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Abstract

The  development of the  high performance  complementally
metal-oxide-semiconductor field effect transistors (CMOSFET) is expected to be
imperative as the semiconductor devices continuously decrease in size along with the
development of current logical circuits and high performance MOSFET. However, the
size reduction of the Si-substrate and silicon dioxide (SiO,)-dielectric-material-based
semiconductor devices has come to a bottleneck due to their low carrier mobility and
the lower dielectric permittivity constants (x =3.9), hence the development of
materials with higher dielectric constant materials and higher carrier mobility is
unavoidable.

The high leakage currents accompanying the reduction of the thickness of the
devices and the increase in the dielectric constants, and the integration of these high

dielectric constant materials onto the new substrates have been the main subjects of



the recent studies. The researches of high dielectric constant materials, such as HfO,,

Al;,O3, Lay03, and TiO, have been studied for decades. Furthermore, high carrier

mobility substrates, such as SiGe, Ge, and IlI-V compounds (GaAs), have been

widely proposed in some recent research articles. Nevertheless, successful integration

of high dielectric constant materials onto new substrates for the VLSI technology still

proves to be quite a difficult issue.

In order to overcome the problems of integrating the new high dielectric constant

materials and the substrates, we used a series of Lanthanum Oxide (La,O3)-based

high-x materials such as LaAlOg, TiLaO and ZrO;. We had also studied the interface

engineering and successfully fabricated high performance Ge nMOSFET by

depositing an ultra thin SiO, passivation layer between the Ge substrates and the high

dielectric materials. Using the interface passivation not only reduces the electric

leakages, but also improves the unwanted flat-band voltage (Vi,) shifts on the Ge

substrates as well as the capacitance density, enabling the equivalent oxide thickness

(EOT) to scale down to 0.85 nm with higher carrier mobility. Finally, we used the

laser annealing (LA) method to further improve the transistor characteristics of the

gate stack structures.
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Chapter 1

Introduction

1.1. Motivation of High-x Dielectrics

The scaling down of Metal-Oxide-Semiconductor Field Effect Transistor
(MOSFETSs) using metal gate with high k has been the major way to improve the
performance of integrated circuits in the last few decades. Si dioxide (SiO;) as a gate
dielectric offers some merits in CMOS processing including a thermodynamically and
electrically stable, high-quality Si-SiO, interface as well as superior electrical
isolation properties. In order to scale down the MOSFETS, reducing the thickness of
gate dielectric becomes the trend for the state-of-the-art devices. However, the direct
tunneling of gate leakage at 2V bias exceeds 1A/cm? below the 2.0 nm thickness of
Si0O; (Fig.1-1) which becomes the critical issue for CMOS scaling down [1-1].

From the below electrical fundamental equation, we can solve the obstacle by
using the materials with high dielectric constant (high-«):

C= KepA

== )

Where ¢, (8.85x10™* f/cm?) is the permittivity of free space, k is the dielectric
constant (also referred to relative permittivity in this article), A is the area of capacitor,

and t is the oxide thickness. The physical thickness of the dielectric in the devices can



be increased without the reduction of capacitance density if using the higher dielectric
constant material. Higher C value enables the MOS structure to gain more inversion
carriers and reaches the higher drive current of MOSFETs. In the other hand to
increase the C, we can reduce the overall t thickness. The components of t can be
represented as the following equation,
t= tqm + tox + 1:poly—s,i (2)
where tyoly-si IS from the poly-Si depletion, toy is the equivalent oxide thickness
(EOT) of the dielectric and tqy is the quantum effect of carriers in the channel. tynis
the intrinsic physic quantum effect and is not avoidable. We can reduce tox and tyoiy-si
to increase the capacitance density. Using metal gates to replace the poly-Si gate have
been proposed to solve the issue in recent years. Reducing the EOT becomes the most
important way to reach higher C. The EOT of materials is defined as the thickness of
SiO, required to reach the same capacitance. EOT can be written as an equation,
Ksio,

EOT = thigh—k dielectric X Ko . ; ®)
high—k dielectric

where thigh-« dielectric @Nd Knigh-« dielectric are the high x material of physical thickness and
relative dielectric constant, respectively.

According to the ITRS (International Technology Roadmap for Semiconductor)
shown in Fig. 1.2, the EOT for metal gate has to be below 10 A after 2010. Therefore,

the continual scaling down of gate dielectric becomes an inevitable trend in CMOS



technology.

Although a lot of researches of high dielectric constant materials have been

reported, we still need to understand before these materials can be adopted by industry.

There are some key points listing below [1-2].

® Permittivity

The relative dielectric constant of the new material should be between 10 and 30.

Higher « dielectric materials will give rise to fringe fields from the gate to the

drain or source and it will degrade the short channel device performance.

® Band gap

The band gap of new dielectric materials must be greater than 5 eV and the band

offsets with silicon must be sufficient. Generally, Fig. 1.3 shows the higher «

value materials will have a smaller band gap, and there is an inverse relationship

between band gap and dielectric constant. Fig.1.4 shows that increasing

dielectric constant will cause lower conduction band and valence band when in

contact with silicon. In order to reduce the leakage current from each band, the

barrier height must be bigger than 1 eV.

® Thermodynamic stability

Good thermodynamic stability is required for new high dielectric materials to

directly contact with silicon for the fabrication of advanced CMOS devices.



High-x dielectric materials must have a large Gibbs free energy to prevent
interaction with silicon, and the diffusion coefficient of materials must be low
with less interface reaction.
® Interface quality
The interface between high dielectric material and silicon is also an important
issue. Interface states will cause flat-band voltage shift and degrade the mobility
of MOSFETs. Low interface trap defect density, Dy, should be lower than 10™
cmtevy,
® Compatibility with the current or expected materials to be used for CMOS
devices
Therefore, alternate high x dielectric materials such as SisN4 (k = 7.5), SiyOyN,
(x = 3.9-7.5), Al,O3 (x = 10), HfO, (x = 26), La,03 (x = 30), Ta,0s (k = 25), TiO2 (k =
50), and ZrO; (x = 25) [1-3]-[1-8], or other dopant metal oxides have been proposed
to replace SiO, for gate dielectric materials in the recent researches. Fig. 1-5 shows
the bond enthalpies for various metal/dielectric combinations. High dielectric constant
materials have higher bond enthalpies, which can prevent higher leakage currents and
degradations after high temperature processes. In general, the metal oxides exhibit
strong bond enthalpies than other compounds.

However, some of these materials are not all suitable for compatibility of



CMOS devices. Such as, Al,Os, is not thermodynamically stable in direct contact with
Si with a lower dielectric constant and Ta;Os has a smaller conduction band offset
with silicon (4E.~0.3 eV) that will cause the increasing leakage currents from
electron tunneling.

In this study, we used different high k dielectric LaAlO3 (LAO) and TiLaO for
gate dielectrics for comparisons. As we know, La,O3 has a high k value (k ~30) and
the negative flat-band voltage for NMOSFETSs [1-9]. However, La,O3 easily absorbed
water vapor from air and results in an uncontrolled reaction [1-10]. Moreover, the
band gap of La,Os is relatively small (4.3 eV) and the structure transition from the
amorphous to crystalline phase occurs at a lower temperature than that of Al,O3 [1-11]
which induces large leakage current from the grain boundary after high thermal
budget. Lanthanum aluminate LaAlO; (LAO), as a compound of La,O3 and Al,O3,
has a reasonably larger k value of 25, band-gap of over 5 eV, high thermal stability up
to 2100°C. It presents the chemical and dielectric properties of La,O3 and Al,O3 and
overcome the obstacles of individual materials [1-12]-[1-14].

On other hand, although TiO, has a high dielectric constant value of 86, it is
easily to form anatase phase at the temperature of 400°C with high leakage current
and low bandgap (3.5 eV) for amorphous film [1-15]. Besides, the smaller conduction

band offset is also the concerned for alternative gate dielectric. In this research, using



the La,O3 dopant into TiO, with a « value of 45 and maintains the high permittivity

constant of TiO, and negative flat-band voltage from La,O3 [1-16]. We will focus on

the Lanthanum (La) based high « dielectric for advanced gate stacks application with

alternative channel material in this thesis.

1.2. Overview of Metal Gate Electrode

As complementally metal oxide semiconductor field effect transistors

(CMOSFETSs) scaling down to 100 nm technology node or beyond, the conventional

poly-Si gate electrode has concerned due to following issues [1-17]:

® Poly-Si depletion effects.

® Boron penetration effects.

® High sheet resistance.

An obvious way to alleviate the problems of poly-Si is to use metal or metal

nitride gates. The requirement of the new technology metal gates should suit for the

follows:

® Favorable work functions (® ) [candidate metals need to have vacuum

work-functions smaller (larger) than 4.05 V (5.17 V) for the NMOS (PMOS)]

[1-16].

® | ow sheet resistance.

® Thermal stability



® Compatibility with high-k dielectric and integration with VLSI technology.
In selecting metal-gate materials for device integration, the metal work function
(® ) is an important consideration since it directly affects the threshold voltage and
the performance of a transistor. Using TaN for gate electrode has been widely
studied for recently years. It shows promising results as gate electrodes for high-«
gate dielectrics in terms of thermal stability and compatibility with the high-k gate
dielectrics. Besides, there is a significant variance in reported work-function from
4.13 eV (close to n* poly-Si) to 5.05 ev (close to p* poly-Si) [1-17]-[1-18]. Causing
these large discrepancies are due to different deposition methods, different nitrogen
ratios and post metal deposition annealing (PMA). In this article, we used the TaN
for integration of metal gates / high-k to study the characteristics of MOSFETSs.
1.3. The Challenge of Ge n-type MOSFETSs
As we knew, carrier mobility is an important issue for high performance devices.
Many studies of strained-Si had been proposed to enhance the mobility of devices.
Germanium as channel is attractive because of its significant enhancement in bulk
mobility relative to Si. It can enhance the electron mobility (2X) and hole mobilities
(4X) higher than Si. Besides, the Ge has ~50X higher density of state than InGaAs to
deliver high transistor current. Although the I11-V compounds show the higher

electron mobility than Ge, the lower hole mobility and lager interface states are the



obstacles which degrade the MOSFET performance and cannot meet the trend for

ITRS. The comparisons of Si, Ge and GaAs are listed in the Table 1 [1-19]. Therefore,

several successful demonstrations of high « materials gate stacks on Ge have been

reported recently [1-20]-[1-25]. However, there are still some problems on Ge

substrates for the MOSFET fabrication needed to be solved and listed below [1-25]:

(a) Germanium oxide (GeOy x < 2) is thermal unstable and water soluble.

(b) Large off state leakage currents due to small bandgap (0.66 eV).

(c) The poor interface between Ge and high-«k dielectric materials.

(d) Activation is insufficient for source/drain and the low contact resistivity is hard to

form for Ge nMOSFETSs.

Therefore, reduction of interface reaction between Ge and high-x dielectric

material to form GeOy is becoming a critical issue. There are some reports

demonstrate the Ge surface passivation to suppress the unstable GeOy formation

during high-x deposition. Surface nitridation using NH3 for Ge passivating had been

studied [1-26]. However, the nitrogen involvement caused the degradation of mobility.

Using a thin Si passivation layer on Ge also had been proposed to solve the interface

states [1-27]. Unfortunately, the Si layer is not easily to control during the process

thermal budget and causes the equivalent oxide thickness (EOT) degradation. Using

the thick high quality Ge negative oxide (GeO) or high pressure GeO, for gate stacks



are also alternative ways for the solution [1-28]-[1-29]. Such reports have been
successfully proposed the high performance devices and show the high low-field
mobilities. However, the degradation of EOT is still the issue for Ge technology. As
mention above, another obstacle for Ge MOSFET is about the dopant activation of
source/drain junction. As we knew, the boron activation using conventional rapid
thermal annealing (RTA) is at a low 400°C temperature. However, the higher
activation temperature is needed (=600°C) for phosphorus or arsenic [1-30]. Such
high temperature not only caused the unwanted interface reaction but also degrade the
device performance. Besides, the insufficient n type dopant activation by using RTA
had also been reported [1-31]. Furthermore, the diffusion coefficient for the n-type
dopant (phosphorus or arsenic) is faster than the p-type dopant (boron) [1-30].
Therefore, it is hard for n type dopants to form the shallow junction with a low sheet
resistance by RTA [1-31]. In order to increase the efficiency of dopant activation, the
method of using Excimer laser annealing (LA) had been demonstrated successfully to
enhance the source/drain complete activation [1-32]-[1-33]. We had demonstrated the
LA for S/D junction activation. Furthermore, the LA also was applied for increasing
the k value for gate stacks due to crystallization-induced.

1.4. Dissertation Organization

The dissertation is organized as followed:



In chapter 2, we discussed the n MOSFET for depositing the high-« dielectric

LaAlOj; for the gate material without passivation layer on Ge channel. Although it was

successful for surface passivation for Ge channel MOSFET, the EOT degraded.

In order to further scale down the EOT for Ge channel MOSFET, we used the

TiLaO higher k material and SiO; interfacial layer for surface passivation. These not

only improved the interface but also reached the same mobility. Therefore, we

discussed the effect of SiO, passivation layer and less flat-band (Vi) shift in chapter 3

and the performance of Ge n channel MOSFET in chapter 4.

However, the mobility was still not high for strained-Ge. In chapter 5 and chapter

6, we used the La,O3 with SiO, for gate stacks on Ge substrate by conventional RTA

and laser annealing (LA) for source and drain activation.

Finally, we used the ZrO,/La,03/SiO, on Ge substrate for further EOT scaling

down by LA in chapter 7. The LA was applied on gate stacks for increasing the

capacitance density due to the crystallization-induced and the efficient activation for

source/drain.

A summary of these experiments is given in chapter 8.
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Fig. 1.1 Leakage current versus voltage for various thicknesses of SiO; layers.
Year of Production 2007 2008 2009 2010 2011 2012 2013
Surface control limits for trace metals for bulk silicon and SOI top
silicon layer.

050" | 05x10" | 05x10" | 05x10" | 05x10" | 05x10" | 0.5x10"
FEP Tahle 68 Critical GOI metals (concentration in atoms/cm?)

EOT (Extended planar bulk) for High Performance MPU/ASIC for " “
1.5E20 doped Poly-Si [FEP Table 69]

EOT (Extended planar bulk) for High Performance MPU/ASIC for "1 1 1
1.0 E20 doped Poly-Si [FEP Tablz 69 = =
EOT (FDSOI) High Performance MPU/ASIC for metal gate [FEP
Table 69]

EOT (FDSOI) High Performance MPU/ASIC for metal gate [FEP
Table 697

EOT (multi-gate) High Performance MPU/ASIC for metal gate [FEP
Table 697

EOT (multi-gate) High Performance MPU/ASIC for metal gate [FEP
Tablz 697

Low operating power EOT (bulk) for 1.5E20 doped poly-Si [FEP
Table 69]

12

Fig. 1.2 International Technology Roadmap for Semiconductor (ITRS), [Online]
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Fig. 1.5 Bond enthalpy for M-O, M-N and M-C in the Periodic Table.

