to reduce gate dielectric
leakage current. To further increase the drive current-in MOSFET, metal gate will be
integrated with these high-k gate dielectrics [4.1]-[4.5]. However, one of the main
concerns of such metal-gate/high-k MOSFETs is the poor Bias-Temperature
Instability (BTI) [4.1], [4.6]-[4.8]. In particular, the negative BTI (NBTI) of
pMOSFETs is becoming an increasingly serious problem of the CMOS reliability. It is
known that the NBTI of oxynitride gate dielectric pMOSFETs is mainly related to
nitrogen traps [4.9]-[4.12], hydrogen [4.13]-[4.14], moisture (H,O) [4.14], and
impurity diffusion [4.6] etc. Both the NBTI and positive BTI (PBTI) are even worse
in metal-oxide high-k CMOSFETs than oxynitride devices [4.1], [4.6]-[4.8]. In this

work, we have studied the BTI effect on fully silicided-germanided (NiSi-NiGe) dual
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gates on high-k AlLO; CMOSFETs [4.5], [4.15]-[4.19] and compared with a
benchmark oxynitride devices. The fully silicided gate has advantage of fully process
compatible to current VLSI fabrication technology. The Al,O; gate dielectric has
reasonable high-k and good thermal stability with amorphous type up to 1000°C [4.5],
[4.12], [4.15]-[4.21]. In contrast to the worse NBTI than PBTI in oxynitride devices,
close NBTI and PBTI is found in fully NiSi-NiGe gates/Al,O; CMOSFETs. At 17 A
EOT, the extrapolated maximum operation voltage (Vmax-10years) for 10 years lifetime,
with 50 mV threshold voltage (V) change at 85°C, is 1.16 V and -1.12 V from PBTI
and NBTI, respectively. These results are comparable or better than the reported
HfAION [4.6] and HfSiON data [4.7]. The high Vi 10ycars and close value for both
NBTI and PBTI may be due to the process without-hydrogen and H,O that were used
during high-k HfAION and HfSiON deposition by Atomic-Layer Deposition (ALD)
using NH3 and H,O sources [4.6]. However, the inferior PBTI of NiSi-NiGe/AL O
CMOSFETs to oxynitride devices suggests that further improving the high-k

dielectric quality is required.

4.2 Experimental
Standard n- and p-type (100) Si wafers with a typical resistivity of ~10 Q-cm

were used in this study. After standard cleaning, the device active region was formed
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by thick field oxide and patterning. The source and drain region were implanted by 35
KeV Phosphorus or 25 KeV Boron for nMOSFETs or pMOSFETs respectively,
followed by RTA activation. Then the ~39 A Al,O; was formed by physical-vapor
deposition, 400°C oxidation for 20 min. and 400°C annealing for 20 min. From the
C-V measurement, a k value of 8.9 and EOT of 17 A were obtained. The slightly
low-k value than bulk Al,O; (k=10) is due to the oxidation of Si during post
deposition annealing. The fully NiSi and NiGe gates were formed by depositing 150
A amorphous Si or Ge on Al;,O3, 150 A Ni for both n- and p-devices, and followed by
silicidation and germanidation at.400°C RTA for 30 sec [4.5], [4.15]-[4-19]. For
comparison, control oxynitride was formed by decoupled plasma nitridation [4.22] on
a 18 A SiO, that was grown by ‘oxygeh at 700°C for 12 min. The formed oxynitride
has peak N concentration of 9% near poly gate interface, followed by post deposition
annealing at 1000°C RTA. The fabricated CMOSFETs were further characterized by

C-V I-V, and Bias-Temperature (BT) measurements.

4.3 Resultsand Discussion
We have first measured the I4-V, characteristics to examine the hysteresis
effects in Al,Os. Fig. 4-1 and Fig. 4-2 show the measured hysteresis on NiSi/Al,O3

nMOSFETs and NiGe/Al,O; pMOSFETs, respectively. For fully silicide/high-k
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nMOSFET, the double sweep of gate voltage from 0 to 1.5 V results in V; shifted to
positive by +10 mV. This result suggests generating negative charge traps in
nMOSFET. For pMOSFET, the double sweep of gate voltage from 0.5 to -1.5 V
results in Vr shifted to negative by -10 mV, which also indicates the generating
positive charge traps in bulk Al,O3 and Al,O3/Si interface. These amounts of charge
trappings may cause NBTI in pMOSFETs and PBTI in nMOSFETs. The poor log in
nMOSFETs is due to the insufficient high temperature annealing (only 950°C RTA)
for ion-implanted damage. The limited RTA temperature also gives a relative poor
sub-threshold swing because of the insufficient annealing of high-k dielectric defects.
Further improving the leakage cutrent and' sub-threshold swing can be done by
increasing RTA temperature to typical 1000-1050°C or using LaAlO; high-k dielectric
[4.24], [4.25].

