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Abstract

As CMOS transistors scale beyond the 45 nm technology node, ultra-thin
equivalent oxide thickness less than 1 nm and enhanced effective saturation carrier
velocity due to quasi-ballistic transport are required. Germanium MOSFET with
high-x gate dielectric provides a promising solution to continue improving the device
performance. However, the replacement of silicon channel by germanium induces
various material and process integration issues. This work has attempted to investigate
the material properties and electrical performance of Ge MOSFET with a high-« gate
dielectric to access its feasibility as an alternative channel material.

The successful development of a high-x gate stack on germanium is essential
for Ge MOSFET. Two kinds of popular high-x gate dielectric deposition approaches
(PVD Hf oxynitride and ALD AL,Os; + NHj surface nitridation) were explored on
germanium. The results show that the thermal budget of processing is critical for Ge
device fabrication. A lower processing temperature than that of Si MOSFET
fabrication is required by Ge MOSFET. Otherwise, the Ge device characteristics will
deteriorate dramatically.

Germanium diffusion in high-x gate dielectric is proposed as the root of Ge
device degradation. The Ge incorporation in high-x gate dielectric (e.g. HfO,) occurs
by two mechanisms: Ge atoms out-diffusion from Ge substrate and airborne GeO

transportation. When oxygen is present, the germanium incorporates into HfO, in the

il



form of oxide and, in turn, forms a new dielectric (Hf; xGexO,). Hf; xGexO; has a
similar dielectric constant to that of HfO, but has a high interface state density which
will degrade the MOSFET performance.

The fabrication of heavily doped, shallow junctions in the source and drain
regions of a transistor presents another significant process integration challenge. This
task is more challenging for Ge nMOSFET. Laser annealing was introduced as a
superior source/drain activation technique. By applying an aluminum laser reflector
on the metal gate electrode, S/D regions of MOSFET were selectively annealed
without heating gate stack. Good gate stack integrity, shallow junction depth and
small S/D series resistance were achieved simultaneously.

The self-aligned germanide is investigated to further reduce the source/drain
series resistance of Ge MOSFETs. The formation and thermal stability of nickel
germanide on germanium substrate were systematically examined. Improved drive
current of Ge diode with NiGe contact was demonstrated without degrading leakage

current.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Scaling of MOSFETSs

Since the invention of metal oxide semiconductor field-effect transistor
(MOSFET) in 1940s, the rapid development of integrated circuit (IC) fabrication has
led to unprecedented levels of growth in semiconductor industry. Among the whole
semiconductor industry, the major contribution comes from the integrated circuit
made by complementary metal oxide semiconductor (CMOS) field-effect transistor
technology. In the past decades, the performance and complexity of CMOS integrated
circuit are continuously improved by scaling the device to smaller dimensions. The
scaling of MOSFET device was originally predicted by Gordon Moore in 1965 [1.1].
Benefiting from the dramatic progress in lithography, the minimum feature size of
MOSFET has scaled from several microns in 1970’s to sub-100 nm today. Through
the years, the scaling of MOSFET to smaller dimensions has been governed by a
delicate scaling criteria proposed by Dennard ef a/ in 1974 [1.2]. The key concept is
that various structural and electrical parameters of the MOSFET (such as gate length,
gate width, gate oxide thickness and power supply voltage) should be scaled in
concert, which guarantees the reduction in device dimensions without compromising
the current-voltage characteristics. The improved performance associated with the
scaling of device dimensions can be seen by considering a simple model for the drive

current associated with a MOSFET. The drive current can be written as
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w
Id=yeﬁCeﬂf(Vg—Ifth—Vd/2)Vd, (1.1)

where W is the width of the transistor, L is the channel length, p.s is the channel
mobility, C.i is the gate capacitance, V, and V4 are the voltages applied to the
transistor gate and drain, respectively, and the threshold voltage is given by Vy,.
Apparently, a reduction in the channel length or an increase in the channel mobility or
gate capacitance will result in an increased Ig. The gate capacitance could be
considered as a parallel plate capacitor (ignoring quantum mechanical and depletion

effects from Si substrate and gate)

A
C tho , (1.2)

where x is the dielectric constant of the gate dielectric, and t is the thickness.
Obviously, to obtain a large capacitance, the dielectric thickness is needed to scale
down.

