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Abstract

Germanium (Ge) semiconductor hasbeen_considered as an alternative channel
material in replace of Si for future high-performance CMOS technology, because its
higher carrier mobility for both electrons (2.6 times) and holes (4.2 times). However,
the Ge-MOS technology has the most-critical issue hindering the application of Ge is
lack of high-quality and stable Ge sub-oxide (GeOy). In this study, to solve the
thermal decomposition of GeOy the high pressure water treatment (supercritical fluids
technology) is employed originally to eliminate the GeOy interlayer and improve the
properties of ZrO, high-k film. First, the thermal stability of ZrO,/Ge stack is
analyzed by the sample treated with 250°C high vacuum furnace annealing for 30min
and then treated by 300°C, 400°C and 500°C N, RTA for 30s respectively. Second, the
high pressure water treatment (SCF) at 100°C and 3000psi for 1hr used to the sample

which is treated by 500°C N, RTA for 30s. By HR-TEM, XPS analyses, it can verify



the elimination of GeOy interlayer due to the SCF treatment surely, and it can explain

the improvement of the gate leakage after SCF treatment. According to the many

reference paper, we indicate the mechanism about the reduction of GeOy interlayer in

Zr0,/Ge by SCF treatment. Besides, the Water Vapor Annealing is used to verify the

water treatment has the ability of redox in the ZrO,/Ge stack, and though the

annealing by suitable temperature can repair the interface to improve the electric

characteristic of ZrO,/Ge device. The SCF treatment on high performance

Ge-MOSFET shows promise as critical technology in resolving GeOy decomposition.
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Chapter 1

Introduction

1.1 General Background

From the 1960s to current IC industry, Moore's Law is the key to lead the
semiconductor industry; it’s say that the number of transistors per unit area has
doubled every 18 months. That means more transistors are integrated on a chip,
enabling higher performance and reduced cost. To follow Moore’s Law, the dimension
of transistors must continue to be secaling down. However, as the channel length and
gate oxide thickness of complementary metal oxide semiconductor (CMOS) devices
continuous to shrink, short-channel.effect ™ and power consumption @ are critical
problems we faced separately.

For the metal-oxide-semiconductor field-effect transistor (MOSFET), the drive
current can be representation of the performance of MOSFET device, higher drive
current indicate higher performance. The first order current-voltage approximation

drive current in saturation region is expressed as

1w 2
IDS = ET Cox (Ves _VT) (1-1)

P2y
Cox = —ox (1-2)



Where W is the channel width, L is the effective channel length, p is the mobility of
channel material, Cox is the gate oxide capacitance per unit area, Vgs is the voltage
applied on gate to source, Vr is the threshold voltage, €ox is the dielectric constant of
gate oxide, tox is the gate oxide thickness. As feature size is scale down, gate length
(L) and oxide thickness (tox) shrink to lead high drive current, as scale down
continuously, the above mention problems become the dramatic challenges because
physical limitation of size effect. Elevating channel mobility is a way to get higher
performance and avoid size issues. Enable to get high mobility for silicon based
CMOS, there are two major technology; vertical structure ® and channel strain [4,5]
can enhance mobility of silicon channel about dozens percent ™%, Although the
techniques can improve carrier mobility to get high performance of silicon based
CMOS devices, but also face to the problems of processing is too complicated, low
throughput and poor yield make cost too high. To resolve the challenges and still keep
CMOS performance ongoing, a simple and intuitive way is replace silicon with new
channel material.

Germanium (Ge) semiconductor has been considered as a alternative channel
material in replace of Si for future high-performance CMOS technology, because its
higher carrier mobility for both electrons (2.6 times) and holes (4.2 times), lower

dopant thermal activation energies for shallower junction formation and compatible



fabrication processes with existing silicon manufacturing infrastructure. However, the
Ge-MOS technology still has many challenges and not been widely deployed. The
most critical issue hindering the application of Ge is lack of high-quality and stable
Ge insulation oxide comparable to silicon dioxide (SiO,) for silicon &, The poor
native Ge oxide (GeO,) layer would be soluble in water and thermally decomposed at
low temperature (about 420°C) induced Ge diffuses into gate dielectric layer during
the thermal deposition or post-deposition annealing (PDA) processes. The reaction of
GeO, decomposition can be expressed as
Ge+Ge0, — 2GeOy) (1-3)
Sequentially, poor interface properties and high-gate leakage current will be
exhibited in the Ge-MOS device . “Various pre-gate surface modification
techniques, such as surface nitridation or Si passivation, have been developed to

improve the quality of gate insulator/Ge interface 14

. It was also reported that
high-performance Ge MOSFET could be realized by careful control of interfacial
GeO, formation . In my thesis, first, a low-temperature supercritical CO, (SCCO,)
fluid technology is proposed as a post-gate dielectric treatment at 100°C to reduction
the Ge-suboxide in dielectric/Ge interface after high-temperature PDA process. On

the second hand, the low temperature water vapor RTA with N, to reduce the defect

on the interface after reduction of Ge-suboxide. In summary, we can form the Ge



MOS-C with low gate leakage and good interface of Ge with dielectric.