Si Ge GaAs

Dielectric constant (k) 11.9 16 13.1
Band gap (eV) 1.12 0.66 1.42
Hole mobility (cm?/V/s) 480 1900 400
Electron mobility(cm?/Vs) 1350 3900 8500
Density of states in

1.04 x 10%° 6.0 x 10*® 7.0x 10"
valence band (cm™)
Density of states in

2.8 x 10" 1.04 x 10*° 4.7 x 107

conduction band (cm®)

Table 1-1 Comparisons of Si, Ge and GaAs [1-19].
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Chapter 2
High Performance Gate-First Epitaxial Ge

n-MOSFETs on Si with LaAlO; Gate Dielectrics

2.1. Introduction

New channel materials with higher mobility are required to improve the
performance of strained Si MOSFETS. The small band-gap (Eg) Ge [2-1]-[2-24] had a
higher electron and hole mobility than Si, and ~50 times higher density of state than
InGaAs for higher current. However, overcoming the large transistor leakage current
in small Eg Ge and low electron mobility at high effective electric field (Eex) were
major challenges. The leakage current of small Ec Ge MOSFETSs could be lowered by
decreasing the Ge body thickness in a Ge-on-insulator (GOI) structure [2-1], [2-9] or
using thin-body epitaxial Ge on Si [2-21]-[2-22]. Mobility, higher than that of Si
universal mobility has been reported recently, at large equivalent-oxide thickness
(EOT) [2-18]-[2-20]. Nevertheless, achieving good electron mobility in small EOT
was still a challenging issue especially at high Ees. Such high-field operations were
unavoidable for 45~32 nm CMOS nodes with highly scaled 1 nm EOT. Several
interface passivation methods have been used to improve mobility [2-6], [2-10],
[2-12], [2-21]-[2-22]. However, these interface treatments resulted in an extra

interfacial layer on Ge that degrades the important EOT and limits EOT down-scaling.
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This paper reported good high-field mobility of Ge n-MOSFETs without using
interfacial layer. This was achieved in gate-first metal-gate/high-x/Ge/Si n-MOSFETs
with LaAlO; dielectric [2-25]-[2-27]; high electron mobility of 218 cm?/V-s at 0.5
MV/cm Ee, very low transistor off-state leakage (logr) of 7x10™° A/um, small
sub-threshold swing (SS) of 108 mV/dec and a small EOT of 1.6 nm were reached
simultaneously. Here the LaAlO3; was formed by mixing Al,O3 and La,O3 that that
have been used widely to form the Al,O3/HfSIO(N) and La,O3/HfSIiO(N) gate
dielectrics for low-V; gate-first high-«/Si p- and n-MOSFETs used for 32~28 nm
nodes. Such good SS and high-field mobility were even better than those using a SiO,
interfacial layer [2-22] that had one of the best reported results of gate-first Ge
n-MOSFETs [2-1]-[2-24]. In sharp contrast, much higher gate leakage current at
larger EOT was measured using HfAIO dielectric [29]-[30] that indicating how

important it was to choose high-k gate dielectric for Ge n-MOSFET.
2.2. Experimental procedure

This study used 6-inch p-type Si wafers (5x10™ cm™® doping) in these
experiments. After RCA cleaning, the 200 nm undoped Si buffer and 6 nm Ge were
epitaxially grown on Si substrate by ultra-high vacuum chemical-vapor-deposition
(UHVCVD) at 500°C [2-21]-[2-22]. After dipping in dilute HF, a 5 nm thick LaAlO3
[2-25]-[2-27] was deposited by sputtering and followed by a 400°C post-deposition

anneal (PDA) in an oxygen ambient for 5 min. A 200 nm TaN was deposited by
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sputtering and patterned to form the metal gate. High-x HfAIO capacitors were
fabricated [2-29]-[2-30], for comparison. After gate patterning, the n* source-drain
regions were formed by using a 25 KeV As*implant at a dosage of 5x10"°cm™?and a
550°C RTA activation for 30 sec. Such a low temperature RTA ensured the epitaxial
Ge on Si substrate under pseudomorphic conditions with a smooth surface and
reduced generation of dislocations. Finally, Al contact metal was added on the
source-drain. The fabricated devices were characterized by capacitance-voltage (C-V)
and current-voltage (I-V) measurements using an HP4284A precision LCR meter and

HP4156C semiconductor parameter analyzer.

2.3. Results and discussion

Fig. 2.1 (a) shows C-V characteristics of TaN/HfAIO/Ge/Si and control
TaN/HfAIO/Si n-MOS capacitors after different RTA temperatures. Compared with
control device on Si, the HfAIO dielectric on Ge had a lower capacitance density and
lower unwanted flat-band voltage (Vi,) shift of ~0.7 V even at a low temperature
450°C RTA. Increasing the RTA temperature to 550°C led to severe C-V distortion by
high density interface states and was accompanied by a greater Vg, shift. However,
such annealing temperature was required for doping activation at the ion-implanted
source-drain. The severe Vg, shift and interface trap generation at only 550°C were
related to the strong interface reaction shown in the cross-sectional TEM of following

sections. Fig. 2.1 (b) showed the TaN/LaAlO3/Ge/Si n-MOS capacitors after different
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RTA temperatures. The negative Vi, is the unique characteristics of La,Os-containing
high-x gate dielectric [2-31]-[2-32]. Although similar Vy, shift and slightly lowered
capacitance density were detected in TaN/LaAlO3/Ge/Si n-MOS capacitors, the C-V
distortion and Vs, value were significantly better than TaN/HfAIO/Ge/Si device. An
EOT of 1.6 nm was obtained from Quantum-Mechanical (QM) C-V simulation with
Ge parameters [2-22].

Fig. 2.2 shows the measured gate dielectric leakage current of
TaN/LaAlOs/Ge/Si and TaN/HfAIO/Ge/Si capacitors. A leakage current of 6x10™
Alcm? at -1 V was reached for TaN/LaAlO3/Ge/Si capacitor with a small 1.6 nm EOT
that was 67 times lower than that of TaN/HfAIO/Ge/Si capacitor after the same 550°C
RTA with a larger 2.6 nm EOT. The poor current leakage with HfAIO gate dielectric
was related to the much-degraded interface property by large EOT and Vg, shift as
shown in Fig. 2.1(a). Although detailed mechanism is still under investigation, such
degradation may have been related to the interface reaction of GeO, with HfO, to
form volatile GeO [2-23]-[2-24] and charged oxygen-deficient GeOx. This in turn
generated interface charge [2-31], increased the Ge diffusion into HfO, and
roughened the interface [2-23]-[2-24]. The poor interface and gate dielectric quality
also degraded the leakage current of the gate capacitor. Fig. 2.2(b) shows the leakage

current as a function of EOT, for TaN/LaAlOs/Ge/Si capacitors with smaller EOT
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down to 1.05 nm. The extrapolated leakage current at 1.0 nm EOT was >3 orders of
magnitude lower than that of SiO,. This permitted the addition of interfacial GeO, or
SiO(N) [33] to reduce the remote phonon scattering from high-x gate dielectric,
similar to Intel’s device [2-34].

To grasp the large differences between capacitor using LaAlO3 and HfAIO gate
dielectrics on Ge/Si, these high-k capacitors were examined by cross-sectional TEM.
Figs. 2.3(a), 2.3(b) and 2.3(c) show cross-sectional TEM images of TaN/HfAIO/Ge/Si,
control TaN/HfAIO/Si and TaN/LaAlOs/Ge/Si capacitors after the same 550°C RTA,
respectively. The HfAIO on Ge/Si had a thicker high-x layer than HfAIO on Si,
deposited side-by-side after the 550°C RTA, suggesting a strong interface reaction or
Ge out-diffusion between HfAIO and Ge/Si [2-23]-[2-24]. The thicker interfacial
layer formed on Ge/Si than Si was not due to the oxygen diffusion since the same
HfAIO gate dielectric was used and deposited side-by-side on Ge/Si and Si. The Ge
out-diffusion [2-21] may have been due to the lower melting point of Ge than Si that,
in turn, scaled with cohesive energy (372 kJ/mol for Ge and 446 kJ/mol for Si) to
separate a single atom from the crystal lattice. However, the LaAlO3; on Ge/Si showed
very close high-x thickness with the control HfAIO on Si, although a very thin
interfacial layer was formed. This was consistent with the much smaller EOT and

higher capacitance density than HfAIO on Ge. Since the only difference between
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these two high-kx dielectrics was the addition of La,O3; or HfO,, this suggested a
stronger reaction between HfO, and Ge to enhance interface reaction or Ge
out-diffusion. Although no data of Hf-Ge or germanide formation could be available
in the literature, the bond enthalpy to group-1VV Carbon was significantly higher for
Hf-C (540 kJ/mol) than for La-C (462 kJ/mol). The formed interfacial layer of
LaAlOs on Ge/Si explained the Vg, shift after a higher 550°C RTA temperature that
was also found in high-«/Si after RTA [2-31].

Based on the largely improved high-x dielectric property, we fabricated the Ge
n-MOSFETs using LaAlO; gate dielectric. Figs. 2.4(a) and 2.4(b) present the I4-Vqg
and 14-Vg characteristics, respectively. Small sub-threshold swing (SS) of 108 mV/dec
and very low lopr of 7x10™° A/um were measured. This small Iorr leakage and good
SS were vital for small Eg and high mobility new channel MOSFET used for low
power Green Transistor application. Further improving lon/logr may be reached by
chemical interface passivation using H, S, or Se. It is noticed that the SS was one of
the best-reported data for gate-first Ge n-MOSFET [2-1]-[2-24] that was even better
than the TaN/TiLaO/SiO,/Ge/Si n-MOSFET using SiO; interfacial layer at a smaller
EOT of 0.81 nm. Here the SS is expressed as [2-32]:

C,., +C
SS=£xIn10x(1+%) 1)
q
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where Cgep Was the depletion capacitance density, Ci; was the capacitance density
from charged interface traps and C; was the gate capacitance density. The improved
SS at larger EOT was an indication of improved interface properties of LaAlO3 gate
dielectric on Ge/Si compared with previous TiLaO/SiO, with an ultra-thin SiO,
interfacial layer on Ge/Si [2-22].

Fig. 2.5 shows mobility as a function of Ec The mobility was calculated
directly from the I4-Vy curves [35]. For comparison, the mobility data from related
literatures were also plotted [2-10], [2-13]-[2-14], [2-22]. The lower peak mobility
could be attributed to the remote phonon scattering in the high-x dielectric that was
also found in high-x/Si MOSFET. Therefore, an ultra-thin SiO(N) [2-33] or GeO,
[2-14]-[2-17], [2-19]-[2-20] interfacial layer was needed to further improve the peak
mobility and lon/lore. Although higher peak mobility values were published [2-10],
[2-13]-[2-14], the mobility decreased rapidly with an increase in Ect due to the
interface scattering. However, the MOSFET was destined to operate at high E¢¢ due to
the small 1 nm EOT used for 45~32 nm nodes [2-34]. In sharp contrast, the Ge
n-MOSFET using LaAlO; showed the superior high field mobility of 218 cm?/Vs at
0.5 MV/cm that was one of the best reported high-field mobility data for gate-first Ge
n-MOSFETSs [2-1]-[2-24].

Fig. 2.6 shows the reliability of TaN/LaAlO3/Ge/Si n-MOSFETs under
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bias-temperature instability (BTI) testing. A small threshold-voltage shift (AV;) of 31
mV was measured at a 1.2 V gate overdrive (V4-Vi) and 85°C for 1 hr. Table 1
summarizes and compares the important device parameters of metal-gate/high-x Ge
n-MOSFETs [2-10], [2-13]-[2-14], [2-17]-[2-20], [2-22]. The TaN/LaAlOs/Ge/Si
n-MOSFET had superior high-field mobility of 218 cm?/Vs at 0.5 MV/cm, record low
SS of 108 mV/dec, small 1.6 nm EOT, very low lorr of 7x10™° A/um, simple

gate-first process and useful for 12-in integration.

2.4. Conclusion

This study has demonstrated a high performance gate-first epitaxial Ge
n-MOSFET on Si. Using high-x LaAlOs, this study achieved good device
performance of a record small SS and high mobility at high E. among reported
gate-first Ge n-MOSFETSs, as well as the very low loee for low power application and
a small 1.6 nm EOT. The self-aligned, gate-first TaN/LaAlO3/Ge/Si n-MOSFETs had

the advantage of simple processing and compatibility with current VLSI lines.
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Metal EOT I SS Peak Mobility
Process | Gate High-x (nm) (A/Oﬁm) (mV/dec) Mobility | 0.5 MViem
H (cm?/V-s)| (cm?/V-s)
[2-10]|Gate-first| TaN HfAIO 3.0 - 110 412 low
[2-13] Gate-last| Au GeO; large - - 270 low
[2-14] Gate-first) Al | Al,Os+ GeO, | large | 1.24x10° - 404 133
[2-17]|Gate-first] Al | Al,0s+GeO, | large | 9x10™ - 488 363
[2-18] Gate-last| Al GeO,(70-atm) | large - 125 790 460
[2-19] Gate-last| Al | Al,Os+GeO, | large | 7x10™ 193 804 269
[2-20] Gate-last| Al Si0,+GeO;, large | 8.3x107™% - 540 201
[2-22]Gate-first| TaN TiLaO+SiO, | 0.81 | 3.5x10™ 126 271 201
This . -10
Gate first| TaN LaAlO; 1.6 7x10 108 296 218
work
Table 2-1. Comparison of device integrity data for various metal-gate/high-x Ge

n-MOSFETs.
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Fig. 2.1 C-V characteristics of (a) TaN/HfAIO/Ge/Si and control TaN/HfAIO/Si

n-MOS capacitors and (b) TaN/LaAlO3/Ge/Si n-MOS capacitors at 100 kHz

after 450~550°C RTA
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capacitors after 450°C~550°C RTA. (b) J-EOT characteristics of

TaN/LaAlOs/Ge/Si n-MOS capacitors after550°C RTA.
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Fig. 2.3 Cross-sectional TEM of (a) TaN/HfAIO/Ge/Si capacitor, (b) control

TaN/HfAIO/Si and (c) TaN/LaAlO3/Ge/Si capacitors after 550°C RTA.
25



TaN/LaAIO3 on Ge/Si

- Length=10um

TaN/LaAIO3 on Ge/Si

/./.,o’
o
1 ®
o
& L=10um
/4

/ i
SS=108 mV/dec T V,=0.1V
o

/

/

.‘.‘t..,./’

V, = 1.45V

/

1j5
v, V)

(b)

0.5 1.0 2.0

2.5
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Chapter 3
Interfacial Layer Dependence on Device Property of

High-k TiLaO Ge/Si N-Type
Metal-Oxide-Semiconductor Capacitors at Small

Equivalent-Oxide Thickness

3.1. Introduction

Germanium (Ge) has attracted much attention for Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET) [3-1]-[3-14] application due to both higher
electron and hole mobilities than Silicon (Si). However, the difficult challenges are
the high leakage current of small energy bandgap (Eg) Ge and the poor interface
property with high dielectric-constant (k) material. To lower the leakage current, we
pioneered the defect free Ge-on-insulator (GOl or GeOl) [3-1] structure, and the
leakage current decreases with decreasing the Ge body thickness [3-5]. Nevertheless,
the degraded interface property is still a tough challenge especially for the Ge n-type
MOSFET (n-MOSFET) [3-6]-[3-12] at a small equivalent oxide thickness (EOT). The
interface property is highly dependent on high-x dielectrics, where Al,O3 [3-1] and
La,O3 [3-8]-[3-11] show lower interface trap density than HfO,. This is related to the
different Metal-Oxygen-Ge and defect formations [3-11] after a rapid-thermal anneal

(RTA). To improve the interface, several passivation methods have been proposed
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such as plasma nitridation,[3-4]-[3-8] NHj3 treatment, SiH, annealing and interfacial
GeO; layer [3-8]-[3-10], [3-12]-[3-14] at larger EOT, but small EOT less than 1 nm is
needed for 32 nm node and beyond. In this paper, we have applied the ultra-thin GeO,
and SiO, interfacial layers [3-15] into high-k TiLaO [3-16] epitaxial-Ge/Si n-type
MOS (n-MQOS) capacitors, where the ultra-thin body Ge of 5 nm is directly grown on
Si to reach low leakage current. The TiLaO gate dielectric has the merits of unique
negative flat-band voltage (Vi) from La,O3 [3-17] and the much higher « by adding
TiO, [3-16]. Such negative Vg, is needed for low threshold voltage (Vi) MOSFET. The
control TaN/TiLaO/Ge/Si n-MOS capacitor without the ultra-thin GeO, or SiO,
interfacial layer showed poor EOT and large Vi, degradation after a 550°C RTA,
which is required to activate ion-implanted source-drain in the MOSFET. Such
degradations are related to interface reaction and oxygen vacancy formation
[3-18]-[3-19] that are much improved by inserting the ultra-thin GeO, or SiO,[3-15]
interfacial layer. However, the high-x TiLaO Ge/Si n-MOS capacitor with interfacial
GeO, showed much poorer capacitance-voltage (C-V) hysteresis than that using SiO,
at a smaller EOT less than 1 nm. This is due to the Ge out-diffusion and intermixing
of high-x TiLaO/GeO, as observed by cross-sectional Transmission Electron

Microscopy (TEM) and Secondary lon Mass Spectroscopy (SIMS).
3.2. Experimental procedure

After RCA cleaning, a 200 nm undoped Si buffer, 5 nm Ge and 1.5 nm Si
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capping layer were epitaxial grown on 6-in p-type Si substrate (10 ohm-cm) by
ultra-high-vacuum chemical-vapor-deposition (HUVCVD). After removing the native
oxide of Si-capping layer, various thick GeO, or SiOzand 5 nm high-kx TiLaO [3-16]
were deposited by physical vapor deposition (PVD) and followed by post-deposition
annealing (PDA) at 400°C in oxygen ambient to improve gate dielectric quality. Here
the ultra-thin Si capping is used to prevent Ge oxidation and process loss, where no
interfacial Si was found by cross-sectional TEM after device process. Then a 50 nm
TaN was deposited and patterned to form the metal gate. The formed gate stack was
applied by a 550°C RTA that is needed for Ge n-MOSFET fabrication. Finally,
Aluminum (Al) was deposited on wafer backside to form the MOS capacitors. For
comparison, control device without GeO, or SiO; interfacial layer was also made. The
fabricated gate stack was examined by SIMS, TEM, X-ray Photoelectron
Spectroscopy (XPS) and C-V measurements to investigate the physical, chemical

bonding and electrical properties, respectively.
3.3. Results and discussion

Figure 3.1 shows the measured C-V characteristics of high-« TiLaO Ge/Si
n-MOS capacitors with or without the interfacial GeO; or SiO; layer. For device
without the inserted GeO; or SiO, layer, both the capacitance density and Vg, were

severely degraded. Such Vfb roll-off at high temperature was previously reported due

to the interface reaction between high-x and semiconductor [3-19]. In contrast, the
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capacitor with GeO, or SiO, layer shows much improved Vfb roll-off even after a

550°C RTA. Besides, the needed negative Vi, of -0.48 V is obtained and important for
low Vi Ge n-MOSFET. However, the device with GeO, interfacial layer shows poorer
C-V hysteresis of 93 mV at 1.1 nm EOT than the much improved 19 mV hysteresis at
smaller 0.81 nm EOT for device using SiO, interfacial layer, by taking account of
guantum-mechanical effect with parameters of Ge [3-7]. The C-V hysteresis and
negative Vg, value are among the best reported data for Ge n-MOS capacitors at the
smallest EOT and after a 550°C RTA [3-1]-[3-14], to our best knowledge.