The future scaling of MOSFET is predicted by the international technology
roadmap of semiconductor (ITRS) by Semiconductor Industry Association (SIA) [1.3].
The technology requirement table in ITRS includes the transistor requirements of both
high-performance and low-power digital ICs. High-performance logic refers to chips
of high complexity, high performance, and high power dissipation, such as
microprocessing unit (MPU) chips. On the contrary, low-power logic refers to chips
for mobile systems etc, where the allowable power dissipation and hence the
allowable leakage currents are limited by the battery life. The transistors for high-
performance have the highest performance, largest leakage current and stand for the

most aggressively scaled device.
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Table 1.1. ITRS technology requirement table for high performance technology

Year of Production 2004 2007 2010 2013 2016
Technology Node hp90 hp65 hp45 hp32 hp22
DRAM 1/2 Pitch (nm) 90 65 45 32 22
MPU/ASIC '/, Pitch (nm) 20

MPU Physical Gate Length (nm) 37

EOT: equivalent oxide thickness (physical) for

1.2
high-performance (nm)
Nominal gate leakage current density limit (at

4.5E+2 1.9E+4

25°C) (A/em?)
Nominal high-performance NMOS sub-threshold

0.05
leakage current , Iy jeax (at 25 °C)(mA/um)
Nominal power supply voltage (V4q) (V) 1.2
Required “mobility/transconductance

1.3
improvement” factor
Effective saturation carrier velocity enhancement

1

factor (due to quasi-ballistics transport)

Manufacturable solution exist, and are being optimized

Manufacturable solution are known

Manufacturable solution are NOT known -
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Table 1.1 shows the ITRS technology requirement table for high performance
technology. Current mainstream high performance 90 nm technology requires a small
physical gate length of 37 nm and a low equivalent oxide thickness (EOT) of 1.2 nm.
It also allows high leakage currents which include gate leakage current
(4.5x10* A/cm?) and sub-threshold leakage current (0.05 mA/um). ITRS has predicted
that the gate length and EOT will shrink rapidly to 9 nm and 0.5 nm respectively in
the 22 nm technology node in year 2016. As highlighted in Table 1.1, such an ultra-
small EOT cannot be achieved with any known manufacturable solution. Novel
technology with alternative gate dielectric must be employed to ensure the continual
scaling of CMOS technology.

In addition to the rapid scaling of gate length and EOT, mobility/
transconductance enhancement is needed since year 2004 to meet the required
MOSFET saturation current value. And in highly scaled, ultrathin body MOSFETSs,
particularly with multigate, quasi-ballistic operation with enhanced thermal velocity
injection at the source is required in order to meet the saturation current target.
Therefore, it is necessary to explore novel channel materials with high mobility and

thermal velocity injection.

1.2 High-x Gate Dielectric

Although the use of thermally grown amorphous silicon dioxide as gate
dielectric of MOSFET offers several key advantages including superior thermal
stability, high-quality SiO,/Si interface and large bandgap, traditional SiO, cannot
meet the requirement of further scaling of MOSFETs.

Theoretic modeling as well as experiment results show that a minimum of 7 A

of Si0, is required to maintain the full SiO, bandgap [1.4][1.5][1.6]. It sets up an
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absolute physical thickness limit of the scaling of SiO,.

It has been experimental proved that the inherent bandgap of SiO, remains even
down to only a few monolayers of materials. MOSFETs with gate oxides as thin as
13-15 A continue to work satisfactorily [1.7]. Despite a huge gate leakage current was
observed, it is still sustainable for high performance technology. However, MOSFETs
with SiO, gate oxides thinner than about 10-12 A resulted in no further gain in
transistor drive current [1.8]. This result gave out a practical limit for scaling the SiO,
thickness.

In addition to leakage current increasing with scaled oxide thickness, the issue
of boron penetration through gate dielectric is another concern. In CMOS process,
heavily boron doped polysilicon is used as gate electrode for pMOSFET. Therefore,
there is a high boron concentration gradient between polysilicon gate, gate oxide and
substrate. Upon thermal annealing, the boron from polysilicon could easily diffuse
through the thin gate oxide into substrate owing to the low atomic mass and small size
of boron. Boron penetration caused threshold voltage shift and concern in the
reliability of the device [1.9].