The supercritical fluid (SCF), which is exists above specific critical pressure and
temperature, as shown in Fig 1-1 ™ It provides good liquid-like solvency and high
gas-like diffusivity, giving it excellent transport capacity 7). Table 1-1 shows critical
pressure and temperature for some common fluids. CO; is easy to acquire and safe to
be as supercritical fluid and it is easy to achieve supercritical state, low critical
temperature (room temperature at 30°C) and not high critical pressure (1072psi = 72.8
atm), non-toxic, non-flammable, and inexpensive. The oxidant is also easily dissolved
in SCCO, fluid with specific surfactants. Thereby, we choose SCCO, fluid to
transport the oxidant and penetrate the dielectric layer for trap passivation and

interface oxidation at low temperature 820,

1.2 Motivation

To achieve a low temperature process on Ge-MOS device, high-k material is a
good candidate to be gate dielectric for Germanium substrate. There are least four
requirements to form gate dielectric on Germanium. First, the dielectric constant must
be high (>20). Second, must be thermodynamic stable with Ge, the high-k material
does not react with the Ge during depositing, to avoid a low-k interfacial layer formed

during depositing, and make the dielectric constant of high-k material decrease. Third,



large enough band offset with Ge (>1eV), enough barrier high between Ge and gate
dielectric can prevent the high leakage by carriers get thermal energy to overcome the
barrier between Ge and gate oxide and to create leakage. Forth, form a good interface
with Ge. The hafnium oxide (HfO,) and the zirconium oxide (ZrO,) are meeting the
above four conditions, and have been widely studied. For high-k metal gate, HfO; is
widely used in 45nm processing. Because of it has better thermodynamic stability
than ZrO; on silicon. However, for germanium as the channel material, ZrO, is more
compatible than HfO,, because of less interfacial layer which is low-k layer formed
after post-deposition annealing due to Ge.intermixing in ZrO, . In addition, very
high-k (k~37) ZrO, have been‘proposed via Ge incorporation into ZrO, #2. Therefore,
ZrO, is a good high-k material deposited on Ge, we choose ZrO, as our research
high-k material.

Among several metal oxide films formations, in general, low temperature
deposition is prefer, because of the low thermal budget and low costs. However, the
low-temperature deposition films may cause poor interfacial properties with substrate
and larger leakage current due to numerous traps inside the bulk metal oxide film.
Proper annealing can reduced leakage and remove oxide charges and interface traps in
the ZrO,. But for germanium substrate, the thermal stability of GeO, is a critical

problem to form a good Ge-MOS. Because PDA or following high-temperature



processes (like S/D annealing) could induce Ge decomposition into gate dielectric and
increase leakage source enhance the leakage current after annealing. On my thesis, we
use the low-temperature (100°C) technique supercritical fluid (SCF) to transport the
oxidant and penetrate the dielectric layer for trap passivation and interface oxidation
at low temperature. And by leakage current fitting to see how leakage mechanism
transfers after SCF treats. Next, to repair the interface of ZrO,/Ge after SCF treatment
we use the Water Vapor Annealing. And then we combine these methods to form a

good interface of ZrO,/Ge.

1.3 Organization of the Thesis

In chapter 2, we introduce the process flow of High-k on Germanium substrate
Metal-Insulator-Semiconductor Capacitor (MIS-C) fabrication first. Second, the
process instruments are introduced about RF-sputter, Vacuum Annealing Furnace,
Rapid Thermal Annealing, Supercritical Fluid (SCF), Thermal coater. Third, electrical
characteristics analysis instrument and material characteristics analysis instrument
about X-ray Photoelectron Spectroscopy (XPS) and High-Resolution Transmission
Electron Microscopy (HRTEM) are all introduced. Finally, the parameters extraction
and transportation mechanism are also discussed in this chapter.

In chapter 3, there are two parts, we first study the effect of two steps PDA on



the ZrO, film which deposited by sputter on Germanium substrate, then discussing the
thermal stability and the quality of high-k film. Then we accede Supercritical Fluid
treatment(SCF) to our work and analyze in various electrical analysis techniques, such
as capacitance-voltage (CV) and current density-voltage (JV) by Agilent 4980 and
Keithley 4200 were perform to characteristic the device performance and analysis the
interface and bulk quality of gate dielectric. For material analysis, such as x-ray
photoelectron spectroscopy (XPS) and high-resolution transmission electron
microscopy (HRTEM) to analyze variation of the interface after PDA and SCF.

On the second part, this section is continued from the preceding paragraph. First,
we deposit the ZrO, high-k gate dielectric on Ge substrates, and then anneal by using
rapid thermal annealing with wet nitrogen (with water vapor). The annealing in water
vapor can suppress growth of unstable low-k GeOy interlayer in Ge
metal-oxide-semiconductor capacitor with high-k gate dielectric ?® by reducing the
GeOy to Ge and through the low thermal budget process can repair the defect which
produced by reduction of GeOy in the interlayer. Second, to compare annealing with
and without water, we use the rapid thermal annealing with nitrogen to compare with
water vapor annealing. By analyzing C-V and J-V curve which help us to understand
the recovery of the defect in interlayer after GeOy reduction whether it need oxygen or

not. And various material analysis techniques, such as high-resolution transmission



electron microscopy (HRTEM), x-ray photoelectron spectroscopy (XPS), were

performed to characteristic the cross section of device and surface morphology. In the

end, we combine the Supercritical Fluid treatment and water vapor annealing to form

the device with good interface and low defect in the bulk high-k dielectric.

Finally, in chapter 4, we give the conclusions and suggestions of the thesis for

the future work.
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Fig. 1-1'Phase diagram for CO..

Fluid Critical Critical Pressure (Psi)
w Temperature( 'C) { latm=14.7psi )

Heliu ( He ) -268 33
Neon { Ne ) -229 400
Argon ( Ar) -122 706
Nitrogen (N, -147 492
Oxygen ( Oy ) -119 731
Carbon dioxide ( CO,) 3] 1072
sulfur hexafluoride { 8F; ) 46 545
Ammonia ( NH; ) 133 1654
Water (H,0 ) 374 3209

Table 1-1 Critical temperature and pressure for some common fluids.