We have used TEM to study the better electrical performance for device using
interfacial SiO, layer. Figures 3.2(a) and 3.2(b) show the TEM images of
TaN/TiLaO/GeO,/Ge/Si n-MOS structure before and after a 550°C RTA. Sharp GeO,
interfacial layer of 0.76 nm thickness was found for as-deposited sample but becomes
blurred after the 550°C RTA. The high-« layer is also thicker after the 550°C RTA,
where intermixing of high-x TiLaO and GeO; is observed. The thicker high-k layer
explains the lower capacitance density after a 550°C RTA. In strong contrast, sharp
SiO, interface shown in Fig. 3.2(c) is still preserved even after the 550°C RTA.

We have further used SIMS to study the large difference for devices with
different interfacial GeO, and SiO,. Figures 3.3(a) and 3.3(b) show the measured
SIMS profiles of TaN/TiLaO on Ge/Si structure with interfacial GeO, and SiO, layers,
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respectively. Severe Ge out-diffusion was found for device structure with interfacial
GeO, layer after a 550°C RTA, while much improved Ge out-diffusion was achieved
using ultra-thin SiO; interfacial layer even at a smaller 0.81 nm EOT.

The degraded interface property with ultra-thin interfacial GeO, was also
examined by XPS. Figure 3.4 shows the Ge 2p® XPS spectra of TiLaO/GeO.,/Ge/Si
n-MOS structure before and after the 550°C RTA. The as-deposited sample shows a
strong Ge peak at 1217.4 eV, and a small higher energy side peak is attributed to
Ge-0 bonds of GeO; [3-20]. However, this Ge-O peak becomes much weaker for the
sample after the 550°C RTA. This is consistent with the largely thinned GeO, and
intermixed TiLaO/GeO, interface found from cross-sectional TEM and the large Ge
out-diffusion measured by SIMS. The thinner interfacial GeO, after the high
temperature 550°C RTA may be related to the measured reaction at 758~589K [3-21]:

GeOys) + Ge) — 2 GeOyg) 2
In contrast, the interface reaction between ultra-thin SiO, layer and Ge is unfavorable
due to the much higher bond enthalpy of SiO, (800 kJ/mol) than GeO, (659 kJ/mol)

[3-22].
3.4. Conclusion

In conclusion, we have studied the high-x TiLaO on Ge/Si MOS structure with
GeO, and SiO; interfacial layers. Low EOT of 0.81 nm, small C-V hysteresis of 19

mV and needed negative Vg, are obtained using ultra-thin SiO, interfacial layer. The
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device with ultra-thin interfacial GeO, shows inferior device performance of larger
EOT and poor C-V hysteresis, which is due to the severe Ge out-diffusion through
GeO, from SIMS profile, thicker gate dielectric from TEM observation and thinned

interfacial GeO; after a 550°C RTA from TEM and XPS analysis.
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Solid: 450°C RTA; Open: 550°C RTA

TiLaO/SiO_ on Ge/Si
3.0¢ : 2 .
™~ —=— TiLaO/GeO, on Ge/Si
. —A— TiLaO on Ge/Si

Fig. 3.1. C-V characteristics of TaN/TiLaO Ge/Si n-MOS capacitors with or without
the inserted GeO, and SiQ, interfacial layer and after 450 or 550°C RTA.

The device size is 100-pumx100-pm.
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Fig.3.2. Cross-sectional TEM images of TaN/TiLaO/GeO,/Ge/Si n-MOS capacitors
(a) before and (b) after 550°C RTA. (c) TaN/TiLaO/SiO,/Ge/Si n-MOS

capacitors after 550°C RTA.
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Fig. 3.4. The Ge 2p® XPS spectra of TiLaO/GeO,/Ge/Si structure before and after

550°C RTA.
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Chapter 4
High Performance of Ge n-MOSFETs Using SiO2

Interfacial Layer and TiLaO Gate Dielectric

4.1. Introduction

The Ge channel MOSFETSs [4-1]-[4-11] have attracted much attention due to
higher bulk electron and hole mobilities than Si counterparts. Nevertheless, the
technical challenges for Ge MOSFETs are severe, which include the integration of
defect-free Ge on Si substrate, the large leakage current of small energy bandgap (Eg)
Ge and the poor electron mobility at high effective electric field. The integration of
defect-free Ge on Si was demonstrated by us using wafer-bonded Ge-on-insulator
(GOl or GeOl) technology [4-1]. The leakage current of small Ec Ge MOSFET is also
lowered by thinning Ge body thickness in GOI [4-5]. However, the electron mobility
degradation at high effective field is still a severe issue, which is especially important
for MOSFET at small equivalent-oxide thickness (EOT). In order to improve the
mobility, many interface passivation methods have been proposed such as NHj;
surface treatment, SiH, annealing [4-4], Si capping layer [4-6], [4-9] and GeO,
interfacial layer [4-7]-[4-8]. Unfortunately, these methods still got relative low
mobility at high effective field. The SiOy interfacial layer has been used for Ge

p-MOSFET [4-10], but the small EOT, low off-state leakage (lorr) and good high
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field mobility are still the major challenges for Ge n-MOSFET. In this paper, we
report high mobility at high effective field for Ge n-MOSFETs with small
capacitance-equivalent-thickness (CET), which was achieved by using higher «
TiLaO dielectric [4-12]-[4-13] and SiO; interfacial layer. In contrast, much degraded
CET and unwanted flat-band voltage (Vi) shift were measured for control device

without the SiO, interfacial layer.

4.2. Experimental procedure

After standard clean, an undoped 200 nm Si buffer, undoped 5 nm Ge and
undoped 1.5 nm Si capping layer were grown on p-type (100) Si wafers (5x10'° cm™
doping) by ultra-high-vacuum chemical-vapor-deposition (HUVCVD) at 500°C and
5x10™ torr. An ultra-thin 0.8 nm SiO, was deposited by Physical Vapor Deposition
(PVD) using Electron-Beam Evaporation at the room temperature and 2x10° torr
pressure [3-14], where the native oxide of Si-capping layer was removed using dilute
HF solution. Here the Si-capping is to prevent the thin Ge loss during process, since
Ge can be oxidized by water and air similar to Si case and GeO is dissolvable by
water. No Si-capping layer was found by cross-section TEM after process. A 5 nm
thick TixLa; <O (x~0.67) [3-12] with k of 45 was deposited and followed by a 400°C
post-deposition anneal (PDA) in an oxygen ambient for 5 min. Then a 200 nm TaN
was deposited by PVD and patterned to form the metal gate. For comparison, the

capacitors without SiO; interfacial layer were also fabricated. After that, self-aligned
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15 -2
25 KeV As"ion implantation was applied at a 5x10 cm dosage and 550°C RTA.

From the X-Ray Diffraction (XRD) study, the TiLaO is amorphous after 550°C RTA.
Finally, non-alloyed Al contact metal was added. The fabricated devices were

characterized by capacitance-voltage (C-V) and current-voltage (J-V) measurements.

4.3. Results and Discussion

In Fig. 4.1 we showed the C-V characteristics of TaN/TiLaO on Si-capped Ge/Si
capacitors after 450~550°C RTA. These devices showed severe degradations of
capacitance density, Vi, shift, and hysteresis after a 550°C RTA, which was related to
interfacial layer formation as found by TEM. However, this temperature is required to
activate the ion implanted dopants at source-drain of Ge MOSFET.

To address the interface reaction, we added an ultra-thin SiO, interfacial layer
between high-« and Ge. Figures 4.2(a) and 4.2(b) showed the C-V and J-V
characteristics of the TaN/TiLaO/SiO, on Ge/Si n-MOS devices. Much smaller
unwanted Vg, shift and less interface states generation are reached than the devices
without SiO; interfacial layer shown in Fig. 4.1. The good high-x and interface
quality is also evident from the small C-V hysteresis of only 19 mV from -3to 1 V
sweep. Such large difference is due to the dense and strong bonding SiO, to prevent
the Ge out diffusion during the process, from SIMS measurements. Besides, a small
1.1 nm CET is obtained after 550°C RTA with 4 orders of magnitude lower leakage

current than poly-Si/SiO,.
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Figures 4.3(a) and 4.3(b) show the respective 14-Vq and 1g-Vy characteristics. Good
transistor characteristics of relatively high drive current, small sub-threshold swing
(SS) of 126 mV/dec and a record low logr leakage of 3.5x10™° A/um [4-6]-[4-8] were
measured simultaneously. This is due to the ultra-thin body (UTB) of conductive Ge
channel on Si substrate that is well predicted by UTB GOl MOSFETSs [4-5]. Such low
leakage current is mandatory for future generation low power green transistor.

Figure 4 shows the electron mobility versus effective electric field, where the data
was directly derived from measured l4-Vq curves [4-15]. Good high field mobility at
0.5 MV/cm is 201 cm?/V-s [4-6]-[4-8] at a small 1.1 nm CET. The good high field
mobility is consistent with the needed negative Vg, small C-V hysteresis and SS; here
the SS of 126 mV/dec is one of the best reported data for Ge n-MOSFET in literature
[4-1]-[4-11]. The good high field mobility is vital for MOSFET at a small EOT,
where a still high 0.65 V drain voltage is needed even for 11 nm node technology

according to ITRS.

4.4. Conclusions

We have demonstrated high performance epitaxial Ge n-MOSFET on Si using
higher k¥ TiLaO and SiO; interfacial layer. Good device performance is reached in
terms of small CET, record low lorr and the highest mobility at high effective electric
field. Besides, this self-aligned and gate-first transistor has the advantages of simple

processing and compatibility with current VLSI lines.
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Chapter 5
High Field Mobility Metal-Gate/high-k Ge
Nn-MOSFETs with Small Equivalent-Oxide-Thickness

5.1. Introduction

Recently, the high performance Metal-Oxide-Semiconductor field effect
transistors (MOSFETS) with using high-k materials such as La,O3 [5-2], Al,O3 [5-3],
[5-19], HfO, [5-5] and mixed metal oxides have been proposed to replace the
conventional SiO, MOSFETSs for EQT (equivalent oxide thickness) scaling. However,
the scalable performance enhancement depends on channel length scaling, gate
dielectric scaling and optimized strain engineering like SiGe source-drain and
compressive contact etch stop layer (CESL). Ge channel is expected to additionally
boost the mobility at thin EOT. Thus, much attention has been focused on Ge channel
complementary metal oxide semiconductor field effect transistors (CMOSFETS)
[5-1]-[5-22], which is due to 2-4 times higher electron and hole mobility than those of
Si devices. Besides, the densities of states are ~ 50 times larger than I11-V InGaAs
substrate for higher drive current. However, the challenging issues of the
small-bandgap-induced high leakage current, sensitive to process temperature and
poor interface quality due to Ge out-diffusion are the major challenges.

To address these issues, the defect-free Ge-on-insulator (GOl or GeOl) [5-3] and
48



thin body Ge-on-Si [5-17], [5-18] are proposed. Nevertheless, the low electron
mobility at high effective electronic field (E¢) and poor equivalent-oxide thickness
EOT scaling are still the unsettled issues. The lower peak mobility could be attributed
to the Coulomb scattering in the high-k dielectric that was also found in high-«x/Si
[5-27], [5-29]. Such challenges become worst at gate-first process, where the high
thermal budget degrades the mobility originated from interface reaction and Ge
out-diffusion. Although several surface passivation approaches such as NH3 surface
treatment and Si-capping on Ge channel [5-8], [5-10], [5-12], [5-21], [5-22] were
proposed, high field mobility at small EOT still needs to be developed.

In this study, we reported the high-field mobility of Ge n-MOSFETs using
TaN/La,03/SiO, gate stack. The La,O3 dielectric [5-2], [5-23], [5-24] with high-x
value and negative flat band voltage (Vi) are important for n-MOSFET. The
metal-gate/device show high field mobility of 258 cm?/Vs at 0.75 MV/cm with a
small 1.9-nm EOT. The results are ascribed to the SiO, barrier layer and low thermal
budget process to suppress the Ge out-diffusion into high-« dielectric.

5.2. Experimental Procedure

We used a 2-in p-type Ge (100) wafers with a doping concentration of 5x10*
cm® in these experiments. After standard clean, 500 nm isolation oxides were
deposited by Plasma-enhanced chemical vapor deposition (PECVD). Then active
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areas were defined by lithography and wet etching. After that As* was implanted at
source and drain region at 25 KeV and a dosage of 5x10" cm™ and followed by a
550°C rapid thermal annealing (RTA) for dopant activation. A 0.8 nm thick SiO, and
6 nm La,O3 were deposited by dual E-Gun evaporation system at a pressure of 2 x
10°® torr and followed by a 400°C post-deposition anneal (PDA) in an oxygen ambient
for 5 min to densify the gate dielectric quality. A 150-nm-thick TaN metal was
deposited and patterned to form the gate electrode by a sputter system at a pressure of
9 x 107 torr. Finally, the Ge n-MOSFET was formed by adding 300-nm-thick Al
metal contacts to source-drain by thermal evaporation coater and annealed at 400°C
for 25 min in an N, ambient. Figures 5.1 (a) and (b) show the schematic image and
process flow. The fabricated devices were characterized by C-V and 1-V
measurements by HP4284A precision LCR meter and HP4156C semiconductor
parameter analyzer, respectively. The devices were also analyzed by SIMS
(Secondary ion mass spectroscopy), and cross-sectional transmission electron
microscopy (TEM).
5.3. Result and Discussion

Figures 5.2(a) and 5.2(b) show the C-V and J-V characteristics of
TaN/La,05/Si0,/Ge devices. The increasing PDA temperature from 350 to 450°C
improves the gate leakage current for several times, with only slight Vg, shift. The
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slight EOT increase with increasing PDA temperature is related to interfacial layer
formation. At 400°C PDA temperature, a capacitance density of 1.54 pF/cm? was
measured that gave an EOT of 1.9 nm from quantum-mechanical C-V (QM-CV)
simulation using Ge material parameters. Besides, a low leakage current of 8x10°
Alcm? was reached at 1 V above Vi, The C-V curves spreading with different PDA
were mainly attributed to interface reaction. Compared to 350°C and 450°C, the
capacitor with an optimized 400°C PDA shows a corresponding thinner EOT of
1.9nm and lowest leakage current at 1 V above Vy, shift. The large leakage and small
capacitance density caused by serious interface oxidation for over high-temperature
450°C explain the importance of thermal budget control during dielectric activation.
The combined effect of thicker interfacial layer and poor interface state may lead to
the performance degradation on capacitance density and leakage current. Thus, an
appropriate PDA temperature not only can effectively activate the defect-rich
dielectric but also suppress the serious interface oxidation, especially for Ge substrate.

We further analyzed the gate stack on Ge substrate by SIMS and TEM. Figures
5.3 (a) and (b) show the SIMS depth profile and cross-sectional TEM image,
respectively. No apparent Ge out-diffusion was found by SIMS that is important to
reach mobility and low gate leakage for Ge MOSFET [5-22]. This is further
confirmed by the sharp interface between La,0O3/SiO, and Ge as observed by
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cross-sectional TEM. The sharp SiOj-like layer formation may result from
intermixing effect near Si interface which can reduce the Ge out-diffusion into high-x
La,0s dielectric during optimized 400°C PDA. Such SiO,-like interface layer is also
related to the low leakage current and C-V characteristics in Figure 5.2.