The concerns regarding high leakage current and boron penetration of ultrathin
SiO;, have led to the use of silicon oxynitride. The silicon oxynitride has a relative
higher dielectric constant than silicon dioxide (Si3N4 has a dielectric constant ~ 7),
hence a film with large physical thickness which reduces leakage current. And
introducing nitrogen into silicon dioxide greatly reduces the boron diffusion through
dielectric benefited from the Si-O-N networking bond formed in silicon oxynitride
[1.10][1.11]. Despite the encouraging result of silicon oxynitride, the scaling of
silicon oxynitride is limited and therefore would make it relatively short-term solution
for industry’s need. According to ITRS roadmap, the EOT in the current 90 nm high

performance technology node is 1.2 nm and it is expected to reach 0.5 nm in the year
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Figure 1.1. Leakage current requirement of high performance technology and
simulated gate leakage current of oxynitride by ITRS [1.3].
of 2016 [1.3]. In this ultra thin EOT regime, the gate leakage current is dominant by
direct tunneling and hence the gate leakage current increases exponentially with
decreasing EOT. Figure 1.1 shows the simulated gate leakage current of silicon
oxynitride due to direct tunneling at each technology node with scaled V44 and EOT
[1.3]. The gate leakage current limit requirement (Jg, limit) of gate dielectric at each
technology node are also plotted for reference. It was found that the two Jg lines
(simulation result and leakage limit) cross just before year 2007 and hence for the
year 2007 and beyond, the gate leakage current limit requirement cannot be met using
silicon oxynitride when EOT becomes approximately 9 A. Novel gate dielectric such
as high-x material is suggested to replace the traditional silicon dioxide and silicon
oxynitride since 2007.

The alternative gate dielectric such high-x materials must meet a set of criteria

to perform as a successful gate dielectric [1.12]. The following lists the minimum

(v) 103
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requirements for high-« dielectric in the transistor application:
1. Permittivity and barrier height
2. Thermodynamic stability
3. Interface quality

4. Film morphology

1.2.1 Permittivity and barrier height

Selecting a gate dielectric with a higher dielectric constant than that of SiO, is
clearly essential from Equation 1.2. The increasing of the gate capacitance could be
achieved by either decreasing oxide thickness or increasing dielectric constant. For an
example, a dielectric with a relative permittivity of 16 hence affords a physical
thickness of ~40 A to obtain an EOT of 10 A. Therefore, a larger permittivity is more
favorable for highly scaled MOSFET with ultrathin EOT. However, the permittivity
of alternative gate dielectric is limited due to fringing field induced barrier lowering
(FIBL) at the drain region of the device. Frank ef al modeled gate dielectrics with
various permittivities in a planar, bulk CMOS structure to predict the effect of high-x
gate dielectric on transistor performance [1.13]. An upper limit of x~20 was reported
to prevent a significant fringing field from the edge of a high-x dielectric, which in
turn lowered the barrier for transport into the drain and degraded the transistor on/off
characteristics seriously. Krishnan et a/ reported similar modeling results for high-x
dielectric but also claimed that the FIBL problem with high-x dielectric could be
relieved with a SiO, interface layer between high-x dielectric and substrate channel
[1.14].

The selection of high-x dielectric with appropriate barrier height is also

important. As the gate dielectric thickness scales below 35 A, the dominant
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conduction mechanism of leakage current through gate dielectric changes from
Fowler-Nordheim (FN) tunneling to direct tunneling. The tunneling current of direct

tunneling is given by the expression

Bl1-(qV,, / ¢,)""]

ox

1,, = Az g, exp(— ) (1.3)

where A is the gate area, A and B are usually considered to be constants, €.« and Vo
are the electrical field and voltage drop cross the gate oxide. Since the direct tunneling
current increases exponentially with decreasing barrier height ¢g, it is essential to
ensure an enough high barrier height to reduce carrier tunneling transport. Robertson
and Chen summarized the barrier height of many high-x materials [1.15]. As shown in