Chapter 2

Experiment Instrument and Process

2.1 Experiment instrument of High-k on Germanium base
Metal-Insulator-Semiconductor Capacitor

2.1.1 RF Sputtering

Sputter  deposition is a physical vapor deposition (PVD) method
of depositing thin films by sputtering, that is ejecting, material from a "target,” that is
source, which then deposits onto a "substrate,"'such as a silicon wafer. Resputtering is
re-emission of the deposited material-during the deposition process by ion or atom
bombardment. Sputtered atoms ejected from the target have a wide energy
distribution, typically up to tens of€V (100,000 K). The sputtered ions (typically only
a small fraction — order 1% — of the ejected particles are ionized) can ballistically
fly from the target in straight lines and impact energetically on the substrates or
vacuum chamber (causing resputtering). Alternatively, at higher gas pressures, the
ions collide with the gas atoms that act as a moderator and move diffusively, reaching
the substrates or vacuum chamber wall and condensing after undergoing a random
walk. The entire range from high-energy ballistic impact to low-energy thermalized
motion is accessible by changing the background gas pressure. The sputtering gas is

often an inert gas such as argon. For efficient momentum transfer, the atomic weight
10
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of the sputtering gas should be close to the atomic weight of the target, so for

sputtering light elements neon is preferable, while for heavy elements krypton or

xenon are used. Reactive gases can also be used to sputter compounds. The compound

can be formed on the target surface, in-flight or on the substrate depending on the

process parameters. The availability of many parameters that control sputter

deposition make it a complex process, but also allow experts a large degree of control

over the growth and microstructure of the film. Charge build-up on insulating targets

can be avoided with the use of RF sputtering where the sign of the anode-cathode bias

is varied at a high rate, as Fig.»2-1. RE. sputtering works well to produce highly

insulating oxide films but only with the added expense of RF power supplies and

impedance matching networks. Stray magnetic fields leaking from ferromagnetic

targets also disturb the sputtering process. Specially designed sputter guns with

unusually strong permanent magnets must often be used in compensation.

Substrate
Eglder
' Target ’1
V
Cu
M Plasma
é Vo
_”,L”’ e cad

Fig. 2-1 RF sputtering.
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2.1.2 Water Vapor Rapid Thermal Annealing System

Rapid Thermal Anneal (RTA) is a subset of Rapid Thermal Processing as Fig.

2-2. It is a process used in semiconductor device fabrication which consists of heating

a single wafer at a time in order to affect its electrical properties. Unique heat

treatments are designed for different effects. Wafers can be heated in order to activate

dopants, change film-to-film or film-to-wafer substrate interfaces, density deposited

films, change states of depositing films, repair damage from ion implantation, move

dopants or drive dopants from one_film into another or from a film into the wafer

substrate. Rapid thermal anneals are performed by.equipment that heats a single wafer

at a time using either lamp based heating, a hot chuck; or a hot plate that a wafer is

brought near. Unlike furnace anneals they.are-short in duration, processing each wafer

in several minutes. To achieve short time annealing time trade off is made in

temperature and process uniformity, temperature measurement and control and wafer

stress as well as throughput. And it can change the input gas to achieve different

thermal treatment, even water vapor system, Fig. 2-3. Recently, RTP-like processing

has found applications in another rapidly growing field — solar cell fabrication.

RTP-like processing, in which an increase in the temperature of the semiconductor

sample is produced by the absorption of the optical flux, is now used for a host of

solar cell fabrication steps, including phosphorus diffusion for N/P junction formation
12
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and impurity gettering, hydrogen diffusion for impurity and defect passivation, and

formation of screen-printed contacts using Ag-ink for the front and Al-ink for back

contacts, respectively.

External Chamber Ramp Ramp
R T R, R A P e, B o Up . Down
[T o ' ' '
5 i I
= -
Process — i o
cﬂ'.v* Q
Gas Feed Q
7] 5 e
; : g
210000000000

O T s R L e o T ol S g e
ORIy B PR S8 T n R R e S e g R
T

Tungsten-Halogen

Quartz Chamber @ Lamp

IR Pyrometer Time
>1000C/sec >50°C/sec

Fig. 2-2 Rapid-thermal annealing system.
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Fig. 2-3 Water vapor system.
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2.1.3 Supercritical Fluid System

Supercritical fluid (SCF) is compound above their critical temperatures and
pressure, as shown in Fig 1-1. ™ 1 The attractiveness of supercritical fluid for
commercial applications is their unique combination of liquid-like and gas-like
properties. The supercriticality is a strange and intriguing state in which solids can
dissolve in gases, and liquids can alternate between reflectivity and transparency. The
critical temperature and pressure for some_common supercritical fluids are displayed
in Table 1-1. The CO,-based supercritical fluid is particularly attractive because CO,
is non-toxic, non-flammable, ‘recyclable, and inexpensive and has a reasonably high
solvent power for most organic components. Besides, its critical conditions are easily
achievable with existing process equipment (31 °C, 1072 psi =72.8 atm).