We have also used the C-V to measure the hysteresis effects. Fig. 4-3 and Fig.
4-4 show the CV hysteresis characteristics, measured at 500 KHz, on NiSi/AL,O;
nMOSFETs and NiGe/Al,O; pMOSFETs respectively, where conventional
bi-directional sweeps from inversion to accumulation were applied to these transistors.
The double sweeping hysteresis of +10 mV and ~0 mV are measured for nMOS and
pMOS capacitors, respectively. The smaller flat band voltage shift of pMOS capacitor

than the V, shifts of I4-V,s curves in NiGe/Al,O; pMOSFETs may be due to the
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relative slower and deeper traps that were unable to follow the AC signal [4.23].
Similar effect is also observed in other high-k dielectrics from quasi-static to RF
frequency range [4.24]-[4.27].

Figs. 4-5 and Fig. 4-6 shows the NBTI characteristics of I4-Vg and V; change
(AV,) for NiSi/Al,O; pMOSFETs stressed at 10 MV/cm electric field and 85°C
ambient to 1 hour, respectively. This stress condition was chosen to compare with
published data in the literature [4.6], [4.7]. For reference and comparison, the AV, of
SiON pMOSFETs and the data of TaN/HfAIO [4.6] are also plotted in Fig. 4-6. After
the 1 hour stress at 10 MV/cm and 85°C, a AV 0f-33 mV is measured suggesting that
the NBTI is one of the most serious reliability issues-for fully NiSi gate/high-k AL,O;
pMOSFETs. The measured AV, changes are comparable or better than the published
HfAION [4.6], HfSiON [4.7] and HfTaO [4.1] where additional Al, N, Si or Ta must
be added to HfO, for BTI reliability improvement. However, the measured AV; is still
larger than that of oxynitride devices with plasma generated N at top
poly-Si/oxynitride interface. The possible reason of the inferior NBTI is due to the
degraded interface of Al,Os3/Si and bulk oxide change in Al,Os3, where oxygen-riched
SiN interface on Al,O3; will be the possible solution for this important reliability issue
[4.10]-[4.12].

Fig. 4-7 and Fig. 4-8 show the PBTI characteristics of I4-Vgs and Vi for
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NiGe/AlL,O; nMOSFETs stressed at 10 MV/cm electric field and 85°C to 1 hour,
respectively. The AV, of SION nMOSFETs are also added in Fig. 4-8 for comparison.
After the 1 hour BT stress, a AV; of 34 mV is measured for PBTI that is close to the
|-33 mV| value in NBTL In sharp contrast, the NBTI of only 0.76 mV is measured
in poly-Si/oxynitride (9% peak at poly-Si interface) nMOSFETs after the same BT
stress that is lower than the 6.6 mV change in oxynitride pMOSFETs. The better PBTI
than NBTI is normal for oxynitride MOSFETs where the mechanism is attributed to
hole injection to break the H-Si bonds and created interface traps [4.9]-[4.14].
However, the measured NBTI and PBTT value are less than that of HfO, [4.7], [4.8],
which may be due the strong A-O bond and consistent with the results in HfAIO [4.6].
The close PBTI and NBTI absolute’ value after BT stress in Al,O; MOSFETs
suggesting the higher number of interface and bulk traps, which are normal for high-k
gate dielectric, are the main causes and for larger | AV | change than oxynitride
devices.