Fig. 1.2, some high permittivity materials such as Ta,Os have small conduction band
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Figure 1.2. Band offset calculations for a number of potential high-x gate dielectric

materials [1.15].
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barrier heights less than 1.0 eV, the electron transport by either thermal emission or
tunneling would be unacceptably high and precludes using these oxides as gate
dielectrics. In addition, a small barrier height leads to steep slope of leakage current
versus thickness curve than that of silicon dioxide [1.16]. It limits the scalability of
materials to ultra-thin EOT regime. Therefore, large barrier heights for both
conduction band and valence band (e.g. large bandgap) are desirable for high-x
dielectric. However, in contrast to the trend of increasing permittivity with increasing
atomic number, the bandgap of the metal oxide tends to decrease with increasing
atomic number [1.17]. Therefore, a trade-off between permittivity and bandgap must

be well balanced when selecting a suitable high-x gate dielectric.

1.2.2 Thermodynamic stability

Another important consideration in the selection of an alternative gate dielectric
is its thermodynamic stability in contact with the substrate. A number of metal oxide
materials were reported to be unstable with silicon after high temperature annealing
during processing. The reaction leads to the formation of interfacial silicide, silicate or
SiO, layer and consequently degrades the device performance. Therefore, it is
important to understand and predict the thermodynamics of alternative gate
dielectric/substrate system. A method of calculating Gibbs free energy was used to
predict possible reaction between binary metal oxide and silicon. Any reaction leading
to a lowering of Gibbs free energy (AG<0) implies that the interface between these
oxide and silicon is thermodynamically unstable. Hubbard et a/ did an extensively
study on many potential oxide materials for alternative gate dielectric with this
method [1.18]. The results excluded the possibility of many oxide materials as gate

dielectric such as Ta,0Os, Ti,0Os since these materials are unacceptable for integration
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with silicon. Potential candidate material including Al,Os;, HfO,, ZrO2 etc were

suggested.

1.2.3 Interface engineering

The interface between substrate and gate dielectric plays the most important
role and its thickness and quality are the dominant factors determining the overall
electrical properties. The thickness and dielectric constant of interfacial layer affect
the EOT of the whole gate stack significantly. The contribution of interfacial layer to
the final EOT can be easily seen from Equation 1.4, considering a device with a

high-« dielectric layer and a low-« interfacial layer beneath.

K[L Khigh—l(

EOT = t, +

0 » Lhigh-» (1.4)

It is clear that the minimum EOT is limited by the thickness (ti) and dielectric
constant (Kj.) of the interfacial layer. If a thick and SiO,-like interfacial layer exists
between the high-x dielectric layer and substrate, much of the expected decrease in
the EOT associated with high-x dielectric is compromised. In addition, the quality of
interface determines the density of interface states (Dj) and hence affects the mobility.
A high quality interface with Dj; as low as SiO,/Si (2x10'° eV'em™) is desired.

The thickness and quality of interfacial layer are closely related with process
conditions including surface treatment, high-x deposition methods, and thermal cycles
undergone after high-x deposition etc. A thick interfacial layer between high-x
dielectric and silicon substrate is commonly observed for directly high-x deposition
on bare silicon [1.19][1.20]. And the interfacial layer continues to grow during the

subsequent thermal processes, in particular, post-deposition annealing and

source/drain activation annealing. Surface nitridation prior to high-x deposition is
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recognized as an effective method to suppress the formation of interfacial layer [1.21].
However, accumulation of nitrogen near the interface increases the Dj; and therefore
results in mobility degradation. A high D;; on the order of 10" - 102 eViem? was
commonly observed in the device with surface nitridation. Recently, several research
groups proposed to intentionally grow a thin chemical or thermal SiO, dioxide prior
to high-x deposition [1.22]. Much improved D;; and mobility close to that of Si0,/Si
system were achieved. However, this approach will severely compromise the

capacitance gain from any high-« layer in the gate stack.