Figure 2-5 shows the density-pressure-temperature surface for pure CO,. It can
be discovered that relatively small changes in temperature or pressure near the critical
point, resulting in large changes in density. Table 2-1 shows the comparison of several
physical properties of typical liquid, vapor, and supercritical fluid state for CO,. It
could be seen that supercritical CO, (SCCO,) fluid possesses liquid-like density, so
that SCCO; fluid is analogous with light hydrocarbon to dissolve most solutes and

own exceptional transport capability. ** %! On the other hand, SCCO, fluid hold

14



gas-like characteristic due to their viscosity and surface tension are extremely low, it
allows SCCO; fluid to keep superior diffusion capability than liquid to enter the
nano-scale dimension, as shown in Fig. 2-7. These properties are the reasons for
SCCO; fluid to employ in many commercial applications, including the extraction of
caffeine from coffee, fats from foods, and essential oils from plants for using in
perfumes. Furthermore, in recent years, many records were investigated with SCCO,
fluid to apply in semiconductor fabrication by means of its high mass transfer rates
and infiltration capabilities to clean wafer, strip photoresist, repair low-k material
(2529 Figure 2-8 is the Scanning Electron Microscope (SEM) image of removing
photoresist and photoresist residue from ion implant wafers. To put it briefly, SCCO,
fluid is one of the green solvents. and suitable for the fabrication of nano-structure
devices.

WA
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- CO, molecule
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Fig. 2-4 The supercritical fluid element.
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- Supercritical
Liquid Fluid Vapor
Density ( giem?) 1.0 0.3 ~ 0.7 ~ 10
Diffusivity ( cm?/sec ) = 105 10-2~ 10 ~ 101
Viscosity ( g/cm-sec) ~ 1072 10-3~ 106 ~ 108

Tab. 2-1 Comparison of physical properties of CO..
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Fig. 2-7 Schematic of cleaning high aspect ratio structures with liquids and
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2.2 Process Flow of Zirconium Oxide on Germanium Substrate

Metal-Insulator-Semiconductor Capacitor (MIS-C) Fabrication

A 0.003 ohm-cm p-type (100) Ge wafer was cleaned with cycling DHF
clean process and immediately loaded into the sputter chamber. As the chamber
pressure reached to the 2x10°® torr, about 5nm ZrO, film was deposited by RF-sputter.
First, the sample was subjected to the post deposition annealing, first under 250°C for
30min in high vacuum furnace to be the STD sample, and then anneal with 300°C -
400°C and 500°C for 30sec by rapid.temperature annealing (RTA) in nitrogen
environment, separately. The SCF treatment was performed right after the 500°C RTA
to repair the device performance. The sample was placed in a SCF system at 100°C
for 1 hr, where was injected with 3000 psi of SCCO; fluid that were mixed with 10
vol.% of propyl-alcohol and 10 vol.% of DI water. Finally, deposit 100nm
tantalum-nitride electrodes by sputter and 500nm aluminum electrodes by thermal
evaporation on the top surface of ZrO, film with two electrode areas of 3.14x10™ cm?
and 2.83x10° cm?, then BOE the back side of germanium wafer and deposit 500nm
aluminum as back electrodes to fabricate MOS capacitors. The experiment flows of
ZrO,/Ge capacitor with various treatments are exhibited in Fig. 2-8.

Second, a 0.003 ohm-cm p-type (100) Ge wafer was also cleaned with cycling
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DHF clean process and immediately loaded into the sputter chamber. As the chamber
pressure reached to the 2x10°® torr, about 5nm ZrO, film was deposited by RF-sputter.
There are two environment for rapid thermal annealing, first, the sample was annealed
by using rapid thermal annealing in wet nitrogen (with water vapor) environment with
300°C for 3mins. Another is annealing in dry nitrogen environment without oxygen
with 300°C for 3mins. Finally, deposit 100nm tantalum-nitride electrodes by sputter
and 500nm aluminum electrodes by thermal evaporation on the top surface of ZrO,
film with two electrode areas of 3.14x10™ cm? and 2.83x10® cm?, then use BOE to
the back side of germanium wafer and deposit 500nm aluminum as back electrodes to
fabricate MOS capacitors. The experiment flows of ZrO,/Ge capacitor with various
treatments are also exhibited in‘Fig. 2-9.

In the end, we combine this two methods Supercritical Fluid treatment and water
vapor annealing to form the device with good interface and low defect in the bulk
high-k dielectric. First, we deposit about 5nm ZrO, film on Ge substrate by RF-spultter,
and then anneal with 500°C for 30sec by Rapid Temperature Annealing (RTA) in
nitrogen environment. Second, we use the Supercritical Fluid treatment (SCF) with
100°C and 3000psi for 1hr, and then anneal with 300°C for 3min by Rapid
Temperature Annealing (RTA) in wet nitrogen environment (water vapor and
nitrogen). The last, we deposit 100nm tantalum-nitride electrodes by sputter and
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500nm aluminum electrodes by thermal evaporation on the top surface of ZrO, film

and bottom of substrate.
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Fig. 2-8 The experiment flows ZrO. S(_ tor with different PDA treatment
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Fig. 2-9 The experiment flows of ZrO,/Ge capacitor with wet N, treatment.
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2.3 Analysis Methods

2.3.1 Methods of Electrical Characteristics

2.3.1.1 Parameter Description
There are three parameters represent the characteristics of MOS capacitors.

»  Effective Oxide Thickness (EOT)

cC - Esio0, A _ Ez10, A (2-1)
T OEOT  dy

EOT = 5% g (2-2)

ZrO,

Eq. (2-1) represents the gate.oxide capacitance equivalent thickness of the SiOo,
Eqg. (2-2) represents the effective oxide thickness (EOT) related to the dielectric
constant of ZrO,. For the Eq. (2-2), the less EOT represents the value of k is higher.
Where &sio, 15 dielectric constant of SiO,, €70, is dielectric constant of ZrO,, diick IS
thickness of ZrO,.
» Flat Band Voltage (Vi)
Veg = s == (2-3)
Eq. (2-3) represents the number of charge exists inside the dielectric, that means

the Vg, near the zero bias, the less oxide charges existing inside the dielectric. Where
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oms IS the work function difference between gate and substrate, Qo is the number of

oxide charges in the dielectric.