We have also measured BTI at other gate electric field for 10 years lifetime
projection, where the lifetime at each gate voltage was defined by a ‘AVt | =50 mV
change during stress. Such high gate voltage or electric field is especially required for
poly-Si/SION CMOS due to the excellent reliability. Figs. 4-9 show the time as a

function of V4 of nMOSFETs and pMOSFETs, respectively. The 10 years lifetime
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Vmax-10years 1S from the extrapolation of measured data at high gate voltage. The

extrapolated Viax-10years are 1.16 and -1.12 V for Al,O3; nMOSFETs and pMOSFETs,

respectively. Theses values can barely meet the BTI requirement at 1 V operation with

additional 10% safety margin to 1.1 V. It is important to notice that the degraded PBTI

is also reported in HFAION gate dielectric MOSFETs [4.6] that is even worse than

NBTI and attributed to gate impurity diffusion. The close Vmax-10years for PBTI and

NBTI in ALLbO; MOSFETs is simply because no impurity [4.6], nor hydrogen

annealing [4.13]-[4.14] or processing water [4.6], [4.14] were added to the fully

NiSi-NiGe/Al,O; CMOSFETs. Unfortunately, these values are lower than the 2.48

and -1.52 V of respective PBTI and NBTI extrapolation for oxynitride MOSFETs at

close EOT. The main mechanisnifor NBTI degradation in poly-Si/SiON pMOS is due

to the trap generation by energetic holes in bulk oxide and interface. In contrast, the

poorer BTI in high-k MOSFETs may be directly related to the existing high bulk and

interface traps. Therefore, further technology development to reduce these traps or

using an oxygen-riched SiN interface beneath the high-k [4.10]-[4.12] is the key

factor for metal-gate/high-k CMOS BTI reliability.

4.4 Conclusion

We have studied the NBTI and PBTI of 17 A EOT NiSi-NiGe/Al,O;
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CMOSFETs, with baseline characteristics of 10 mV hysteresis. The comparable V;
change of -34 and 33 mV for respective NBTI and PBTI, after 10 MV/cm and 85°C
stress for 1 hour, is probably due to impurity free in NiSi or NiGe gate and no
hydrogen or water used in device process. The amount of V; change and extrapolated
Vmax-10years Of 1.16 and -1.12 V in NiSi-NiGe/Al,O; CMOSFETs are comparable with
or better than the reported BTI data of HfSiON and HfAION that suggesting the good
high-k device integrity. Although the Vax-10years 0f NiSi-NiGe/Al,O3; CMOSFETs can
barely meet the 1 V operation requirement, better performance is found in oxynitride
CMOSFETs with higher Vyax-ioyéas of 2.48 and -1.52 V of PBTI and NBTI,
respectively. In addition to- almost the  same -NBTI and PBTI values in
NiSi-NiGe/Al,O; CMOSFETs, the comparison with oxynitride CMOSFETs suggests
the bulk and interface oxide traps in high-k Al,O; dielectric plays the dominant role
for BTI. Therefore, further improving the device performance is required for

metal-gate/high-k CMOSFETs including BTI and mobility degradation effects.
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Fig. 4-1 The room temperature lg=V,, characteristics of NiSi/Al,O; nMOSFETs
under double sweep measurements. The' mserted figures are the enlarged

view to show the hysteresis,
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view to show the hystéresis;
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Fig. 4-5 The I4-V,s changes of NiGe/Al,Os pMOSFETs stressed at 85°C and 10

MV/cm for 1 hour.
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Fig. 4-6 The AV, changes of=NiGe/AlLOs; pMOSFETs stressed at 85°C and 10
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TaN/HfAlO (from reference. 6) are also added under the same stress

condition.
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Fig. 4-8 The AV, changes of NiSi/Al,O; nMOSFETS stressed at 85°C and 10 MV/cm
for 1 hour. For comparison, the data fromy poly-Si/SiON and TaN/HfAlO

(from reference 6) are also.added underthe same stress condition.
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Chapter 5
The Copper Contamination Effect on Al,O; Gate