Figures 5.4(a) and 5.4(b) present the I4-Vyg and 1g-Vy characteristics of
TaN/La,03/Si0,/Ge n-MOSFET respectively, fabricated at a PDA low-temperature of
400°C. Well-behaved transistor characteristics were reached, where a low threshold
voltage (V) of -0.22 V was measured. The negative threshold voltage results from the
negative Vg, shown in Fig. 1, which is important for Ge n-MOSFETs. Further V;
adjustment to positive can be obtained using higher work-function gate electrode in
the future work. From the following sub-threshold swing (SS) equation, it gives an
interface trap density (D) of 9.5x10* eV cm™ [5-25]. The SS is degraded with the
relative high Dj;and the further improvement is required in the future.

SS = kT/gxIn10 X [1 + (Cep*+Cit)/Cil
where Cgep, Cit and C; are the depletion capacitance density, capacitance density of
charged interface traps, and gate capacitance density, respectively.

Figure 5.5 shows the mobility as a function of E¢s over a wide range for the
TaN/La,05/Si0./Ge n-MOSFET. High peak mobility of 486 cm?/Vs and 0.75 MV/cm
mobility of 258 cm?/Vs were measured at a small EOT of 1.9 nm. The mobility was
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directly calculated from the 13-Vy curves and the equations are shown as the following
[5-26]:
Heff = o/ (Wer/L)Cox(Vgs-V) Vs (a)
The effective normal field can be expressed as:
Eett = (Qinv/2 + Qs)/ece (b)
where Qiny is the inversion layer charge, Qg is the bulk depletion-layer charge
and ege Is the permittivity of Ge. Here the Iy versus Vj is extrapolated to zero drain
current (I =0) and the threshold voltage (Vi) is determined from intercept gate
voltage (Vg). Although many studies have been proposed for high performance and
high peak mobility, the scaling down is also the issue for large EOT. High transistor
current (l4) due to the following relation:
l6=WCinVett (Vg-Vi)
Here the v is effective source velocity and related to high - field effective mobility
[5-28], since the MOSFET is biased at Vg=Vqsa for higher Iy rather than at a low Vj
with good peak mobility. Such high field operation is inevitable for MOSFET at
highly scaled EOT used for advanced Ge CMOSFETSs technology node.
Table 5-1 summarizes the important device parameters of metal-gate/high-x Ge
n-MOSFETs [5-17]-[5-20]. Figure 5.6 shows the peak mobility comparisons of
references in Table 5-1. Our TaN/La,0s/SiO,/Ge n-MOSFET has high-field mobility
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of 258 cm?/Vs at 0.75 MV/cm at the smallest 1.9-nm EOT.

5.4. Conclusion

We have demonstrated a high performance Ge n-MOSFET using high-k
La,03/Si0, stack dielectric, suitable for future EOT scaling. Device performance of
high 258 cm?Vs at 0.75 MV/cm and small EOT of 1.9-nm are reached

simultaneously, which is due to the smooth interface observed by TEM.
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Peak Mobility @
EOT
Gate stack Junction Mobility 0.75 MV/cm
(nm)
(cm?/Vs) (cm?/Vs)
Al/Al,04/Ge0,/Ge P*-implant,
- 488 258
[5-17] 350°C RTA
Al/GeO,(70-atm)/Ge P*-implant,
- 790 366
[5-18] 580°C RTA
Al/Al,03/Ge0,/Ge 600°C gas phase
- 804 ~210
[5-19] doping
Al/SiO,/Ge0,/Gel/Si 600°C in-situ
- 540 ~134
[5-20] doping
TaN/La,05/Si0,/Ge As’-implant,
1.9 486 258
(This work) 550°C RTA
Table 5-1. Comparison of device integrity data for various metal-gate/high-x Ge

n-MOSFETs.
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Fig. 5.1. (a) Schematic image of TaN/La;O3/SiO,/Ge n-MOSFET and (b) process

flow of gate-last Ge-n MOSFET
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Chapter 6
Gate-First TaN/La,0O5/Si0,/Ge n-MOSFETs Using
Laser Annealing

6.1. Introduction

The small bandgap (Ec) Ge shows high potential for MOSFET application due
to both higher electron and hole mobilities than Si. However, the difficult challenges
are the high leakage current of small Eg Ge, poor high-«/Ge interface property, and
low doping activation at ion-implanted source-drain [6-1]-[6-14]. To lower the
leakage current, we pioneered the defect-free Ge-on-insulator (GOI or GeOl) [6-1]
and ultra-thin body Ge-on-Si [6-14]. Nevertheless, the low doping activation by RTA
and poor high-«x/Ge interface property are still the issues, while the high temperature
RTA degrades the mobility by Ge out-diffusion and forms poor interface. Although a
gate-last process with GeO, dielectric was developed for this purpose [6-9]-[6-10], the
gate-first process is still attractive due to the much simpler process. Besides, the
filling high-x and metal in narrower gate opening may be another concern using
gate-last process, since Ge is expected to implement in 15~10 nm node CMOS.

In this chapter we have used low energy laser annealing [6-7], [6-15]-[6-19] to
improve the doping activation of ion-implanted source-drain and preserve good

high-k/Ge interface, while laser annealing is also essential for ultra-shallow junction

62



[6-15]-[6-16]. High performance gate-first TaN/La,O3/SiO,/Ge n-MOSFET was
obtained using laser annealing, with high peak mobility of 603 cm®Vs and 0.75
MV/cm mobility of 304 cm?/Vs at small 1.9 nm EOT. The good mobility at high
effective electric field (Ee) is necessary for highly scaled MOSFET at small EOT.
These results are beyond the best reported data for gate-first metal-gate/high-k/Ge
n-MOSFET at small EOT <2 nm.
6.2. Experimental Procedure

The 2-in p-type Ge (100) wafers were used for the experiments. After standard
clean, an ultra-thin 0.8 nm SiO; and a 6 nm high-k La,O3 were deposited by physical
vapor deposition (PVD) [6-14] and followed by post-deposition anneal under oxygen
ambient. After 150 nm TaN gate-metal deposition and patterning, the n* source-drain
regions are formed by As® implantation at 25 KeV and 5x10%° cm™ dose. Then
scanned KrF laser annealing (248 nm, ~30 ns pulse) was applied to activate the
implanted dopant [6-14]. The junction characteristics and sheet resistance (Rs) were
measured to characterize the effect of laser annealing. Finally, Al metal contacts were
added to source-drain and form the Ge n-MOSFET. The fabricated devices were
characterized by C-V and I-V measurements using an HP4284A precision LCR meter

and HP4156C semiconductor parameter analyzer, respectively.
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6.3. Result and Discussion

Figures 6.1(a) and 6.1(b) show the Rs and n*/p junction characteristics of
As’-implanted Ge after laser annealing. The increasing laser fluence (energy/area)
improves Rs, the junction ideality factor (n) and forward current, while still
maintaining a low reverse leakage current. The Ry decreases rapidly with increasing
laser fluence to 0.16 J/cm?. This value is significantly lower than our previous 0.36
Jlcm? for laser annealing on Si MOSFET [6-16], which is due to the much lower
melting temperature of Ge than Si. The lower laser fluence is important to decrease
the energy absorption by TaN gate that can cause unwanted interface reaction and Vg,
roll-off [6-16]. The R as low as 68 Q/sq was obtained at 0.2 J/cm? laser fluence that is
40% better than the 112 Q/sq value using RTA at 550°C. Small n-factor of 1.3 and
very large 10° forward/reverse current ratio are measured for n*/p junction using laser
annealing. An effective Schottky barrier height of 0.6~0.62 eV and a low contact
resistance of 2x10° Q-cm are obtained from J-V curve and Transfer Length Method,
respectively. The higher forward current in the n*/p junction with good doping
activation is crucial to reach the higher drive current for Ge n-MOSFET.

Figures 6.2(a) and 6.2(b) show the C-V and J-V characteristics of
TaN/La,03/Si0,/Ge devices, where the Vg, shift and increasing gate current were
found by laser annealing. The Vg, shift after laser annealing is due to the interface
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reaction [6-16], but a negative Vg, is still obtained for low threshold voltage (Vi)
n-MOSFET. An EOT of 1.9 nm was obtained from quantum-mechanical C-V
calculation with Ge material parameters [6-7], [6-14]. The effect of laser annealing on
gate dielectric was also examined by cross-sectional TEM. Still sharp interfacial SiO,
layer was observed by laser annealing that gives the good C-V characteristics. This is
due to the low 0.2 Jicm? laser fluence, although it is high enough to melt and
crystallize the ion-implanted Ge. Besides, ~1/3 energy was reflected at top TaN
surface from the measured reflectivity [6-16]. These further lower the energy
absorption by high-k/Ge interface. More detailed study is necessary to understand the
higher gate leakage current after laser annealing.

Figures 6.3(a) and 6.3(b) show the 14-Vg and I4-Vy characteristics of
La,03/Si0,/Ge n-MOSFETs using laser annealing. Well behaved transistor
characteristics and a good sub-threshold swing of 125 mV/dec were reached, which
gives an interface density (Dj) of 9x10* eV*cm™[6-20]. The small SS is due to the
high gate capacitance density even with relative high Dj.. A V; of -0.47 V is due to the
negative Vi measured from C-V curves in Fig. 2(a). Further adjusting the V; to
positive is needed. Figure 6.4 shows the mobility versus Ee. High peak mobility of
603 cm?/Vs and 0.75 MV/cm mobility of 304 cm?/Vs are reached using laser anneal,
which is one of the highest electron mobility for gate-first Ge n-MOSFET.
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6.4. Conclusion

By applying low energy laser annealing on TaN/La,03/SiO,/Ge n-MOSFETSs,
small junction n-factor of 1.3, large 10° forward/reverse current of n*/p junction, high
603 cm?/Vs peak mobility and good high-field (0.75 MV/cm) mobility of 304 cm?/Vs

were reached simultaneously at small EOT of 1.9 nm.
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EOT Peak Mobility @
Gate stack Junction (nm) Mobility | 0.75 MV/cm | Process
(cm?Vs) | (cm*/Vs)
Al/AL,04/Ge0,/Ge 600°C gas _
[6-10] phase doping large 804 210 Gate last
Al/Al,05/Ge0,/Ge P*-implant, L
[6-11] 350°C RTA large 488 258 Gate-first
Al/GeOy(70-atm)/Ge | P*-implant,
[6-12] 580°C RTA large 790 366 Gate last
Al/SiO,/GeO,/Ge/Si | 600°C in-situ _
[6-13] doping large 540 134 Gate last
- + -
Ta[\l/LaZOg,/SlOz/Ge As™-implant, 19 603 304 Gate-first
(this work) laser anneal

Table 6-1. Comparison of device data of various metal-gate/high-k/Ge n-MOSFETSs.
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Chapter 7
Higher Gate Capacitance Ge n-MOSFETSs Using
Laser Annealing

7.1. Introduction

Ge has attracted much attention due to its features of both higher electron (2X)
and hole mobilities (4X) than Si [7-1]-[7-15]. Furthermore, Ge has ~50X higher
density of state than InGaAs to deliver high transistor current. The integration of Ge
on Si can be realized by using a Ge-on-insulator (GOl or GeOQl) structure [7-1], where
defect-free Ge has been realized. This GeOl structure can also suppress the leakage
current of small energy bandgap Ge and is useful for device-level 3D IC [7-16]. The
Ge p-MOSFET also shows 2.5X better high-field hole mobility at 1 MV/cm than
SiO,/Si universal mobility at small 1.4 nm EOT [7-16]. Nevertheless, achievement of
good high-field electron mobility for Ge n-MOSFET at small EOT is still under
development, but the small EOT of ~0.95 nm is needed to compete with
metal-gate/high-«/strained-Si n-MOSFET at 32 nm nodes. The poor Ge n-MOSFET is
due to the low source-drain doping activation by RTA and poor high-k/Ge interface
property.

In this paper we have used laser annealing (LA) [7-7], [7-17]-[7-21] to improve
both gate capacitance and n*/p junction of Ge n-MOSFET [7-15]-[7-16]. Application
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of LA on gate dielectric lowers EOT from 1.6 to 0.95 nm. Using LA,
TaN/ZrO,/La,05/Si0./Ge n-MOSFET shows 645 cm?/Vs peak mobility and 1 MV/cm
mobility of 285 cm?/Vs at 0.95 nm EOT. Such a good high-field mobility is necessary
for highly scaled MOSFET at small EOT, operated at high effective electric field
(Eetr).
7.2. Experimental Procedure

We used 2-in p-type Ge (100) wafers with 10 Q-cm resistivity in the experiments.
After standard cleaning, isolation oxides were formed by plasma-enhanced chemical
vapor deposition (PECVD). After source and drain were defined with the SiO,
dummy gate, Phosphorus ion was implanted at source-drain region at 35 KeV and
5x10™ cm™, followed by KrF LA (248 nm, ~30 ns pulse) for source-drain activation
[7-16]. After pre-gate cleaning in cyclic diluted HF (1:50) and rinsing in DI water,
ultra-thin 0.8 nm SiO,, 1 nm high-x La,O3 and 3 nm high-x ZrO, were deposited by
physical vapor deposition (PVD) [7-15] and followed by post-deposition anneal (PDA)
under oxygen ambient. Then the second LA was applied to increase the gate
capacitance density. The LA was performed under air ambient. The laser spot sizes
were 0.3 cm? after focus and 0.9 cm? without focus for n*/p junction and high-i
dielectrics annealing respectively, where continuous stepping in X and Y directions
were used for the whole sample. Finally, the TaN gate electrode and source-drain Al
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contacts were deposited to form Ge n-MOSFET. The contact window on source-drain
was formed using BOE to remove gate dielectric.
7.3. Result and Discussion

Figures 7.1(a) and 7.1(b) show the C-V and J-V characteristics of
TaN/ZrO,/La,03/Si0,/Ge MOS capacitors formed by PDA and followed by LA and
control 550°C RTA. The LA significantly increases the gate capacitance from 1.7
uF/cm?  (control  550°C RTA) to 27 uFlem® that gives a
capacitance-equivalent-thickness (CET) of 1.27 nm. Such 59% improvement of gate
capacitance is attributed to the crystallization-induced higher « shown in the
cross-sectional TEM inserted in Fig. 7.1(b), where similar crystallization-induced
higher capacitance density and k value were also found in ZrO, MIM capacitors by
LA [7-21]. Sharp gate-stack/Ge interface after LA was also observed by TEM. In
addition, only small flat-band (Vs,) shift and increasing gate current were found by LA
as compared with those of control 550°C RTA. The necessary negative Vi, value for
low threshold voltage (V) n-MOSFET is due to the unique property of La,O3 gate
dielectric [7-22]. The good high-x quality after LA is evident from the small C-V
hysteresis of only 21 mV, from -3 to 1 V sweep, and better than the 73 mV in control
RTA device. An EOT of 0.95 nm was obtained from quantum-mechanical C-V
calculation with Ge material parameters [7-7], [7-15].
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LA can also improve the source-drain junction characteristics. Figure 7.2 shows
n*/p junction characteristics of P*-implanted p-Ge after LA. At a laser fluence of 0.25
Jlem?, small junction ideality factor (n) of 1.10 and the largest forward current were
obtained, while still maintaining a low reverse leakage current. These results were
better than those of control 550°C RTA devices. In addition, low sheet resistance (Rs)
of 73 Q/sq was measured after LA and better than the 105 Q/sq using 550°C RTA.
This LA fluence is lower than the previous 0.36 J/cm? to activate the ion-implanted Si
MOSFET [7-18], which is due to the lower melting temperature of Ge than Si.

Figures 7.3(a) and 7.3(b) show the I4-Vyq and I4-Vy characteristics of
TaN/ZrO,/La;05/Si0,/Ge  n-MOSFETs using LA. Well-behaved transistor
characteristics were reached, with a good sub-threshold swing of 106 mV/dec. A small
threshold voltage (Vi) of 0.18 V is due to the negative Vi measured from C-V
characteristics shown in Figure 7.1(a).