»  Hysteresis (AVi)

Hysteresis represents the quality of interface between the dielectric and substrate,

smaller AVy, indicate better interface quality.

2.3.2 Methods of Material analysis

2.3.2.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy -(XPS) .i1s “a quantitative spectroscopic

technique that measures the elemental” composition, empirical formula,chemical

state and electronic state of the elements-that-exist within a material. XPS spectra are

obtained by irradiating a material with a beam of X-rays while simultaneously

measuring the kinetic energy and number of electrons that escape from the top 1 to

10 nm of the material being analyzed. XPS requires ultra high vacuum (UHV)

conditions. XPS is a surface chemical analysis technique that can be used to analyze

the surface chemistry of a material in its "as received" state, or after some treatment,

for example: fracturing, cutting or scraping in air or UHV to expose the bulk

chemistry, ion beam etching to clean off some of the surface contamination, exposure

23


http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Empirical_formula
http://en.wikipedia.org/wiki/Chemical_state
http://en.wikipedia.org/wiki/Chemical_state
http://en.wikipedia.org/wiki/Electronic_state
http://en.wikipedia.org/wiki/Spectrum
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Nanometre
http://en.wikipedia.org/wiki/Ultra_high_vacuum
http://en.wikipedia.org/wiki/Surface_science#Surface_chemistry
http://en.wikipedia.org/wiki/Ion_beam#Ion_beam_etching_or_sputtering

to heat to study the changes due to heating, exposure to reactive gases or solutions,

exposure to ion beam implant, exposure to ultraviolet light.

> XPS is also known as ESCA, an abbreviation for Electron Spectroscopy for
Chemical Analysis.

> XPS detects all elements with an atomic number (Z) of 3 (lithium) and above. It
cannot detect hydrogen (Z = 1) or helium (Z = 2) because the diameter of these
orbital is so small, reducing the catch probability to almost zero.

XPS is used to measure:

> elemental composition of the'surface (top 1-10 nm usually)

> empirical formula of purematerials

> elements that contaminate a surface

> chemical or electronic state of each element in the surface

> uniformity of elemental composition across the top surface (or line profiling or
mapping)

> uniformity of elemental composition as a function of ion beam etching (or depth

profiling)
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2.3.2.2 High-Resolution Transmission Electron Microscopy

High-resolution transmission electron microscopy (HRTEM) is an imaging
mode of the transmission electron microscope (TEM) that allows the imaging of the
crystallographic structure of a sample at an atomic scale. Because of its high
resolution, it is an invaluable tool to study nano-scale properties of crystalline
material such as semiconductors and metals. At present, the highest resolution
realized is 0.8 angstroms (0.08 nm) with microscopes. Ongoing research and
development such as efforts in the framework of TEAM will soon push the resolution
of HRTEM to 0.5A. At these small scales, ‘individual atoms and crystalline
defects can be imaged. Since all erystal structures are 3-dimensional, it may be
necessary to combine several views of the crystal, taken from different angles, into a
3D map. This technique is called electron crystallography. One of the difficulties with
HRTEM is that image formation relies on phase-contrast. In phase-contrast imaging,
contrast is not necessarily intuitively interpretable as the image is influenced by strong
aberrations of the imaging lenses in the microscope. One major aberration is caused
by focus and astigmatism, which often can be estimated from the Fourier transform of

the HRTEM image.
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Chapter 3

Results and Discussion

3.1 Effect of Supercritical Fluid and Post-Deposition Annealing on

the ZrO,/Ge MOS-Capacitor

This section we investigate the effect of Supercritical Fluid treatment
(high-pressure H,O treatment) on the sputter-deposition of ZrO,/Ge stack. Then
analysis of electrical characteristics can examine the quality of the treated device, and
the material analysis of X-ray photoelectron spectroscopy (XPS) and high-resolution
transmission electron microscopy (HRTEM) reveal the situation of interfacial GeOy
between ZrO, and Ge which Is a.redox of ZrO, with H,O and GeOy with Hy,
including the bonding of Zr and Ge-with-O, and real thickness of GeOy. The
suppression of GeOy interlayer between ZrO, and Ge substrate can decreases the gate

leakage current effectively.

3.1.1 Thermal Stability of ZrO,/Ge MOS-Capacitor

The thermal stability of MOS-C is the most important norm to referee quality of
MOS-C. In the Fig. 3-1, it represents the variation of gate leakage current density (Jg)

for ZrO, on Ge substrate after different thermal treatments. The symmetrical Jg of
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ZrO, on p-type Ge substrate at negative and positive electrical field is due to fast

generation rate of minority carrier. Furthermore, the Js of ZrO,/Ge capacitor

decreases with increasing annealing temperature until 400 °C and then increases at

500 °C, as shown in Fig. 3-2. The high and unstable Js of ZrO,/Ge capacitor may be

related to formation, decomposition and amalgamation of the Ge oxide during thermal

process. The Jg comparison of depositing ZrO, on Ge has the same trend which the Jg

increases after 500 °C thermal process due to the thermal decomposition GeOy into

dielectric.