Dielectricon Si

5.1 Introduction

To reduce the circuit’s RC delay from backend metal lines and parasitic
capacitors, Cu and low-k dielectric are required. However, Cu diffusion into low-k
and front-end MOSFETs is an important issue [5.1]-[5.12]. The Cu contamination
from backend Cu interconnects or the backside wafer surface contaminated by Cu will
accumulate at the Si/Si0O, interface [5.6]-[5.8] or reacts with Si to form silicide. The
precipitate Cu at oxide interface will increase the sub-threshold swing of MOSFETs
[5.7], [5.9], shift the threshold voltage, and degrade the gate leakage current
[5.10]-[5.12]. The Cu silicide will also increase the unwanted leakage current in
source-drain junction. To reduce Cu diffusion during backend thermal cycle, barrier
metal under Cu and thick SiN between each inter-metal layer (IML) dielectric are
usually added. However, the added SiN of typical 500 A has large k value of 7.5 and
will degrade the total k of combined IML dielectric and SiN. The increasing effective
k is unfavorable since it will increase the circuit’s backend RC delay. In this paper, we

have studied the Cu contamination effect in high-k Al,Os gate dielectric [5.13]-[5.16]
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with small equivalent-oxide thickness (EOT) of 19 A, where the high-k gate dielectric
is important for continuously scaling down the nm-scale MOSFET. In contrast to the
large degradation of gate oxide integrity in 30 A thermal SiO,, the smaller 19 A EOT
Al,O3 gate dielectric shows much better resistance to Cu contamination related
degradation on gate dielectric leakage current, charge-to-breakdown (Qgp) and
stress-induced leakage current (SILC). Therefore, the high-k gate dielectric with
Al,O3 ternary compound such as HfAIO or LaAlOs; should have this additional
advantage besides the high-k value. This is the first study of Cu diffusion in high-k

AlOs.

5.2 Experimental

Standard four-inch, p-type (100) Si wafers with a typical resistivity of ~10 Q-cm
were used in this study. After standard cleaning, the device active region was formed
by thick field oxide and patterning. Then the ~42 A ALO; was formed by
physical-vapor deposition from an Al,Os sputter source, oxidation at 400°C under O,
ambient for 5 min and annealed at N, ambient for 25 min. From the C-V measurement,
a k value of 8.5 and EOT of 19 A were obtained. Then the gate electrode was formed
by depositing a 3000 A thick aluminum by thermal evaporation and patterning, where

the fabricated area of MOS capacitors is 100 um % 100 um. The Cu contamination to
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the AI,O; MOS devices was introduced by contacting the front side of devices into a
Cu(NOs), solution with 10 ppb or 10 ppm concentration for 1 minute then followed
by driving-in at 400°C N, annealing. The existence of Cu within gate SiO, by this
contamination process was confirmed by SIMS measurements reported previously
[5.11], where strong Cu accumulation is observed in both poly-Si and SiO,. More
detailed Cu contamination process and the degradation on gate dielectric integrity of
SiO, and SiON can be found in our previous publications [5.10]-[5.12]. The Cu
contamination effect was studied by current-density and voltage (J-V) measurements

in high-k Al,O3 gate dielectric MOS:¢apacitors.

5.3 Resultsand Discussion

Fig. 5-1 shows the J-(Vs-Vgp) characteristics of Al,Os3 gate capacitors with ~42
A physical thickness (19 A EOT), where the Vg is the flatband voltage obtained from
the C-V measurement and quantum mechanical calculation. The Vgg of -0.7 V and
-0.85 V are obtained for Al,O3 and SiO, gate dielectric capacitors, respectively. It is
important to notice that there is no significant Vg change after Cu contamination.
This suggests that the Cu may behave as neutral trap in gate dielectric and consistent
with our previous report [5.12]. For comparison, the J-(Vg-Vrg) characteristics of 30

A thick SiO, MOS device were also plotted. For samples without Cu contamination,
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the 19 A EOT ALOs; gate capacitor has ~one order of magnitude lower leakage
current than 30 A SiO,, which is the fundamental advantage of high-k gate dielectric.
The Cu contamination in 30 A SiO, control devices have significant effect on gate
dielectric leakage current that was increased by ~2 orders of magnitude. The 10 ppb
and 10 ppm Cu contaminated SiO, control devices show almost identical leakage
current before breakdown voltage (Vgp), although the Vpp is lower in 10 ppm
contaminated devices than 10 ppb case. Such effect was previously attributed to the
Cu trap energy state inside the SiO, dielectric [5.11]; the leakage current shows
exponential relation with the trap ‘energy im:direct tunneling regime with less
concentration dependence. In contrast to the large increasing leakage current (2 orders
of magnitude) in SiO, MOS capacitors contaminated by Cu, negligible leakage
current increase in AlbO; MOS capacitors is measured with high 10 ppm Cu
contamination. The reason why the Cu contamination has little effect on the AL,O;
gate dielectric may be due to the strong diffusion barrier property similar to Si3Ny,
where the Al,O; can even be used as the diffusion barrier for small H, molecule
[5.17].