Figure 7.4 shows the mobility as a function of E¢+ over a wide range, which was
obtained from split C-V data. High peak mobility of 645 cm?Vs and 1 MV/cm
mobility of 285 cm?/Vs are reached for the metal-gate/high-/Ge n-MOSFETs using
LA at the small 0.95 nm EOT. It is important to note that the electron mobility was
slightly higher than Si universal mobility at 1 MV/cm Egs, which is also one of the
highest reported levels of electron mobility of Ge n-MOSFETSs at the smallest EOT
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[7-1]-[7-15]. Even slightly higher mobility and capacitance density can be reached by
considering the gate leakage current [7-23], where the gate leakage current is more
than 3 orders of magnitude lower than SiO; at 0.95 nm EOT. The better high field
mobility using LA than control RTA may be due to the 5.0 eV laser energy absorbed
in the Ge, which in turn heats up the gate dielectrics and thereby improves the
interface.
7.4. Conclusion

By applying low energy LA on TaN/La;03/SiO,/Ge n-MOSFETs, small
junction n-factor of 1.10, small 106 mV/dec SS, and good 1 MV/cm high-field

mobility of 285 cm?/Vs were reached simultaneously at a small EOT of 0.95 nm.
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Chapter 8

Conclusion

We have developed successfully the interface passivation to reduce the unwanted
interface reaction and used the laser annealing (LA) to improve the electrical
properties of Ge n MOSFETS. First, using the LaAlO3 high « dielectric on Ge channel
reached a 1.6 nm EOT and a 108 (mV/dec) sub-threshold swing for the gate-first
process. In order to scale down the device sizes, we used the higher « value dielectric
TiLaO to replace the LaAlO3;. However, the passivation layer was very important
between high k dielectric and Ge channel due to the process thermal budget.
Therefore, we had also applied the an ultra thin SiO; interfacial layer. Using SiO,
between Ge and TiLaO high k dielectric improved the EOT from 1.6 nm to 0.85 nm
and small C-V hysteresis of only 19 mV from -3 to 1 V sweep was observed.

Although the device had scaled down to meet the ITRS for VLSI technology, the
mobility was still not high enough for the Ge MOSFETs. Therefore, we used the
Excimer laser to improve the junction characteristics and enhance the drive current.
We had also used the gate-last process for La,O3 high k dielectric material with SiO,
passivation layer to fabricate the Ge nMOSFETSs. The conventional RTA and LA were
applied for comparison. Using the laser annealing (LA) improved the peak mobility

from 486 cm?/Vs to 603 cm?/Vs. Finally, we improved the previous device structure
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by using ZrO, with gate stack on La,O3/SiO,. We applied the LA not only on
junctions but also on high « dielectrics. The capacitance density increased from 1.7
uF/cm? (control 550°C RTA) to 2.7 uF/cm? that gives a capacitance-equivalent
thickness (CET) of 1.27 nm. Such 59% improvement of gate capacitance is attributed
to the crystallization-induced higher k. Here we reported the high performance with

small EOT in this dissertation.

82



References

Chapter 1 Introduction

[1-1]

[1-2]

[1-3]

[1-4]S.

[1-5]C.

[1-6]

S.-H. Lo, D. A. Buchanan, Y. Taur, and W. Wang, “Quantum-mechanical
modeling of electron tunneling current from the inversion layer of
ultra-thin-oxide nMOSFET’s,” IEEE Electron Device Lett., vol. 18, no. 5, pp.
209-211, May 1997.
M. Houssa, L. Pantisano, L.-A . Ragnarsson, R. Degraeve, T. Schrama, G.
Pourtois, S. De Gendt, G. Groeseneken, M. M. Heyns, “Electrical properties of
high-k gate dielectrics: Challenges, current issues, and possible solutions,”
Material Science & Engineering R-Reports, vol. 51, pp. 37-85, Apr. 2006.
S. J. Ding, H. Hu, H. F. Lim, S. J. Kim, X. F. Yu, C. Zhu, M. F. Li, B. J. Cho, D.
S. H. Chan, S. C. Rustagi, M. B. Yu, A. Chin, and D. L. Kwong
“High-Performance MIM Capacitor Using ALD High-k HfO,-Al,O3; Laminate
Dielectrics,” IEEE Electron Device Lett., vol. 24, no. 12, pp. 730-732, 2003.
J. Lee, H. F. Luan, W. P. Bai, C. H. Lee, T. S. Jeon, Y. Senzaki, D. Roberts, and
D. L. Kwong, “High-quality ultrathin CVD HfO; gate stack with poly-Si gate
electrode,” in IEDM Tech. Dig., 2000, pp. 31-34.
Y. Lin, D. S. Yu, A. Chin, C. Zhu, M. F. Li, and D. L. Kwong, “Fully silicided
NiSi gate on La,O; MOSFETs,” IEEE Electron Device Lett., vol. 24, pp.
348-350, May 2003.
X. Yu, C. Zhu, Q. Zhang, N. Wu, H. Hu, M.F. Li, DSH Chan, A. Chin, W.D.
Wang, and Dim-Lee Kwong, “Improved Crystalization Temperature and
Interfacial Properties of HfO2 Gate Dielectrics by adding Ta,Os with TaN Metal
Gate,” Int’l. Semiconductor Device Research Symp. (IEEE), Washington DC,

Dec. 10-12, 2003.
83



[1-7]

[1-8]

[1-9]

[1-10]

[1-11]

[1-12]

[1-13]

[1-14]

C. H. Cheng, S. H. Lin, K. Y. Jhou, W. J. Chen, C. P. Chou, F. S. Yeh, J. Hu, M.
Hwang, T. Arikado, S. P. McAlister, and Albert Chin, “The 300°C-Processed
High Density TiO, MIM Capacitors with Low Leakage Current,” IEEE Electron
Device Lett., vol. 29, pp. 845-847, Aug. 2008.

C. H. Lee, H. F. Luan, W. P. Bai, S. J. Lee, T. S. Jeon, Y. Senzaki, D. Roberts,
and D. L. Kwong, “MOS characteristics of ultra thin rapid thermal CVD ZrO,
and Zr silicate gate dielectrics,” in IEDM Tech. Dig., 2000, pp. 27-30.

Y. H. Wu, M. Y. Yang, A. Chin, and W. J. Chen, “Electrical characteristics of
high quality La;Os dielectric with equivalent oxide thickness of 5A,” IEEE
Electron Device Lett., vol. 21, pp. 341-343, July 2000.

C. H. Huang, S. B. Chen, and A. Chin, “La203/Si0.3Ge0.7 p-MOSFETSs with
high hole mobility and good device characteristics,” IEEE Electron Device Lett.,
vol.23, pp. 710-712, 2002.

J. Robertson, “High dielectric constant gate oxides for metal oxide Si
transistors,” Rep. Prog. Phys., vol. 69, no. 2, pp. 327-396, Feb. 2006.

M. Nieminen, M. Putkonon, and L. Niisitio, “Formation and stability of
lanthanum oxide thin films deposited from B-diketonate precursor” Appl. Surf.
Sci., vol. 174, no. 2, pp. 155-166, Apr. 2006.

G.D. Wilk, R.M. Wallace, and J.M. Anthony, “High-x gate dielectrics: Current
status and materials properties considerations” J. Appl. Phys., vol. 89, no. 10, pp.
5423-5275, May 2001.

Q. Y. Shao, A. D. Li, J. B. Cheng, H. Q. Ling, D. Wu, Z. G. Liu, Y.J. Bao, M.
Wang, N. B. Ming, C. Wang, H. W. Zhou, B. Y. Nguyen, “Growth behavior of
high k LaAlO3z films on Si by metalorganic chemical vapor deposition for
alternative gate dielectric application,” Applied Surface Science., vol. 250, pp.

14-20, 2005.
84



[1-15]

[1-16]

[1-17]

[1-18]

[1-19]

[1-20]

[1-21]

[1-22]

T. Fuyuki and H. Matsunami, “Electronic properties of the interface between
Si and TiO, deposited at very low temperatures,” Jpn. J. Appl. Phys., vol. 25,
pp. 1288-1291, 1986.

C. H. Cheng, H. C. Pan, H. J. Yang, C. N. Hsiao, C. P. Chou, S. P. McAlister and
Albert Chin “Improved high-temperature leakage in high-density MIM
capacitors by using a TiLaO dielectric and an Ir electrode,” IEEE Electron
Device Lett., vol. 28, pp. 1095-1097, Dec. 2007.

C. S. Kang, H.-J. Cho, Y. H. Kim, R. Choi, K. Onishi, A. Shahriar, and J. C. Lee
“Characterization of resistivity and work function of sputtered-TaN film for gate
electrode applications,” J. Vac. Sci. Technol., B 21(5), pp. 2026-2028, Sep. 2003.
Y. C. Yeo, P. Ranade, T.-J. King, and C. M. Hu “Effects of High-x Gate
Dielectric Materials on Metal and Silicon Gate Workfunctions,” |IEEE Electron
Device Lett., Vol. 23, pp. 342-344, Jun. 2002.

Donald A. Neamen, Semiconductor Physics & Devices, 3/E, New York:
McGraw-Hill, 2002

B. H. Lee, L. Kang, R. Nieh, W.-J. Qi, and J. C. Lee, “Thermal stability and
electrical characteristics of ultrathin hafnium oxide gate dielectric reoxidized
with rapid thermal annealing,” Appl. Phys. Lett., vol. 76, pp. 1926-1928, Apr.
2000.

Y. H. Kim, C. H. Lee, T. S. Jeon, W. P. Bai, C. H. Choi, S. J. Lee, L. Xinjian, R.
Clarks, D. Roberts, and D. L. Kwong, "High quality CVD TaN gate electrode
for sub-100 nm MOS devices", in IEDM Tech. Dig., 2001, pp.667-670.

N. Wu, Q. C. Zhang, C. X. Zhu, D. S. H. Chan, M. F. Li, N. Balasubramanian, A.
Chin and D. L. Kwong “Alternative surface passivation on germanium for
metal-oxide-semiconductor applications with high-k gate dielectric,” Appl. Phys.

Lett., Vol. 85, pp. 4127-4129, Nov. 2004.
85



[1-23]

[1-24]

[1-25]

[1-26]

[1-27]

[1-28]

[1-29]

A. Ritenour, S. Yu, M. L. Lee, N. Lu, W. Bali, A. Pitera, E. A. Fitzgerald, D. L.
Kwong, and D. A. Antoniadis, "Epitaxial strained germanium p-MOSFETs
with HfO, gate dielectric and TaN gate electrode”, in IEDM Tech. Dig., 2003, pp.
433-436 .

C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M. F. Li,
and D. L. Kwong, "Very low defects and high performance Ge-on-insulator
p-MOSFETs with Al,O3 gate dielectrics”, in VLSI Symp. Tech. Dig., 2003,
pp.119-120.

S. Takagi, T. Irisawa, T. Tezuka, T. Numata, S. Nakaharai, N. Hirashita, Y.
Moriyama, K. Usuda, E. Toyoda, S. Dissanayake, M. Shichijo, R. Nakane, S.
Sugahara, M. Takenaka, and N. Sugiyama, “Carrier-Transport-Enhanced
Channel CMOS for Improved Power Consumption and Performance,” IEEE
Transaction Electron Device, vol. 55, no. 5, pp. 21-39, Jan. 2008.

N. Wu, Q. Zhang, C. Zhu, C. C. Yeo, S. J. Whang, D. S. H. Chan, M. F.Li, B. J.
Cho, A. Chin, D. L. Kwong, A. Y. Du, C. H. Tung, and N. Balasubramanian,
“Effect of surface NH3 anneal on the physical and electrical properties of HfO,
films on Ge substrate,” Appl. Phys. Lett., vol. 84, no.19, pp.3741-3743 May
2004.

C. C. Yeo, B. Jin Cho, F. Gao, S. J. Lee, M. H. Lee, C.-Y. Yu, C. W. Liu, L. J.
Tang, and T. W. Lee “Electron Mobility Enhancement Using Ultrathin Pure Ge
on Si Substrate,” IEEE Electron Device Lett., Vol. 26, pp. 761-763, Oct. 2005.

K. Morii, T. lIwasaki, R. Nakane, M. Takenaka, and S. Takagi, “High
performance GeO,/Ge nMOSFETs with Source/Drain junctions formed by gas
phase doping,” in IEDM Tech. Dig., 2009, pp. 681-684

C. H. Lee, T. Nishimura, N. Saido, K. Nagashio, K. Kita and A. Toriumi,

“Record-high electron mobility in Ge n-MOSFETSs exceeding Si universality,” in
86



[1-30]

[1-31]

[1-32]

[1-33]

[1-34]

IEDM Tech. Dig., 2009, pp. 457-460.

C. O. Chui, K. Gopalakrishnan, P. B. Griffin, J. D. Plummer, and K. C. Saraswat,
“Activation and diffusion studies of ion-implanted p and n dopants in
germanium,” Appl. Phys. Lett., vol. 83, no. 16, pp. 3275-3277, Oct. 2003.

C. O. Chui, L. Kulig, J. Moran, W. Tsai, and K. C. Saraswat, “Germanium
n-type shallow junction activation dependences,” Appl. Phys. Lett., vol. 87, no. 9,
pp. 91909-91911, Aug. 2005.

Q. C. Zhang, J. D. Huang, N. Wu, G. Chen, M. H. Hong, L. K. Bera, and C. X.
Zhu, “Drive-Current Enhancement in Ge n-Channel MOSFET Using Laser
Annealing for Source/Drain Activation,” IEEE Electron Device Lett., Vol. 27, pp.
728-730, Sept. 2006.

C. C. Liao, A. Chin, N. C. Su, M.-F. Li, and S. J. Wang, “Low Vt gate-first
Al/TaN/[Ir3Si-HfSi2-x]/HfLaON CMOS using simple laser
annealing/reflection,” in VLSI Symp. Tech. Dig., pp.190-191, 2008.

J Robertson, “Band offsets of wide-band-gap oxides and implications for future

electron devices,” J Vac Sci Technol B, vol. 18, pp. 1785-1791, May 2000.

Chapter 2 High Performance Gate-First Epitaxial Ge n-MOSFETs

on Si with LaAlO; Gate Dielectrics

[2-1] C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M.-F. Li,

and D. L. Kwong, “Very low defects and high performance Ge-on-Insulator
p-MOSFETs with Al,O3 gate dielectrics,” in VLSI Symp. Tech. Dig., 2003, pp.

119-120.

[2-2] T. Low, Y. T. Hou, M. F. Lin, Chunxiang Zhu, D. -L. Kwong, and Albert Chin,

“Germanium MOS: an evaluation from carrier quantization and tunneling

current,” in VLS| Symp. Tech. Dig., 2003, pp. 117-118.

87



[2-3]

[2-4]

[2-5]

[2-6]

[2-7]

[2-8]

[2-9]

[2-10]

W. P. Bai, N. Lu, J. Liu, A. Ramirez, D. L. Kwong, D. Wristers, A. Ritenour, L.
Lee, and D. Antoniadis, “Ge MOS characteristics with CVD HfO, gate
dielectrics and TaN gate electrode,” in VLSI Symp. Tech. Dig., 2003, pp.
121-122.

C. H. Huang, D. S. Yu, A. Chin, W. J. Chen, C. X. Zhu, M.-F. Li, B. J. Cho, and
D. L. Kwong, “Fully silicided NiSi and germanided NiGe dual gates on SiO,/Si
and Al,O3/Ge-on-Insulator MOSFETs,” in IEDM Tech. Dig., 2003, pp. 319-322.
T. Low, Y. T. Hou, M. F. Li, C. Zhu, A. Chin, G. Samudral and D. -L. Kwong,
“Investigation of performance limits of Germanium double-gated MOSFETs,”
in IEDM Tech. Dig., 2003, pp. 691-694.

N. Wu, Q. Zhang, C. Zhu, D. S. H. Chan, A. Du, N. Balasubramanian, M. F. Li,
A. Chin, J. K. O. Sin, and D. L. Kwong, “A TaN-HfO,-Ge pMOSFETs with
novel SiH, surface passivation,” IEEE Electron Device Lett., vol. 25, pp.
631-633, Sept. 2004.

D. S. Yu, C. H. Huang, A. Chin, C. Zhu, M. F. Li, B. J. Cho, and D. L. Kwong,
“Al203/Ge-on-Insulator n- and p-MOSFETs with fully NiSi and NiGe dual
Gates,” IEEE Electron Device Lett., vol. 25, pp. 138-140 Mar. 2004.

D. S. Yu, Albert Chin, C. C. Laio, C. F. Lee, C. F. Cheng, W. J. Chen, C. Zhu,
M.-F. Li, S. P. McAlister, and D. L. Kwong, “3D GOI CMOSFETs with novel
IrO2(Hf) dual gates and high-x dielectric on 1P6M-0.18um-CMOS,” in IEDM
Tech. Dig., 2004, pp. 181-184.

A. Chin, H. L. Kao, Y. Y. Tseng, D. S. Yu, C. C. Chen, S. P. McAlister, C. C. Chi,
“Physics and modeling of Ge-on-Insulator MOSFETs,” in European Solid State
Device Research Conf, (ESSDERC) Tech. Dig., 2005, pp. 285-288.