The C-V characteristics of ZrO,/Ge_capacitor which treated by various thermal

treatments are shown in Fig. 3-3 and the parameters are extracted in Table 3-1. The

Vs, Hysteresis, Thickness, CET and e present flat-band voltage, shift of flat-band

voltage, thickness of ZrO, measured by n-k instrument, capacitance effective

thickness and effective dielectric permittivity, respectively. We can know the lower

accumulation capacitance in standard condition and 500 °C RTA-treated condition are

attributed to the bad quality of ZrO, layer, because of its poor charge holding ability

and cause high gate leakage, as shown in Fig. 3-3. Besides, the response of inversion

capacitance at positive bias in 500 °C RTA-treated condition is expressed poor

interface quality between ZrO, and Ge substrate. On the other hand, when

temperature of thermal annealing is below 400 °C, the electrical performance of
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ZrO,/Ge capacitor is improved. But we know the activation temperature of

source/drain annealing in the MOS process always be above 500 °C. Therefore, how

to repair the thermal damage in gate dielectric and interface for Ge-based MOS device

is necessary. So we bring up an idea about Supercritical Fluid treatment

(high-pressure H,O treatment) to repair the thermal damage of gate dielectric and

interface.
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Fig. 3-1 The gate leakage current density of sputtered-ZrO, on Ge with various

thermal treatments.
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Fig. 3-2 The gate leakage current density of sputtered-ZrO, on Si with various

thermal treatments.
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Fig. 3-3 The C-V characteristics of ZrO,/Ge with various thermal treatments.

STD | 300°C RTA | 400°C RTA | 500°C RTA
Vi, (V) -0.13 -0.09 -0.26 N/A
Hysteresis (V) | 0.01 0.02 0.02 N/A
CET (nm) 2.04 1.40 2.17 1.97
Thickness (nm) 9 N/A N/A 7.5
Eeff 17.23 N/A N/A 14.85

Table 3-1 The parameter of C-V characteristics for ZrO,/Ge with various thermal

treatments.
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3.1.2 Effect of Supercritical Fluid Treatment on ZrO,/Ge MOS-C

To repair the thermal damage in gate dielectric and interface for Ge-based MOS
device, we propose an idea about Supercritical Fluid Treatment (SCF) as high
pressure water treatment. The purpose of our treatment will focus on the interface of
ZrO,/Ge device.

First, the electrical characteristics are shown in Fig. 3-4, presenting the Jg with
and w/o SCF treatment after 500 °C RTA treatment (serious thermal damage). It
surely works to decrease the gate leakage about 3 orders after 500 °C RTA thermal
damage. The cross-sectional HRTEM images in Fig. 3-5 show the sputtered ZrO, on
Ge substrate after high vacuum annealing treat‘at 250 °C w/o and with N, RTA at
500 °C for 30s, then in Fig. 3-6 show the sputtered ZrO, on Ge substrate after N, RTA
treat at 500 °C for 30s w/o and with SCF treatment. After thermal process, the ZrO;
film crystallizes clearly, and the thickness of GeOy layer decrease with high
temperature RTA. The 4 and 2.5 nm-thickness GeOy layers are observed w/o and with
RTA, respectively, and effect of the SCF treatment on GeOy was discovered by
HRTEM images in Fig. 3-6 (b) without GeOy interfacial layer amazingly.

Second, from the Fig. 3-7 and Fig. 3-8, the XPS spectra of Ge 2ps, and Zr 3pzp,

shows the bonding situations and composition respectively. We detect that the
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reaction between ZrO, and GeOy is existent during RTA and SCF treatment. The Ge
2ps2 peak at binding energies about 1217 eV and 1219.4 eV are associated with pure
Ge and GeO,, respectively, shown in Fig. 3-7.2% And the interfacial layer of STD and
500 °C RTA treated is almost GeOy, but it will be removed after SCF treatment. Then,
the Zr 3ps;, peak at a binding energy about 332.5 eV is associated with ZrO,, and
shown in Fig. 3-8. The peak of Zr 3ps, signal which is treated by SCF treatment shift
to higher binding energy as the Ar* sputtering time increases, but not obvious in the
STD and RTA-treated condition.

Base on the previous evidences, we_can know that the zirconia will be oxidized
more when the GeOy eliminated by SCF treatment, and cause Js decrease. For the
elimination of GeOy layer, it called reduction of GeO,. The redox may occur at the
interface between ZrO, and GeOy during SCF treatment, as follows:

Zr + 2H,0 > ZrO, + 2H, (3-1)

GeO + H, > Ge + H,0 (3-2)
The reactions imply the H,O is taken as oxidant and reacts with the non-oxidized Zr
in the interlayer and the GeOy dissolved after SCF treatment. The amounts of ionic
products which are like H3O" and OH" radicals in H,O at high pressure may higher
than those obtained in atmospheric pressure. The higher amounts of free radicals are
associated with a strengthened oxidation reaction between H,O and non-oxidized Zr
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owing to the higher collision frequency, as Eq. (3-1).BY Besides, the generation of
hydrogen using Zr and H,O has also been reported.? The existence of H,, the
reaction of Eq. (3-2) proceeds spontaneously (AG=-42.69 kJ/mol at 100°C) and
reduces the GeOx to Ge.®® In addition, Zr oxidation reacts easily at the interface of
Zr0O,/Ge due to the H; is effectively removed by GeOy. Therefore, SCF treatment can
eliminate the interfacial GeOy layer in the ZrO,/Ge effectively. The transporting
mechanism of SCF elements may diffuse through the grain boundary of poly-type
ZrO, film, as the Fig. 3-9, and the schematic diagram of GeOy reduction reactions is
in the Fig. 3-10.