Figs. 5-2(a), 5-2(b) and 5-2(c) further compare the cumulative leakage current
distributions of the 42 A Al,O3; (19 A EOT), 30 A SiO,, and 36 A oxynitride with

23% N content (30 A EOT), respectively. The control gate oxide leakage current of 30
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A Si0, MOS device shows an increasing trend by one to two orders of magnitude at
0.5 V and 2.5 V bias with increasing Cu concentration from 10 ppb to 10 ppm. In
sharp contrast, only slightly increasing leakage current at lowest 0.5 V bias can be
observed in the 42 A AlLO; (19 A EOT). This increasing leakage current in
pre-tunneling region at low voltage is also previously observed in thick 50 A SiO, and
oxynitride with 16% N content [5.10]-[5.12], which is attributed to the trap-assisted
tunneling originated by neutral traps formed by Cu inside the oxide matrix. It is
noticed that although the degradation of pre-tunneling leakage current is negligible for
the 36 A oxynitride with 23% N, the ’Al,O; still’has strong advantage of much smaller
EOT of only 19 A than the 30 A EOT oxynittide (23% N). In addition, the k value of
8.5 for AL,Os is also higher than the 4.7 k value for23% N oxynitride [5.10], which is
important for gate dielectric application in nm-scale MOSFET.

Fig. 5-3(a) shows the comparison of Qpp distribution of 42 A Al,O; gate
dielectric (19 A EOT) with the control 30 A thermal oxide, with or without the Cu
contamination. The good quality of control 30 A oxide without contamination is
evidenced from the high Qgp of ~0.13 C/cm” (—4.3 V constant voltage stress) and
close to the published data [5.18]. The Cu contamination effect on SiO, gate capacitor
lowers down the Qpp with a wider distribution, which is consistent with the larger

distribution of leakage current shown in Fig. 5-2(b). In sharp contrast, the Cu
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contamination at both 10 ppb and 10 ppm has only small effects on Qgp distribution
of the 19 A EOT AlL,O; gate dielectric and free from the trail Qpp distribution devices.
This result is also consistent with the tight gate current distribution shown in Fig.
5-2(a). It is noticed that the Qpp value decreases rapidly with increasing stress voltage,
and the mean Qgp of 0.4 C/cm’ for 42 A ALOs gate dielectric, biased at a large
voltage of 5.8 V, is also comparable to SiO, within in same order [5.18]. This suggests
the excellent quality of high-k Al,O; gate dielectric. Fig. 5-3(b) further shows the time
to breakdown (tgp) plot stressed at -4V at 150°C. The larger tgp decrease of Cu
contaminated SiO, than that of Al,Os 1S due to the.larger increase of leakage current in
Si0, after contamination shown-in Fig. 5-1.

The SILC is another impottant factor for gate dielectric reliability evaluation.
Figs. 5-4(a) and 5-4(b) show the comparison of the stress effect on J-V characteristics
for MOS capacitors with 42 A Al,Os gate dielectric (1.9nm EOT) and 30 A thermal
oxides, respectively, with or without Cu contamination. In both cases, the applied
stress condition is at —3.3 V for 10,000 sec. It is noticed that although the amount of
injected charges is less for Al,Os dielectric than SiO,, this is due to the fundamental
advantage for high-k gate dielectric with largely improved gate leakage current.
Among all the Al,O3; and SiO, MOS devices with or without Cu contamination, the

control 30 A SiO, MOS capacitor has the smallest current change and better than the
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42 A Al,03 MOS device under the same stress condition. This is due to the robustness
of thermal SiO, where larger bulk oxide and interface defects are usually found in
high-k dielectric such as Al,Os. The amount of these weak defects will increase under
charge injection during constant voltage stress, which causes higher leakage current in
MOS capacitors.