C. C. Yeo, B. J. Cho, F. Gao, S. J. Lee, C. X. Zhu, M. H. Lee, C.-Y. Yu, C. W.

Liu, L. J. Tang, and T. W. Lee “Electron mobility enhancement using ultrathin
88



[2-11]

[2-12]

[2-13]

[2-14]

[2-15]

[2-16]

pure Ge on Si substrate,” IEEE Electron Device Lett., vol. 26, pp. 761-763, Oct.
2005.

S. Zhu, R. Li, S. J. Lee, M. F. Li, A. Du, J. Singh, C. Zhu, A. Chin, and D. L.
Kwong, “Germanium pMOSFETs with Schottky-barrier germanide S/D, High-«
gate dielectric and metal gate,” IEEE Electron Device Lett., vol. 26, no. 2, pp.
81-83, 2005.

W. P. Bai, N. Lu, and D.-L. Kwong “Si interlayer passivation on Germanium
MOS capacitors with high-k dielectric and metal gate,” IEEE Electron Device
Lett., vol. 26, no. 6, pp.378-380, June 2005.

T. Takahashi, T. Nishimura, L. Chen, S. Sakata, K. Kita, and A. Toriumi, ‘“Proof
of Ge-interfacing concepts for metal/high-x/Ge CMQOS - Ge-intimate material
selection and interface conscious process flow -,” in IEDM Tech. Dig., 2007, pp.
697-700.

J. H. Park, M. Tada, D. Kuzum, P. Kapur, H. Y. Yu, H-.S. P. Wong, and K. C.
Saraswat, “Low temperature (< 380°C) and high performance Ge CMOS
technology with novel source/drain by metal-induced dopants activation and
high-i/metal gate stack for monolithic 3D integration,” in IEDM Tech. Dig.,
2008, pp. 389-392.

Y. Nakakita, R. Nakane, T. Sasada, H. Matsubara, M. Takenaka and S. Takagi,
“Interface-controlled  self-align  source/drain  Ge pMOSFETs using
thermally-oxidized GeO?2 interfacial layers,” in IEDM Tech. Dig., 2008, pp.
877-880.

M. Houssa, G. Pourtois, M. Caymax, M. Meuris, and M. M. Heyns
“First-principles study of the structural and electronic properties of (100) Ge/Ge
(M)O, interfaces (M=Al, La, or Hf),” Appl. Phys. Lett., vol. 92,

Pp.242101-242103, 2008.
89



[2-17]

[2-18]

[2-19]

[2-20]

[2-21]

[2-22]

[2-23]

[2-24]

D. Kuzum, T. Krishnamohan, A. Nainani, Y. Sun, P. A. Pianetta, H. S-.P. Wong

and K. C. Saraswat, “Experimental Demonstration of High Mobility Ge NMOS,”
in IEDM Tech. Dig., 2009, pp. 453-456.

C. H. Lee, T. Nishimura, N. Saido, K. Nagashio, K. Kita and A. Toriumi,

“Record-high Electron Mobility in Ge n-MOSFETs exceeding Si Universality,”

in IEDM Tech. Dig., 2009, pp. 457-460.

K. Morii, T. lwasaki, R. Nakane, M. Takenaka and S. Takagi, “High

Performance GeO,/Ge nMOSFETs with Source/Drain Junctions Formed by Gas

Phase Doping,” in IEDM Tech. Dig., 2009, pp. 681-684.

H.-Y. Yu, M. Kobayashi, W. S. Jung, A. K. Okyay, Y. Nishi, K. C. Saraswat,

“High Performance n-MOSFETs with Novel Source/Drain on Selectively

Grown Ge on Si for Monolithic Integration,” in IEDM Tech. Dig., 2009, pp.

685-688.

W. B. Chen and Albert Chin “Interfacial layer dependence on device property of
high-x TiLaO Ge/Si N-type metal-oxide-semiconductor capacitors at small

equivalent-oxide thickness,” Appl. Phys. Lett., vol. 95, pp. 212105-242107,

20009.

W. B. Chen and Albert Chin, “High Performance of Ge nMOSFETs Using SiO;

Interfacial Layer and TiLaO Gate Dielectric,” IEEE Electron Device Lett., vol.

30, pp. 80-82 Jan. 2010.

N. Lu, W. Bai, A. Ramirez, C. Mouli, A. Ritenour, M. L. Lee, D. Antoniadis and

D. L. Kwong “Ge diffusion in Ge metal oxide semiconductor with chemical

vapor deposition HfO, dielectric,” Appl. Phys. Lett., vol. 87, pp. 051922-051924,
2005.

S. Ferrari, S. Spiga, C. Wiemer, and M. Fanciulli, and A. Dimoulas “Germanium

diffusion during HfO, growth on Ge by molecular beam epitaxy,” Appl. Phys.
90



[2-25]

[2-26]

[2-27]

[2-28]

[2-29]

[2-30]

[2-31]

[2-32]

Lett., vol. 89, pp. 122906-122908, 2006.

B. F. Hung, K. C. Chiang, C. C. Huang, A. Chin, and S. P. McAlister
“High-performance poly-silicon thin film transistors incorporating LaAlO; as
the gate dielectric,” IEEE Electron Device Lett., vol. 26, pp.384-386, June 2005.

Albert Chin, C. C. Laio, K. C. Chiang, D. S. Yu, W. J. Yoo, G. S. Samudra, S. P.
McAlister, and C. C. Chi, “Low Voltage High Speed SiO,/AlGaN/AlLaO3z/TaN
Memory with Good Retention,” in IEDM Tech. Dig., 2005, pp. 165-168.

S. H. Lin, Albert Chin, F. S. Yeh, and S. P. McAlister, “Good 150°C Retention
and Fast Erase Charge-Trapping-Engineered Memory with Scaled Si3N4,” in
IEDM Tech. Dig., 2008, pp. 843-846.

Y. H. Wu, M. Y. Yang, A. Chin, and W. J. Chen, “Electrical characteristics of
high quality La,Os dielectric with equivalent oxide thickness of 5A,” IEEE
Electron Device Lett., vol. 21, pp. 341-343, July 2000.

D. S. Yu, Albert Chin, C. H. Wu, M.-F. Li, C. Zhu, S. J. Wang, W. J. Yoo, B. F.
Hung and S. P. McAlister, “Lanthanide and Ir-based dual metal-gate/HfAION
CMOS with large work-function difference,” in IEDM Tech. Dig., 2005, pp.
649-652.

C. H. Wu, B. F. Hung, Albert Chin, S. J. Wang, F. Y. Yen and Y. T. Hou, Y. Jin, H.
J. Tao, S. C. Chen, and M. S. Liang, “HfAION n-MOSFETSs incorporating low
work function gate using Ytterbium-silicide,” IEEE Electron Device Lett., vol.
27, pp. 454-456, June 2006.

C. F. Cheng, C. H. Wu, N. C. Su, S. J. Wang, S. P. McAlister and Albert Chin,
“Very low Vt [Ir-Hf]/HfLaO CMOS using Novel self-aligned low temperature
shallow junctions,” in IEDM Tech. Dig., 2007, pp. 333-336.

N. C. Su, S. J. Wang, and Albert Chin, “High performance InGaZnO thin-film

transistors using HfLaO gate dielectric,” IEEE Electron Device Lett., vol. 30, pp.
91



[2-33]

[2-34]

[2-35]

1317-1319, Dec. 2009.

M. F. Chang, P. T. Lee, and Albert Chin, “Low Threshold WVoltage
MoN/HfAIO/SION p-MOSFETs with 0.85-nm EOT,” IEEE Electron Device
Lett., vol. 30, pp. 861-863, Aug. 2009.

K. Mistry, C. Allen, C. Auth, B. Beattie, D. Bergstrom, M. Bost, M. Brazier, M.
Buehler, A. Cappellani, R. Chau, C.-H. Choi, G. Ding, K. Fischer, T. Ghani, R.
Grover, W. Han, D. Hanken, M. Hattendorf, J. He, J. Hicks, R. Huessner, D.
Ingerly, P. Jain, R. James, L. Jong, S. Joshi, C. Kenyon, K. Kuhn, K. Lee, H. Liu,
J. Maiz, B. Mcintyre, P. Moon, J. Neirynck, S. Pae, C. Parker, D. Parsons, C.
Prasad, L. Pipes, M. Prince, P. Ranade, T. Reynolds, J. Sandford, L. Shifren, J.
Sebastian, J. Seiple, D. Simon, S. Sivakumar, P. Smith, C. Thomas, T. T roeger,
P. Vandervoorn, S. Williams, K. Zawadzki, “A 45nm Logic Technology with
High-k + Metal Gate Transistors, Strained Silicon, 9 Cu Interconnect Layers,
193nm Dry Patterning, and 100% Pb-free Packaging,” in IEDM Tech. Dig.,
2007, pp. 247-250.

S. C. Sun and J. D. Plummer, “Electron mobility in inversion and accumulation
layers on thermally oxidized silicon surfaces,” IEEE Trans. Electron Devices,

vol. 27, no. 8, pp. 1497-1508, 1980.

Chapter 3 Interfacial Layer Dependence on Device Property of

[3-1]

High-x TiLaO Ge/Si N-Type Metal-Oxide-Semiconductor
Capacitors at Small Equivalent-Oxide Thickness
C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M.-F. Li,
and D. L. Kwong, “Very low defects and high performance Ge-On-Insulator
p-MOSFETs with Al,O3 gate dielectrics,” in VLSI Symp. Tech. Dig., 2003, pp.

119-120.

[3-2] W.P. Bai, N. Lu, J. Liu, A. Ramirez, D. L. Kwong, D. Wristers, A. Ritenour, L.

92



[3-3]

[3-4]

[3-5]

[3-6]

[3-7]

[3-8]

[3-9]

Lee, and D. Antoniadis, “Ge MOS characteristics with CVD HfO, gate
dielectrics and TaN gate electrode,” in Symp. VLSI Tech. Dig., 2003, pp.
121-122.

K. Kita, K. Kyuno, and A. Toriumi, “Growth mechanism difference of sputtered
HfO, on Ge and on Si,” Appl. Phys. Lett., vol. 85, pp. 52-54, 2004.

T. Maeda, T. Yasuda, M. Nishizawa, N. Miyata, Y. Morita, and S. Takagi, “Ge
metal-insulator-semiconductor structures with GesN, dielectrics by direct
nitridation of Ge substrates,” Appl. Phys. Lett., vol.85, pp. 3181-3183, 2004.

A. Chin, H. L. Kao, Y. Y. Tseng, D. S. Yu, C. C. Chen, S. P. McAlister, C. C. Chi,
“Physics and modeling of Ge-on-Insulator MOSFETS,” in European Solid State
Device Research Conf, (ESSDERC) Tech. Dig., 2005, pp. 285-288.

V. V. Afanas’ev, Y. G. Fedorenko, and A. Stesmans, “Interface traps and
dangling-bond defects in (100) Ge/HfO,,” Appl. Phys. Lett., vol. 87, pp.
032107-32109, 2005.

Q. Zhang, J. Huang, N. Wu, G. Chen, M. H. Hong, L. K. Bera, and C. X. Zhu,
“Drive-Current Enhancement in Ge n-Channel MOSFET Using Laser Annealing
for Source/Drain Activation,” IEEE Electron Device Lett., vol. 27, pp. 728-730,
Sept. 2006.

T. Takahashi, T. Nishimura, L. Chen, S. Sakata, K. Kita, and A. Toriumi, “Proof
of Ge-interfacing concepts for metal/high-k/Ge CMOS - Ge-intimate material
selection and interface conscious process flow -,” in IEDM Tech. Dig., 2007, pp.
697-700.

D. Kuzum, A. J. Pethe, T. Krishnamohan, Y. Oshima, Y. Sun, Jim P. McVittie, P.
A. Pianetta, P. C. Mcintyre and K. C. Saraswat, “Interface-Engineered Ge (100)
and (111), N- and P-FETs with High Mobility,” in IEDM Tech. Dig., 2007, pp.

723-725.
93



[3-10]

[3-11]

[3-12]

[3-13]

[3-14]

[3-15]

[3-16]

A. Delabie, F. Bellenger, M. Houssa, T. Conard, P. C. Mclintyre, S. Van Elshocht,
M. Caymax, M. Heyns and M. Meuris, “Effective electrical passivation of
Ge(100) for high-x gate dielectric layers using germanium oxide,” Appl. Phys.
Lett., vol. 91, pp. 082904 -082906 , 2007.

G. Mavrou, P. Tsipas, A. Sotiropoulos, S. Galata, Y. Panayiotatos, A. Dimoulas,
C. Marchior and J. Fompeyrine, “Very high-k ZrO, with La,O3; (LaGeOy)
passivating interfacial layers on germanium substrates,” Appl. Phys. Lett., vol.
93, pp.212904-212906, 2008.

J. H. Park, M. Tada, D. Kuzum, P. Kapur, H. Y. Yu, H-.S. P. Wong, and K. C.
Saraswat, “Low temperature (< 380°C) and high performance Ge CMOS
technology with novel source/drain by metal-induced dopants activation and
high-k/metal gate stack for monolithic 3D integration,” in IEDM Tech. Dig.,
2008, pp. 389-392.

Y. Nakakita, R. Nakane, T. Sasada, H. Matsubara, M. Takenaka and S. Takagi,
“Interface-controlled  self-align  source/drain  Ge pMOSFETs using
thermally-oxidized GeO, interfacial layers,” in IEDM Tech. Dig., 2008, pp.
877-880.

S. Swaminathan, Y. Oshima, M. A. Kelly, and P. C. Mclintyre, “Oxidant
prepulsing of Ge (100) prior to atomic layer deposition of Al,Os: In situ surface
characterization,” Appl. Phys. Lett., vol. 95 pp. 032907-032909, 2009.

M. F Chang, P. T. Lee, and Albert Chin, “Low-Threshold-\Voltage
MoN/HfAIO/SION p-MOSFETs With 0.85-nm EOT,” IEEE Electron Device
Lett., vol. 30, pp. 861-863, Aug. 2009.

C. H. Cheng, H. C. Pan, H. J. Yang, C. N. Hsiao, C. P. Chou, S. P. McAlister and
Albert Chin, “Improved High-Temperature Leakage in High-Density MIM

Capacitors by Using a TiLaO Dielectric and an Ir Electrode,” IEEE Electron
94



[3-17]

[3-18]

[3-19]

[3-20]

[3-21]

[3-22]

Device Lett., vol. 28, pp. 1095-1097, Dec. 2007.

Y. H. Wu, M. Y. Yang, A. Chin, and W. J. Chen, “Electrical characteristics of
high quality La,O3 gate dielectric with equivalent oxide thickness of 5 A ,” IEEE
Electron Device Lett., vol. 21, pp. 341-343, Jul 2000.

J. Robertson, O. Sharia and A. A. Demkov, “Fermi level pinning by defects in
HfO,-metal gate stacks,” Appl. Phys. Lett., vol. 91, pp. 132912-13294, 2007.

C. F. Cheng, C. H. Wu, N. C. Su, S. J. Wang, S. P. McAlister and Albert Chin,
“Very low Vq[Ir-Hf]/HfLaO CMOS using Novel self-aligned low temperature
shallow junctions,” in IEDM Tech. Dig., 2007, pp. 333-336.

NIST X-ray Photoelectron Spectroscopy Database, NIST Standard Reference

Database 20, Version 3.5 (Web Version), http://srdata.nist.gov/xps

W. L. Jolly and W. M. Latimer, “The Equilibrium Ge(s) + GeOy(s) = 2GeO(qg).
The Heat of Formation of Germanic Oxide,” J. Am. Chem. Soc., vol. 74, pp.
5757-5758, Nov. 1952.

D. S. Yu, Albert Chin, C. H. Wu, M.-F. Li, C. Zhu, S. J. Wang, W. J. Yoo, B. F.
Hung and S. P. McAlister, “Lanthanide and Ir-based dual metal-gate/HFAION
CMOS with large work-function difference,” in IEDM Tech. Dig., 2005, pp.

649-652.

Chapter 4 High Performance of Ge n-MOSFETs Using SiO,

Layer and TiLaO Gate Dielectric

[4-1] C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M.-F. Li,

and D. L. Kwong, “Very low defects and high performance Ge-On-Insulator
p-MOSFETs with Al,O3 gate dielectrics,” in VLSI Symp. Tech. Dig., 2003, pp.

119-120.