In the end, it’s clearly to'know the reduction of GeOy by depth profiles of Zr, O
and Ge atoms in Fig. 3-11 to Fig. 3-13. The depth profiles are analyzed by collecting
XPS signals with various Ar* sputtering time. Singnals of O 1s, Zr 3ps and Ge 2pas
were collected to calculate the atom %. From the Fig. 3-11 to Fig. 3-13, the amount of
GeOy decrease by thermal process which the following RTA in N, ambient at 500 °C
for 30s. This is the thermal decomposition of GeOx when the temperature of annealing
is higher than 420 °C.B% In the Fig. 3-13, we know SCF treatment can cause the
interfacial GeOy signal to vanish and reduced the amount of GeOy that was
incorporated into the ZrO, thin film. So, the SCF treatment can eliminate the amount
of GeOy and help to reduce the gate leakage current, as shown in the Fig. 3-4.
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Fig. 3-6 The cross-sectional HRTEM images of sputtered-ZrO, on Ge with high

vacuum annealing at 250 °C and 500 °C RTA (a) w/o and (b) with SCF treatment.
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Fig. 3-11 Depth profiles of Zr, O and ' Ge atoms in ZrO,/Ge after high vacuum

annealing at 250 °C for 30 min by XPS.
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Fig. 3-12 Depth profiles of Zr, O and Ge atoms in ZrO,/Ge after high vacuum

annealing at 250 °C for 30min and 250 °C RTA for 30sec by XPS.
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Fig. 3-13 Depth profiles of Zr, O and Ge atoms in ZrO,/Ge after high vacuum

annealing at 250 °C for 30 min, 250 °C RTA for 30sec and SCF for 60min by XPS.
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3.2 Effect of Water Vapor Annealing on the ZrO,/Ge MOS-

Capacitor

Continued from the preceding section, this section we investigate the effect of
Water Vapor Annealing (atmospheric pressure H,O treatment) on the
sputter-deposition of ZrO,/Ge stack. The differences between Water Vapor Annealing
and Supercritical Fluid Treatment are different treated pressure and temperature. After
suitable annealing temperature with water vapor, it can also reduce GeOy layer and
repair the defect which formed by reduction of GeOy effectively. And then analysis of
electrical characteristics can’examine the quality of the treated device, and the
material analysis of X-ray photoelectron spectroscopy (XPS) reveal the situation of
interfacial GeOy between ZrO, and Ge which is a redox of ZrO, with H,0 and GeOy

with Hy, including the bonding of Zr and Ge with O, and real thickness of GeOy.

3.2.1 Compare with Water Vapor Annealing and Nitrogen Annealing

After Supercritical Fluid Treatment (SCF), it may leave many defects on the
interface of ZrO,/Ge and cause poor C-V characteristics. To solve this problem, we
propose an idea about water treatment with suitable temperature (below 420°C),

called Water Vapor Annealing. The purpose of our treatment will focus on the repair
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of ZrO,/Ge interface.

First, the electrical characteristics are shown in Fig. 3-14, presenting the Js with
Water Vapor Annealing and Dry Nitrogen Annealing at 300 °C for 3min. The Jg of
H,O+N, 300 °C RTA is lower than dry N, 300 °C RTA, because the suppression of
the GeOy causes fewer interface traps. ! In the C-V characteristics, they are shown in
Fig. 3-17. The accumulation capacitance of H,O+N, RTA is higher than dry N, RTA
at 300°C, because of the H,O+N, 300 °C RTA can reduce the GeOy layer and the total
thickness is thinner than dry N, 300 °C RTA. Besides, form slope of the depletion
capacitance, the slope of H,O+N5 300 °C_RTA.is sharper than dry N, 300 °C RTA, it
indicates the interface quality of H,O+N; 300 °C RTA is better than dry N, 300 °C
RTA, and this should be attributed to the suppressed growth of the unstable GeOy
interlayer by water treatment. As the following material analysis, there is more
evidence to prove the water treatment can suppress the growth of the unstable GeOy
interlayer and form superior bulk and interface properties.

Second, from the Fig. 3-16 and Fig. 3-17, the XPS spectra of Ge 2ps, and Zr
3ps2 shows the bonding situations and composition respectively. We detect that the
reaction between ZrO, and GeOy is existent during 300°C H,O+N, and dry N, RTA.
The Ge 2psj, peaks of 300°C H,O+N, RTA and dry N, RTA at binding energies about
1217 eV and 1219.4 eV are associated with pure Ge and GeOy, respectively, shown in
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Fig. 3-16. The ratio of GeOy treated by dry N, RTA is higher than H,O+N, RTA, and
it means H,O treatment can eliminate GeOy layer. Comparing with SCF and H,O+N,
RTA, it’s clear to know high pressure water treatment can eliminate GeOy layer
effectively than atmospheric pressure water treatment, so the redox of water in high
pressure is more efficacious than in atmospheric pressure. And a lot of defects in the
GeOy layer will cause the high gate leakage, showed as the Js of H,O+N, 300 °C RTA
is lower than dry N, 300 °C RTA. 2! Then, the Zr 3ps;, peak at a binding energy
about 332.5 eV is associated with ZrO,, and shown in Fig. 3-17. The peak of Zr 3pz,
signals which is sample treated by H,O+N, 300 °C RTA shift to higher binding
energy as the Ar’ sputtering time increases, but not obvious in the STD and dry N
300 °C RTA condition. It means.that un-bonding Zr will oxidize by with the water
treatment, so water treatment will cause redox surely.