1.2.4 Film morphology

Unlike SiO; or oxynitride which has a very high crystallization temperature,
most metal oxide films examined to date appear to be polycrystalline, as growth or
after moderately low temperature annealing. Polycrystalline dielectrics may be
deleterious to device performance, as the existence of grain boundaries may serve as
boron diffusion and high leakage paths through the oxide. In addition, changes in the
grain size and orientation throughout the whole polycrystalline film may lead to non-
uniformity in x value and film thickness. Thus, it appears that amorphous film
structure is the ideal one for the gate dielectric. It was found that adding nitrogen,
aluminum and silicon into HfO, can effectively increase the crystallization
temperature so that the film remains amorphous after going throughout the necessary

thermal processing [1.23][1.24][1.25].
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1.3 Germanium Channel Transistor

1.3.1 Advantages of germanium as alternative channel material

As indicated in Section 1.1, further scaling of MOSFETs requires the scaling of
device dimensions as well as the channel mobility enhancement. Novel channel
materials such as germanium or III-V provide potential solution for mobility

enhancement. Table 1.2 lists the properties of common semiconductor materials.

Table 1.2. Properties of common semiconductor materials.

Si Ge GaAs InAs InSb
Electron mobility (cm?*/Vs) 1400 3900 8000 33000 77000
Hole mobility (cm*/Vs) 470 1600 340 460 1000
Bandgap (eV) 1.12 0.67 1.42 0.36 0.17
Melting point (K) 1685 1231 1510 1215 798

Among these materials, germanium is the only material that provides mobility
enhancements for both electron and hole with an appropriate bandgap and melting
point. Germanium offers about two times higher electron mobility and four times
higher hole mobility than that of silicon, which satisfies the ITRS
transconductance/mobility enhancement requirement.

In addition, germanium is suitable for highly scaled transistor working in quail-

ballistics transport operation. It is expected for MOSFETs with ultra-short gate length
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less than 20 nm that carriers flowing from source to drain region encounter little
scatterings inside channel and, thus, are dominated by ballistic transport, where
injection carrier velocity at the source edge, Vi, determines the drive current. Low
effective mass along channel orientation is necessary in order to obtain high injection
velocity at the source end of the channel. Compared with Si, Ge has smaller carrier
transport mass and gap energy, giving rise to higher drive current I, but also higher
tunneling leakage I, Encouraging results were reported from several research groups
by quantum simulation to access the prospect of germanium channel in highly scaled
advanced MOSFETs [1.26][1.27] [1.28]. Low et al examined the performance limit
and engineering issues of ultra-thin body double gate Ge channel nMOSFETs with
different orientations [1.28]. Ge <110> channel exhibits highest I,, which increases
with body thickness scaling. Band to band (BTB) tunneling due to the small bandgap
of germanium imposes a limit on standby current I, and it can be effectively
suppressed by body scaling. A superior performance is obtained in engineered Ge
<110 > device compared with silicon.

III-V materials like GaAs, InAs and InSb are also considered as the channel
material for high performance nMOSFETs whereas not recommended for pMOSFETs.
It is vague whether germanium or III-V material exhibits best nMOSFET performance.
To the author’s best knowledge, only two reports existed in the literature, which gave
out contrary conclusions. Results of Pethe et a/ show that large bandgap II-V
material GaAs outperforms other III-V materials and Ge which suffer from excessive
BTB tunneling [1.29]. However, Rahman et a/ claimed that III-V materials offered no
performance advantage at the scaling limit since very low conduction band density-of
states compromised the high electron injection velocity [1.30]. Due to high density-
of-states for both electrons and holes in Ge, germanium is found to be the best choice

for CMOS application.