[4-2] C. Chui, H. Kim, D. Chi, B. B. Triplett, P. C. Mclntyre, and K. C. Saraswat, “A

sub-400°C Ge MOSFET technology with high-k dielectric and metal gate,” in
95


http://srdata.nist.gov/xps

[4-3]

[4-4]

[4-5]

[4-6]

[4-7]

[4-8]

[4-9]

IEDM Tech. Dig., Dec. 2002, pp. 437-440.

W. P. Bai, N. Lu, J. Liu, A. Ramirez, D. L. Kwong, D. Wristers, A. Ritenour, L.
Lee, and D. Antoniadis, “Ge MOS characteristics with CVD HfO2 gate
dielectrics and TaN gate electrode,” in Symp. VLSI Tech. Dig., 2003, pp.
121-122.

N. Wu, Q. Zhang, C. Zhu, D. S. H. Chan, A. Du, N. Balasubramanian, M. F. Li,
A. Chin, J. K. O. Sin, and D. L. Kwong, “A TaN-HfO,-Ge pMOSFETs with
novel SiH, surface passivation,” IEEE Electron Device Lett., vol. 25, pp.
631-633, Sept. 2004.

A. Chin, H. L. Kao, Y. Y. Tseng, D. S. Yu, C. C. Chen, S. P. McAlister, C. C. Chi,
“Physics and modeling of Ge-on-Insulator MOSFETs,” in European Solid State
Device Research Conf, (ESSDERC) Tech. Dig., 2005, pp. 285-288.

C. C. Yeo, B. J. Cho, F. Gao, S. J. Lee, C. X. Zhu, M. H. Lee, C.-Y. Yu, C. W.
Liu, L. J. Tang, and T. W. Lee “Electron mobility enhancement using ultrathin
pure Ge on Si substrate,” |IEEE Electron Device Lett., vol. 26, pp. 761-763, Oct.
2005.

T. Takahashi, T. Nishimura, L. Chen, S. Sakata, K. Kita, and A. Toriumi, “Proof
of Ge-interfacing concepts for metal/high-k/Ge CMOS - Ge-intimate material
selection and interface conscious process flow -,” in IEDM Tech. Dig., 2007, pp.
697-700.

J. H. Park, M. Tada, D. Kuzum, P. Kapur, H. Y. Yu, H-.S. P. Wong, and K. C.
Saraswat, “Low temperature (< 380°C) and high performance Ge CMOS
technology with novel source/drain by metal-induced dopants activation and
high-k/metal gate stack for monolithic 3D integration,” in IEDM Tech. Dig.,
2008, pp. 389-392.

W. P. Bai, N. Lu, and D.-L. Kwong “Si interlayer passivation on Germanium
96



[4-10]

[4-11]

[4-12]

[4-13]

[4-14]

[4-15]

MOS capacitors with high-k dielectric and metal gate,” IEEE Electron Device
Lett., vol. 26, no. 6, pp.378-380, June 2005.

S. Joshi, C. Krug, D. Heh, H. J. Na, H. R. Harris, J. W. Oh, P. D. Kirsch, P.
Majhi, B. H. Lee, H. H. Tseng, R. Jammy, J. C. Lee, and S. K. Banerjee,
“Improved Ge surface passivation with ultrathin SiOx enabling high-mobility
surface channel pMOSFETs featuring a HfSiO/WN gate stack” IEEE Electron
Device Lett., vol. 28, pp.308-311, April 2007.

Q. C. Zhang, J. D. Huang, N. Wu, G. X. Chen, M. G. Hong, L. K. Bera, and C.
X. Zhu, “Drive-current enhancement in Ge n-channel MOSFET using laser
annealing for source/drain activation,” IEEE Electron Device Lett., vol. 27, pp.
728-730, Sept. 2006.

C. H. Cheng, H. C. Pan, H. J. Yang, C. N. Hsiao, C. P. Chou, S. P. McAlister and
Albert Chin “Improved high-temperature leakage in high-density MIM
capacitors by using a TiLaO dielectric and an Ir electrode,” IEEE Electron
Device Lett., vol. 28, pp. 1095-1097, Dec. 2007.

S. H. Lin, C. H. Cheng, W. B. Chen, F. S. Yeh, and Albert Chin,
“Low-threshold-voltage TaN/Ir/LaTiO p-MOSFETSs incorporating
low-temperature-formed shallow junctions,” IEEE Electron Device Lett., vol. 30,
pp.681-683, June 2009.

M. F. Chang, P. T. Lee, S. P. McAlister and Albert Chin, “Low subthreshold
swing HfLaO/Pentacene organic thin-film transistors,” IEEE Electron Device
Lett., vol. 29, pp. 215-217, March 2008.

S. C. Sun and J. D. Plummer, “Electron mobility in inversion and accumulation
layers on thermally oxidized silicon surfaces,” IEEE Trans. Electron Devices,

vol. ED-27, pp. 1497-1508, Aug. 1980.

97



Chapter 5 High Field Mobility Metal-Gate/high-k Ge n-MOSFETSs
with Small Equivalent-Oxide-Thickness

[5-1] C. Chui, H. Kim, D. Chi, B. B. Triplett, P. C. McIntyre, and K. C. Saraswat, “A
sub-4009C Ge MOSFET technology with high-k diclectric and metal gate,” in
IEDM Tech. Dig., Dec. 2002, pp. 437-440.

[5-2] C. H. Huang, S. B. Chen, and A. Chin, “La;03/Siy3Geo7 p-MOSFETs with high
hole mobility and good device characteristics,” IEEE Electron Device Lett. Vol.
23, pp. 710-712 Dec. 2002.

[5-3] C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M.-F. Li,
and D. L. Kwong, “Very low defects and high performance Ge-on-Insulator
p-MOSFETs with Al,O3 gate dielectrics,” in VLSI Symp. Tech. Dig., 2003, pp.
119-120.

[5-4] T. Low, Y. T. Hou, M. F. Lin, Chunxiang Zhu, D. -L. Kwong, and Albert Chin,
“Germanium MOS: an evaluation from carrier quantization and tunneling
current,” in Symp. VLSI Tech. Dig., 2003, pp. 117-118.

[5-5] W.P. Bai, N. Lu, J. Liu, A. Ramirez, D. L. Kwong, D. Wristers, A. Ritenour, L.
Lee, and D. Antoniadis, “Ge MOS characteristics with CVD HfO, gate
dielectrics and TaN gate electrode,” in Symp. VLSI Tech. Dig., 2003, pp.
121-122.

[5-6] C. H. Huang, D. S. Yu, A. Chin, W. J. Chen, C. X. Zhu, M.-F. Li, B. J. Cho, and
D. L. Kwong, “Fully silicided NiSi and germanided NiGe dual gates on SiO/Si
and Al,O3/Ge-on-Insulator MOSFETs,” in IEDM Tech. Dig., 2003, pp. 319-322.

[5-7] T. Low, Y. T. Hou, M. F. Li, C. Zhu, A. Chin, G. Samudral and D. -L. Kwong,
“Investigation of performance limits of Germanium double-gated MOSFETSs,”
in IEDM Tech. Dig., 2003, pp. 691-694.

[5-8] N. Wu, Q. Zhang, C. Zhu, D. S. H. Chan, A. Du, N. Balasubramanian, M. F. Li,
98



A. Chin, J. K. O. Sin, and D. L. Kwong, “A TaN-HfO,-Ge pMOSFETs with
novel SiH, surface passivation,” IEEE Electron Device Lett., vol. 25, pp.

631-633, Sept. 2004.

[5-9] A. Chin, H. L. Kao, Y. Y. Tseng, D. S. Yu, C. C. Chen, S. P. McAlister, C. C. Chi,

[5-10]

[5-11]

[5-12]

[5-13]

[5-14]

“Physics and modeling of Ge-on-Insulator MOSFETs,” in European Solid State
Device Research Conf, (ESSDERC) Tech. Dig., 2005, pp. 285-288.

C. C. Yeo, B. J. Cho, F. Gao, S. J. Lee, C. X. Zhu, M. H. Lee, C.-Y. Yu, C. W.
Liu, L. J. Tang, and T. W. Lee “Electron mobility enhancement using ultrathin
pure Ge on Si substrate,” |IEEE Electron Device Lett., vol. 26, pp. 761-763, Oct.
2005.

W. P. Bai, N. Lu, and D.-L. Kwong “Si interlayer passivation on Germanium
MOS capacitors with high-k dielectric and metal gate,” IEEE Electron Device
Lett., vol. 26, no. 6, pp.378-380, June 2005.

T. Takahashi, T. Nishimura, L. Chen, S. Sakata, K. Kita, and A. Toriumi, “Proof
of Ge-interfacing concepts for metal/high-k/Ge CMQOS - Ge-intimate material
selection and interface conscious process flow -,” in IEDM Tech. Dig., 2007, pp.
697-700.

M. Kobayashi, T. Irisawa, B. M. Kope, Y. Sun, K. Saraswat, H. -S. P. Wong, P.
Pianetta and Y. Nishi, “High Quality GeO,/Ge Interface Formed by SPA
Radical Oxidation and Uniaxial Stress Engineering for High Performance Ge
NMOSFETSs,” in Symp. Tech. Dig., 2009, pp. 76-77.

J. H. Park, M. Tada, D. Kuzum, P. Kapur, H. Y. Yu, H-.S. P. Wong, and K. C.
Saraswat, “Low temperature (< 3809C) and high performance Ge CMOS
technology with novel source/drain by metal-induced dopants activation and
high-i/metal gate stack for monolithic 3D integration,” in IEDM Tech. Dig.,

2008, pp. 389-392.
99



[5-15]

[5-16]

[5-17]

[5-18]

[5-19]

[5-20]

[5-21]

Y. Nakakita, R. Nakane, T. Sasada, H. Matsubara, M. Takenaka and S. Takagi,
“Interface-controlled  self-align  source/drain  Ge pMOSFETs using
thermally-oxidized GeO; interfacial layers,” in IEDM Tech. Dig., 2008, pp.
877-880.

M. Houssa, G. Pourtois, M. Caymax, M. Meuris, and M. M. Heyns
“First-principles study of the structural and electronic properties of (100) Ge/Ge
(M)O; interfaces (M=Al, La, or Hf),” Appl. Phys. Lett, vol. 92,
pp.242101-242103, 2008.

Duygu Kuzum, Tejas Krishnamohan, Aneesh Nainani, Yun Sun, Piero A.
Pianetta, H. S-.P. Wong and Krishna C. Saraswat, “Experimental Demonstration
of High Mobility Ge NMOS,” in IEDM Tech. Dig., 2009, pp. 453-456.

C. H. Lee, T. Nishimura, N. Saido, K. Nagashio, K. Kita and A. Toriumi,
“Record-high Electron Mobility in Ge n-MOSFETSs exceeding Si Universality,”
in IEDM Tech. Dig., 2009, pp. 457-460.

Kiyohito Morii, Takashi Iwasaki, Ryosho Nakane, Mitsuru Takenaka and
Shinichi Takagi, “High Performance GeO,/Ge nMOSFETs with Source/Drain
Junctions Formed by Gas Phase Doping,” in IEDM Tech. Dig., 2009, pp.
681-684.

H.-Y. Yu, M. Kobayashi, W. S. Jung, A. K. Okyay, Y. Nishi, K. C. Saraswat,
“High Performance n-MOSFETs with Novel Source/Drain on Selectively
Grown Ge on Si for Monolithic Integration,” in IEDM Tech. Dig., 2009, pp.
685-658.

W. B. Chen and Albert Chin “Interfacial layer dependence on device property of
high-x TiLaO Ge/Si N-type metal-oxide-semiconductor capacitors at small
equivalent-oxide thickness,” Appl. Phys. Lett., vol. 95, pp. 212105-242107,

20009.
100



[5-22]

[5-23]

[5-24]

[5-25]

[5-26]

[5-27]

[5-28]

[5-29]

W. B. Chen and Albert Chin, “High Performance of Ge nMOSFETs Using SiO,
Interfacial Layer and TiLaO Gate Dielectric,” IEEE Electron Device Lett., vol.
30, pp. 80-82 Jan. 2010.

Y. H. Wu, M. Y. Yang, A. Chin, and W. J. Chen, “Electrical characteristics of
high quality La,Os dielectric with equivalent oxide thickness of 5A,” IEEE
Electron Device Lett., vol. 21, pp. 341-343, July 2000.

M. Y. Yang, D. S. Yu, and Albert Chin, “High-Density Radio-Frequency
Metal-Insulator-Metal capacitors using High-k La,O3; dielectrics,” J.
Electrochem. Soc. 151, pp. F162-165 (2004).

M. F. Chang, P. T. Lee, S. P. McAlister, and Albert Chin, “Low Subthreshold
Swing HfLaO/Pentacene Organic Thin-Film Transistors,” IEEE Electron
Devices Lett., vol. 29 pp. 215-217, Mar. 2008.

S. C. Sun and J. D. Plummer, “Electron mobility in inversion and accumulation
layers on thermally oxidized silicon surfaces,” IEEE Trans. Electron Devices,
vol. 27, no. 8, pp. 1497-1508, 1980.

D. Heh, G. Bersuker, J. Huang, P. D. Kirsch, H.-H. Tseng and R. Jammy,
“Mobility Reduction and Reliability Assessment of High-x Gate Stacks in Deep
Sub-nanometer EOT Region,” European Solid State Device Research Conf,
(ESSDERC) Tech. Dig., 2009, pp. 257-260.

M. Kobabyashi, J. Mitardl, T. Irisawa, T.—Y. Hoffmann, M. Meuris, K. Saraswat,
Y. Nishi and M. Heyns, “Experimental Demonstration of High Source Velocity
and Its Enhancement by Uniaxial Stress in Ge PFETs” in VLSI Symp. Tech. Dig.,
pp. 215-216, 2010.

Z. Zhang, S. C. Song, M. A. Quevedo-Lopez, K. Choi, “Co-Optimization of the
Metal Gate/High-k Stack to Achieve High-Field Mobility > 90% of SiO,

Universal Mobility With an EOT= 1 nm,” IEEE Electron Devices Lett., vol. 27,
101



pp. 185-187, March 2006.

Chapter 6 Gate-First TaN/La,03/SiO,/Ge n-MOSFETs Using Laser

Annealing
[6-1] C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M.-F. Li,

and D. L. Kwong, “Very low defects and high performance Ge-On-Insulator

p-MOSFETs with Al,O3 gate dielectrics,” in VLSI Symp. Tech. Dig., 2003, pp.
119-120.

[6-2] C. Chui, H. Kim, D. Chi, B. B. Triplett, P. C. Mclntyre, and K. C. Saraswat, “A

sub-400°C Ge MOSFET technology with high-k dielectric and metal gate,” in
IEDM Tech. Dig., 2002, pp. 437-440.

[6-3] W.P. Bai, N. Lu, J. Liu, A. Ramirez, D. L. Kwong, D. Wristers, A. Ritenour, L.
Lee, and D. Antoniadis, “Ge MOS characteristics with CVD HfO, gate

dielectrics and TaN gate electrode,” in Symp. VLSI Tech. Dig., 2003, pp.
121-122.

[6-4] N.Wu, Q. Zhang, C. Zhu, D. S. H. Chan, A. Du, N. Balasubramanian, M. F. Li,

A. Chin, J. K. O. Sin, and D. L. Kwong, “A TaN-HfO,-Ge pMOSFETs with

novel SiH, surface passivation,” IEEE Electron Device Lett., vol. 25, pp.

631-633, Sept. 2004.

[6-5] S. Zhu, R. Li, S. J. Lee, M. F. Li, A. Du, J. Singh, C. Zhu, A. Chin, and D. L.

Kwong, “Germanium pMOSFETs with Schottky-barrier germanide S/D,

high-  gate dielectric and metal gate,” IEEE Electron Device Lett. 26, pp.

81-83, Feb. 2005.

[6-6] W. P. Bai, N. Lu, and D.-L. Kwong “Si interlayer passivation on Germanium
MOS capacitors with high-k dielectric and metal gate,” IEEE Electron Device

Lett., vol. 26, no. 6, pp.378-380, June 2005.

[6-7] Q. Zhang, J. Huang, N. Wu, G. Chen, M. Hong, L. K. Bera, and C. Zhu,

102



[6-8]

[6-9]

[6-10]

[6-11]

[6-12]

[6-13]

[6-14]

“Drive-current enhancement in Ge n-channel MOSFET using laser annealing for
Source/Drain activation,” |IEEE Electron Device Lett., vol. 27, pp. 728-730, Sept.
2006.

M. Kobayashi, T. Irisawa, B. M. Kope, Y. Sun, K. Saraswat, H.-S. Philip Wong,
P. Pianetta and Y. Nishi, “High quality GeO,/Ge interface formed by SPA
radical oxidation and uniaxial stress engineering for high performance Ge
NMOSFETS,” in Symp. VLSI Tech. Dig., 2009, pp.76-77.