To further analyze the SILC effect, we have plotted the current change (Jsyessed -
Jo)/Jo as a function of bias voltage in Fig. 5-5, which is more sensitive than the
Jstressed-V plot shown in Fig. 5-4. For the un-contaminated Al,O; and SiO, MOS
devices shown in Figs. 5-5(a) and.5-5(b) respectively, the Al,O; dielectric capacitor
has higher SILC current than the 'SiO, devices, even though the dielectric thickness
(42 A) for Al,O3is thicker than‘the 'SiO, (30 A). This is due to the higher bulk and
interface defects in high-k Al,O; gate dielectric than thermal SiO,. However, the SILC
of AJ/Jp increases rapidly in the SiO, devices even under the smallest Cu
contamination of 10 ppb. The increasing SILC with Cu contamination is previously
attributed to the formation of neutral traps inside the oxide and interface [5.12]. In
contrast, the AJ/J, only increases slightly at 10 ppb Cu contamination and the amount
of increase at 10 ppm Cu is still less than the SiO, case. The smaller amount of Cu
contamination generated SILC in Al,O3 gate dielectric suggests the good diffusion

barrier property and also consistent with the smaller degradation on dielectric leakage
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current and Qgp shown in Figs. 5-1 and 5-3.

5.4 Conclusion

We have studied the Cu contamination effects on gate dielectric integrity of 42 A
AlLO; dielectric. By comparing with the control 30 A SiO, MOS capacitors
contaminated by Cu, much smaller degradation of gate dielectric leakage current, Qgpp
and SILC is found in 19 A EOT Al,O; MOS devices. The much better resistance of
Cu contamination in ultra-thin 19 A EOT ALO; MOS capacitor is the strong

advantage for high-k Al,Os gate dieleetric.
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Fig. 5-3 The (a) Qpp and (b) tgp distribution of 42 A ALO; gate dielectric (19 A EOT)
MOS devices under different Cu contamination level. The distributions of 30
A Si0, MOS capacitors with or without Cu contamination are also added for

comparison.
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Chapter 6

Conclusion

A new and simple approach has been proposed to deposit high-k dielectrics on
Si substrate. Aluminum oxide (Al,Os3) high-k dielectric is deposited by evaporating
the ultra thin metal layer followed by thermal oxidation and annealing. Utilizing the
self-limit characteristic of Al,O3, the formation of interface oxide in high-k dielectrics
can be eliminated effectively. To investigate the performance of Al,Os for the use of
MOSFET devices, we have fabricated 48 A Al,Os films with ~6 orders lower leakage
current than 13 A SiO, films and'low inferface: state density at the Al,O3/Si interface
than Si3N4/Si interface. We futther suceessful applied Al,O; as MOSFET insulator
and get acceptable performance. So, the-lewer leakage current characteristics of Al,O3
films and mobility of Al,O3 MOSFET comparable to published mobility data from
thermal SiO; do qualify this dielectric for the gate dielectric application.

BTI of MOSFETs has been one of the biggest reliability problems in the high-k
gate dielectric. In order to characterize the BTI in Al,Os3, we have measured the NBTI
and PBTI effects on fully silicided-gate/Al,O; CMOSFETs and compared with
benchmark poly-Si/oxynitride devices. The fully silicided-gate/Al,O3; have merits of
simple process and fully compatible to current VLSI process line; the metal-gates may

be more suitable for achieving small EOT. Although both the V; changes and
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extrapolated operation voltages for 10 years lifetime for fully silicided-gate/Al,O3 are
worse than benchmark poly-Si/oxynitride devices, the high-k devices can still barely
meet the required 1 V operation voltage for 10 year lifetime. Further improvement is
still required since the 18 A oxynitride CMOSFETs have higher 10 years lifetime
operation voltage.

We have further characterized the Cu contamination effect on gate dielectric
integrity of 42 A thick Al,O; MOS capacitors with an EOT of 19 A. The gate
dielectric degradation by Cu contamination is greatly reduced in Al,Os dielectric as
compared with the control 30 A thefmal SiO; MOS capacitors contamination by Cu.
The good Cu contamination resistance of AlOs" gate dielectric is attributed to the
strong diffusion barrier property-of the ALLOj; dielectric as observed gate dielectric
leakage current, charge-to-breakdown and SILC. This strong Cu contamination
resistance is similar to oxynitride but Al,O3 gate dielectric has the advantage of higher
k-value. This simple technique to deposit high-k Al,Os3 dielectrics has demonstrated
its practicability in device fabrication and its flexibility to develop the suitable high-k

dielectrics for the use of gate dielectric in MOSFETs application.
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