In the end, it’s clearly to know the reduction of GeOy by depth profiles of Zr, O
and Ge atoms in Fig. 3-18, Fig. 3-19 and Fig. 3-20. The depth profiles are analyzed by
collecting XPS signals with various Ar* sputtering time. Singnals of O 1s, Zr 3ps, and
Ge 2ps, were collected to calculate the atom %. From the Fig. 3-18 to Fig. 3-20, the
amount of GeOy decrease by H,O+N, 300 °C RTA for 3min, but not dry N, 300 °C
RTA. In the Fig. 3-19, we know water treatment can reduce the amount of GeOy
interfacial layer, and it can help to repair the interface after annealed by suitable
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temperature, showed as C-V characteristics in Fig. 3-15. So, the SCF treatment can

eliminate the amount of GeOx more effectively and help to reduce the gate leakage

current, and the Water Vapor Annealing can repair the interface of ZrO,/Ge.
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Fig. 3-15 The C-V characteristics of ZrO,/Ge with 300°C H,0 and N, RTA.
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3.2.2 Combination of Supercritical Fluid and Water Vapor Annealing

Continued from the preceding sections, the water treatment is effective in
reduction of GeOy, and through suitable annealing temperature can repair the defect
of interface by reducing GeOy. In the Fig. 3-21, it shows that the accumulation
capacitance of sample treated by SCF and Water Vapor Annealing will return to STD,
and more higher than treated by Water Vapor Annealing only. Therefore, the SCF can
reduce the GeOy effectively but it also leave defect on the interface, and cause the
poor C-V characteristic. To solve this-problem the Water Vapor Annealing is good for
repair the interface by suitable temperature (below 420°C), and the water can also
prevent the production of GeOy; so.the C-V characteristic can return to STD after
thermal treatment. In addition, the SCF can enhance the electric characteristic
obviously after the thermal process only, and it doesn’t work without any thermal
process first due to the degree of dielectric crystallization. The degree of dielectric

crystallization may help the SCF element diffuse into dielectric more easily.

50



8e-10
Capacitance - Voltage of ZrO,/Ge @1MHz
7e-10 f —@= STD
e " v —— 0
6e-10 I 300°C H,0 RTA
@ V= 500°C RTA + SCF
o °e10F Y +300°C H,0 RTA
(&]
S 4e10} Y
= 00000,
O
@ 3e-10 4
Q
) 4
O 2e10}f
le-10 F
0 » » » » »
-15 -1.0 -0.5 0.0 0.5 1.0 15

Voltage (V)

Fig. 3-21 The C-V characteristics of ZrQ,/Ge with combining SCF and 300°C H,0O

RTA.

3.3 Summaries

In the summary, the growth of the unstable GeOy interlayer by the thermal
process can be suppressed by the water treatment. No matter the water at high
pressure or atmospheric pressure, it all can eliminate the GeOy interlayer and suppress
the growth of GeOy. But it’s clear to know the pressure of the water treatment effect
the capability of redox. In terms of the depth profiles analyzed by XPS and HRTEM
images, the amount of GeOy by treating with high pressure water treatment is less

than treating with atmospheric pressure. Therefore, the high pressure water treatment
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can reduce the gate leakage current effectively, and annealing with the suitable

temperature can also repair the defect of interface.
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Chapter 4

Conclusions and Future works

4.1 Conclusions

In this study, to solve the thermal decomposition of GeOy the high pressure water
treatment (supercritical fluids technology) is employed originally to eliminate the
GeOy interlayer and improve the properties of ZrO, high-k film. First, the thermal
stability of ZrO,/Ge stack is analyzed by the sample treated with 250°C high vacuum
furnace annealing for 30min and then-treated by 300°C, 400°C and 500°C N, RTA for
30s respectively. Second, the high pressure water treatment (SCF) at 100°C and
3000psi for 1hr used to the sample.which is treated by 500°C N, RTA for 30s. By
HR-TEM, XPS analyses, it can verify the elimination of GeOy interlayer due to the
SCF treatment surely, and explain the improvement of the gate leakage after SCF
treatment. We also indicate the mechanism about the reduction of GeOy interlayer in
Zr0,/Ge by SCF treatment, including the oxidation of un-bonding Zr and reduction of
GeOy. The reduction of GeOy layer at the ZrO,/Ge interface can reduce the interface
defects and cause the gate leakage decrease. Besides, the Water Vapor Annealing is

used to verify the water treatment has the ability of redox in the ZrO,/Ge stack, and
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though the annealing by suitable temperature can repair the interface to improve the
electric characteristic of ZrO,/Ge device.

The water treatment with suitable annealing temperature is the attractive
technology to apply on Ge-typed MOS devices process. It’s useful to resolve the
GeOy thermal decomposition issues to repair the interface of device which treated by

thermal process and fabricate the high quality Ge-typed MOS devices.

4.2 Future works

To complete the high quality Ge-MOSFET, metal gate is another issue on the
germanium devices. The work function tuning is a-key to determined threshold
voltage, however, for Ge-MOSFET, Fermi level pinning is the problem on metal gate/
high-k/Ge MOS stack devices, which is waiting to be solved.

The feasibility of SCF can join the suitable temperature (below 400°C), and two
step annealing to form the good interface, no GeOy interlayer and good dielectric
quality of high-k/Ge MOS stack. First, low temperature (below 300°C) annealing with
high vacuum system. Second, after high temperature process, SCF treatment with
suitable annealing temperature can eliminate the GeOy interlayer which formed by

thermal process and form a good interface.
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