K. Kita, S. K. Wang, M. Yoshida, C. H. Lee, K. Nagashio, T. Nishimura, and A.
Toriumi, “Comprehensive study of GeO, oxidation, GeO desorption and
GeO,-metal interaction — understanding of Ge processing kinetics for perfect
interface control —,” in IEDM Tech. Dig., 2009, pp. 693-696.

K. Morii, T. Iwasaki, R. Nakane, M. Takenaka, and S. Takagi, “High
performance GeO,/Ge nMOSFETS with Source/Drain junctions formed by gas
phase doping,” in IEDM Tech. Dig., 2009, pp. 681-684.

D. Kuzum, T. Krishnamohan, A. Nainani, Y. Sun, P. A. Pianetta, H. S-. P.
Wong, and K. C. Saraswat, “Experimental demonstration of high mobility Ge
NMOQOS,” in IEDM Tech. Dig., 2009, pp. 453-456.

C. H. Lee, T. Nishimura, N. Saido, K. Nagashio, K. Kita and A. Toriumi,
“Record-high electron mobility in Ge n-MOSFETSs exceeding Si universality,”
in IEDM Tech. Dig., 2009, pp. 457-460.

H.-Y. Yu, M. Kobayashi, W. S. Jung, A. K. Okyay, Y. Nishi, K. C. Saraswat,
“High performance n-MOSFETs with novel source/drain on selectively grown
Ge on Si for monolithic integration,” in IEDM Tech. Dig., 2009, pp. 685-688.

W. B. Chen and Albert Chin, “High performance of Ge n-MOSFETS using SiO,
interfacial layer and TiLaO gate dielectric,” IEEE Electron Device Lett., vol. 31,

pp. 80-82, Jan. 2010.
103



[6-15]

[6-16]

[6-17]

[6-18]

[6-19]

[6-20]

T. Yamamoto, T. Kubo, T. Sukegawa, E. Takii, Y. Shimamune, N. Tamura, T.
Sakoda, M. Nakamura, H. Ohta, T. Miyashita, H. Kurata, S. Satoh, M. Kase,
and T. Sugii, “Junction profile engineering with a novel multiple laser spike
annealing scheme for 45-nm node high performance and low leakage CMOS
technology,” in IEDM Tech. Dig., 2007, pp. 143-146.

C. C. Liao, A. Chin, N. C. Su, M.-F. Li, and S. J. Wang, “Low V; gate-first
Al/TaN/[Ir;Si-HfSi,«]J/HfLaON CMOS using simple laser annealing/reflection,”
in Symp. VLSI Tech. Dig., 2008, pp.190-191.

F. Liu, H. S. Wong, K. W. Ang, M. Zhu, X. Wang, D. M. Y. Lai, P. C. Lim, and
Y. C. Yeo, “Laser annealing of amorphous Germanium on Silicon—-Germanium
Source/Drain for strain and performance enhancement in pMOSFETSs,” IEEE
Electron Device Lett., vol. 29, pp. 885-888, Aug. 2008.

C. Ortolland, L. -A. Ragnarsson, P. Favia, O. Richard, C. Kerner, T. Chiarella, E.
Rosseel, Y. Okuno, A. Akheyar, J. Tseng, J. —L. Everaert, T. Schram, S.
Kubicek, M. Aoulaiche, M. J. Cho, P. P. Absil, S. Biesemans, and T. Hoffmann,
“Optimized ultra-low thermal budget process flow for advanced high-k/metal
gate first CMOS using laser-annealing technology,” in Symp. VLSI Tech. Dig.,
2009, pp.38-39.

C.Y.0Ong, K. L. Pey, K. K. Ong, D. X. M. Tan, X. C. Wang, H. Y. Zheng, C. M.
Ng, and L. Chan, “A low-cost method of forming epitaxy SiGe on Si substrate
by laser annealing,” Appl. Phys. Lett., vol. 94, pp. 082104-082106, Feb. 2009.
M. F. Chang, P. T. Lee, S. P. McAlister, and Albert Chin, “Low subthreshold
swing HfLaO/pentacene organic thin-film transistors,” IEEE Electron Devices

Lett., vol. 29, no. 8, pp. 215-217, March 2008.

Chapter 7 Higher Gate Capacitance Ge n-MOSFETs Using Laser

104



Annealing
[7-1] C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M.-F. Li,
and D. L. Kwong, “Very low defects and high performance Ge-On-Insulator
p-MOSFETs with Al,O3 gate dielectrics,” in VLSI Symp. Tech. Dig., 2003, pp.
119-120.
[7-2] C. Chui, H. Kim, D. Chi, B. B. Triplett, P. C. Mclntyre, and K. C. Saraswat, “A
sub-4009C Ge MOSFET technology with high-k dielectric and metal gate,” in
IEDM Tech. Dig., Dec. 2002, pp. 437-440.
[7-3] W.P. Bai, N. Lu, J. Liu, A. Ramirez, D. L. Kwong, D. Wristers, A. Ritenour, L.
Lee, and D. Antoniadis, “Ge MOS characteristics with CVD HfO, gate

dielectrics and TaN gate electrode,” in Symp. VLSI Tech. Dig., 2003, pp.
121-122.

[7-4] N.Wu, Q. Zhang, C. Zhu, D. S. H. Chan, A. Du, N. Balasubramanian, M. F. Li,

A. Chin, J. K. O. Sin, and D. L. Kwong, “A TaN-HfO,-Ge pMOSFETs with
novel SiH, surface passivation,” IEEE Electron Device Lett.,, vol. 25, pp.
631-633, Sept. 2004.

[7-5] S. Zhu, R. Li, S. J. Lee, M. F. Li, A. Du, J. Singh, C. Zhu, A. Chin, and D. L.
Kwong, “Germanium pMOSFETs with Schottky-barrier Germanide S/D, high-«
Gate dielectric and metal gate,” IEEE Electron Device Lett. 26, pp. 81-83, Feb.
2005.

[7-6] W. P. Bai, N. Lu, and D.-L. Kwong “Si interlayer passivation on Germanium

MOS capacitors with high-k dielectric and metal gate,” IEEE Electron Device

Lett., vol. 26, no. 6, pp.378-380, June 2005.

[7-7] Q. Zhang, J. Huang, N. Wu, G. Chen, M. Hong, L. K. Bera, and C. Zhu,
“Drive-current enhancement in Ge n-channel MOSFET using laser annealing for

Source/Drain activation,” |EEE Electron Device Lett., vol. 27, no. 9,pp.
105



[7-8]

[7-9]

[7-10]

[7-11]

[7-12]

[7-13]

[7-14]

728-730, 2006.

M. Kobayashi, T. Irisawa, B. M. Kope, Y. Sun, K. Saraswat, H.-S. Philip Wong,
P. Pianetta and Y. Nishi, “High quality GeO,/Ge interface formed by SPA
radical oxidation and uniaxial stress engineering for high performance Ge
NMOSFETS,” in Symp. VLSI Tech. Dig., 2009, pp.76-77.

K. Kita, S. K. Wang, M. Yoshida, C. H. Lee, K. Nagashio, T. Nishimura, and A.
Toriumi, “Comprehensive study of GeO, oxidation, GeO desorption and
GeO,-metal interaction — understanding of Ge processing kinetics for perfect
interface control —,” in IEDM Tech. Dig., 2009, pp. 693-696.

K. Morii, T. Iwasaki, R. Nakane, M. Takenaka, and S. Takagi, “High
performance GeO,/Ge nMOSFETSs with Source/Drain junctions formed by gas
phase doping,” in IEDM Tech. Dig., 2009, pp. 681-684.

D. Kuzum, T. Krishnamohan, A. Nainani, Y. Sun, P. A. Pianetta, H. S-. P.
Wong, and K. C. Saraswat, “Experimental demonstration of high mobility Ge
NMOQOS,” in IEDM Tech. Dig., 2009, pp. 453-456.

C. H. Lee, T. Nishimura, N. Saido, K. Nagashio, K. Kita and A. Toriumi,
“Record-high electron mobility in Ge n-MOSFETSs exceeding Si universality,”
in IEDM Tech. Dig., 2009, pp. 457-460.

H.-Y. Yu, M. Kobayashi, W. S. Jung, A. K. Okyay, Y. Nishi, K. C. Saraswat,
“High performance n-MOSFETs with novel source/drain on selectively grown
Ge on Si for monolithic integration,” in IEDM Tech. Dig., 2009, pp. 685-688.

T. Yamamoto, T. Kubo, T. Sukegawa, E. Takii, Y. Shimamune, N. Tamura, T.
Sakoda, M. Nakamura, H. Ohta, T. Miyashita, H. Kurata, S. Satoh, M. Kase,
and T. Sugii, “Junction profile engineering with a novel multiple laser spike
annealing scheme for 45-nm node high performance and low leakage CMOS

technology,” in IEDM Tech. Dig., 2007, pp. 143-146.
106



[7-15] W. B. Chen and Albert Chin, “High performance of Ge n-MOSFETSs using SiO;
interfacial layer and TiLaO gate dielectric,” IEEE Electron Device Lett., vol. 31,
pp. 80-82, Jan. 2010.

[7-16] D. S. Yu, Albert Chin, C. C. Laio, C. F. Lee, C. F. Cheng, W. J. Chen, C. Zhu,
M.-F. Li, S. P. McAlister, and D. L. Kwong, “3D GOI CMOSFETs with novel
IrO,(Hf) dual gates and high-« dielectric on 1P6M-0.18 m-CMOS,” in IEDM
Tech. Dig., 2004, pp. 181-184.

[7-17] F. Liu, H. S. Wong, K. W. Ang, M. Zhu, X. Wang, D. M. Y. Lai, P. C. Lim, and
Y. C. Yeo, “Laser annealing of amorphous Germanium on Silicon—-Germanium
source/drain for strain and performance enhancement in pMOSFETS,” IEEE
Electron Device Lett., vol. 29, no. 8, pp. 885-888, 2008.

[7-18] C. C. Liao, A. Chin, N. C. Su, M.-F. Li, and S. J. Wang, “Low V; gate-first
Al/TaN/[Ir;Si-HfSi,«]/HfLaON CMOS using simple laser annealing/reflection,”
in Symp. VLSI Tech. Dig., pp.190-191, 2008.

[7-19] C. Ortolland, L. -A. Ragnarsson, P. Favia, O. Richard, C. Kerner, T. Chiarella, E.
Rosseel, Y. Okuno, A. Akheyar, J. Tseng, J. —L. Everaert, T. Schram, S.
Kubicek, M. Aoulaiche, M. J. Cho, P. P. Absil, S. Biesemans, and T. Hoffmann,
“Optimized ultra-low thermal budget process flow for advanced high-k/metal
gate first CMOS using laser-annealing technology,” in Symp. VLSI Tech. Dig.,
pp.38-39, 2009.

[7-20] C.Y.Ong, K. L. Pey, K. K. Ong, D. X. M. Tan, X. C. Wang, H. Y. Zheng, C. M.
Ng, and L. Chan, “A low-cost method of forming epitaxy SiGe on Si substrate
by laser annealing,” Appl. Phys. Lett., vol.94, N0.082104, pp.1-3, 20009.

[7-21] C. Y. Tsai, K. C. Chiang, S. H. Lin, K. C. Hsu, C. C. Chi, and Albert Chin,
“Improved capacitance density and reliability of high-kx Ni/ZrO,/TIN MIM

capacitors using laser annealing technique,” IEEE Electron Device Lett., vol. 31,
107



pp.749-751, July 2010.

[7-22] Y. H. Wu, M. Y. Yang, Albert Chin, and W. J. Chen, “Electrical characteristics of
high quality La,Os dielectric with equivalent oxide thickness of 5A,” IEEE
Electron Device Lett., vol. 21, pp. 341-343, July 2000.

[7-23] W. J. Zhu, J.- P. Han and T. P. Ma, “Mobility measurement and degradation
mechanisms of MOSFETs made with ultrathin high-k dielectrics,” IEEE Trans.

Electron Devices, vol. ED-51, pp. 98-105, Jan. 2004.

108



Vita
Name: Wei-Barn Chen (Ben Chen)
Sex: Male
Birthday: 1981/12/09
Address: No.2-11, Shuiyuan Rd., Magong City, Penghu County 880,
Taiwan (R.O.C.).
Education:
B. S. Degree:
Department of Industrial Technology Education, National Kaohsiung
Normal University (Sept. 2002 to June 2006)
M. S. Degree:
Department of Electronics Engineering & Institute of Electronics,
National Chiao Tung University (Sept. 2006-June 2007)
Ph. D. Degree:
Department of Electronics Engineering & Institute of Electronics,

National Chiao Tung University (Sept. 2007- Oct. 2010)

109



Publication Lists

(A) International Journal:

1.

4.

W. B. Chen, and Albert Chin, “Interfacial Layer Dependence on Device
Property of High-k TiLaO Ge/Si N-Type Metal-Oxide-Semiconductor
Capacitors at Small Equivalent- Oxide Thickness,” Appl. Phys. Lett., vol. 95,
no. 21, pp. 212105-212107, Nov. 2009.

W. B. Chen, and Albert Chin, “High Performance of Ge n-MOSFETs Using
SiO; Interfacial Layer and TiLaO Gate Dielectric,” IEEE Electron Device
Lett., vol. 31, no. 1, pp. 80-82, Jan. 2010.

W. B. Chen, C. H. Wu, B. S. Shie, and Albert Chin, “Gate-First
TaN/La,03/Si0,/Ge n-MOSFETs Using Laser Annealing,” IEEE Electron
Device Lett., 2010 (in print).

W. B. Chen, C. H. Cheng, C. W. Lin, P. C. Chen, and Albert Chin, “High
Field Mobility Metal-Gate/high-«x Ge n-MOSFETs with Small Equivalent-
Oxide-Thickness,” Solid State Electronics, 2010 (accepted).

W. B. Chen, C. H. Cheng, and Albert Chin, “High Performance Gate-First
Epitaxial Ge n-MOSFETs on Si with LaAlO3; Gate Dielectrics,” IEEE Trans.
Electron Device, 2010 (accepted).

C. H. Cheng, H. H. Hsu, W. B. Chen, Albert Chin, and F. S. Yeh,
“Characteristics of Cerium Oxide for Metal-Insulator-Metal Capacitors,”
Electrochem. & Solid-State Lett., vol. 13, no. 1, pp. H16-H19, Jan. 2010.

S. H. Lin, C. H. Cheng, W. B. Chen, F. S. Yeh, and Albert Chin, “Low
Threshold Voltage TaN/LaTiO n-MOSFETs with Small EOT,” IEEE Electron

Device Lett., vol. 30, pp. 999-1001, Sep. 2009.

. S. H. Lin, C. H. Cheng, W. B. Chen, F. S. Yeh, and Albert Chin, “Low

110



Threshold \oltage TaN/Ir/LaTiO p-MOSFETSs Incorporating
Low-Temperature-Formed Shallow Junctions,” IEEE Electron Device Lett.,
vol. 30, pp. 681-683, June 2009.

9. S. H. Lin, C. H. Cheng, W. B. Chen, F. S. Yeh, and Albert Chin, “Low
Threshold \oltage TaN/Ir/LaTiO p-MOSFETs Incorporating
Low-Temperature-Formed Shallow Junctions,” IEEE Electron Device Lett.,
vol. 30, pp. 681-683, June 20009.

10. S. H. Lin, H. J. Yang, W. B. Chen, F. S. Yeh, S. P. McAlister, and Albert
Chin, “Improving the Retention and Endurance Characteristics of
Charge-Trapping Memory by Using Double Quantum Barriers,” |IEEE Trans.
Electron Device, vol. 55, pp. 1708-1713, July 2008.

11. H. J. Yang, C. F. Cheng, W. B. Chen, S. H. Lin, F. S. Yeh , S. P. McAlister,
and Albert Chin, “Comparison of MONOS Memory Device Integrity when
Using Hfi.«yNxOy Trapping Layers with different N Compositions,” IEEE
Trans. Electron Device, vol. 55, pp. 1417-1423, June 2008

(B) Conferences & Proceeding

1. W. B. Chen, B. S. Shie, Albert Chin, K. C. Hsu, and C. C. Chi, “Higher
Metal-Gate/High-k/Ge n-MOSFETs with <1 nm EOT Using Laser
Annealing,” International Electron Devices Meeting (IEDM) Tech. Dig.

(IEEE), San Francisco, Dec. 2010 (accepted).

111



	01論文封面.pdf
	Abstract-Ch
	Abstract-En
	acknowledgement
	Contents
	Table & picture Captions
	ch-1-ref