Chapter 1: Introduction

1.3.2 Gate dielectric development for germanium MOS device

Historically, germanium has been one of the most important semiconductor
materials in the past as the first MOSFET and integrated circuit were fabricated in Ge
[1.31][1.32]. On the other hand, oxides of Ge (GeO and GeO,) are known to be
hygroscopic and water-soluble, which hinder the processing and application Ge MOS
device. Complex process such as nitridation to thermal growth Ge oxide was
developed to improve the quality of germanium oxide for Ge MOSFET fabrication.
Rosenberg and Martin reported germanium MOSFETs using thick (250 A)
germanium oxynitride insulator [1.33] [1.34]. A dummy gate process was utilized to
realize self-alignment. High electron and hole mobility was estimated as 940 cm?/V*s
and 770 cm’/V*s respectively. In their following work, the hole mobility of was
improved to 1050- cm’/V*s with reducing gate dielectric thickness to 220 A [1.35].
Jackson et al reported gate-self-aligned p-channel germanium MOSFET [1.36]. The
gate dielectric was formed by nitridation of thermally grown germanium oxide. The
final dielectric was expected to be 21 nm essentially stoichimetric Ge,N,O. An hole
mobility of 640-cm?/V*s was calculated. And they also published both n- and p-
channel devices with mobility greater than 1000 cm*V*s in the subsequent work
[1.37].

In all of works above, the gate dielectric thickness is quiet large, which is not
suitable for modern VLSI technology. In a recent report by Shang et al, the EOT was
successfully reduced to ~8 nm with thin germanium oxynitride [1.38]. The gate stack
consisted with 6 nm Ge oxynitride and 3nm low temperature Si oxide. An excellent
subthreshold slope of 82 mV/dec was achieved. Hole mobility was enhanced by about
40% compared to the Si control.

Chi On Chui et al studied germanium MOS capacitors and MOSFETs with
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high-x gate dielectric (zirconium oxide) for the first time. A record low EOT of 5-8 A
has been demonstrated by both of p-channel and n-channel MOS capacitors with a
huge gate leakage current at 3.3 A/em® [1.39]. And Ge pMOSFET with an EOT of
6-10 A has been also demonstrated [1.40]. However, suffered from the huge leakage,
the MOSFETs in their work cannot achieve a normal turn-on and turn-off

characteristics. The peak effective hole mobility was 313 cm?/V*s.

1.3.3 Junction formation on germanium

Advanced MOSFET structure requires a shallow and low resistance
source/drain junction. In contrast to the situation in silicon, the task of achieving
shallow junction is more challenging for Ge nMOSFET than pMOSFET since the
high diffusivity and activation temperature of n-type dopants. N-type dopants
(phosphorus, arsenic, antimony) diffuse fast in germanium while p-type dopant
(boron) has a relative small diffusivity in germanium [1.41]. Besides, n-type dopants
require a higher temperature annealing (600 °C) than p-type dopants (350 °C) to repair
the defect in germanium induced by the ion implantation [1.42]. In addition to be very
shallow, the source/drain regions also need to be heavily doped to reduce the S/D
series resistance. However, n-type dopant has a poor activation rate in germanium. A
large fraction of implanted dosage of dopant loses after rapid thermal annealing [1.43].
Large series resistance due to poor activation was observed in recent reported Ge

nMOSFET and limited the performance [1.42].

1.4 Motivation of Thesis

The goal of this thesis to develop high performance germanium MOSFET with

high-x gate dielectric, which features with low EOT, low gate leakage current and
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enhanced mobility to provide a potential solution for future CMOS technology.

One of the critical challenging is the thermal stability of high-x gate stack on
germanium. Since the high-x gate dielectric is subject to several high temperature
annealings during the device fabrication, it must be thermal stable without any
degradation in electrical performance. Since post deposition annealing and
source/drain activation annealing (post metal annealing) employ the highest process
temperature in the process flow, it is crucial to evaluate the thermal stability of
high-x/Ge upon them. During the research of high-«x dielectric on silicon, it has been
widely reported that noticeable degradation in EOT and other electrical properties
happens after PDA and PMA. For germanium device, severe flatband voltage shift
was observed with Ge oxynitride gate dielectrics [1.42]. Therefore, it is necessary to
investigate the effect of high temperature annealing on electrical properties of high-x
dielectric on germanium. In addition, it is important to study the root cause of
performance degradation after annealing.

Another critical challenging to develop high mobility Ge MOSFET is the
formation of source/drain junction. First of all, the source/drain must be formed
without degrading the gate stack. Furthermore, source/drain must be heavily doped
with a low sheet resistance to reduce series resistance. A high source/drain series
resistance degrades the drain current and consequently it results in an underestimated
channel mobility. Additionally, for MOSFET with small gate length, the junction
depth should be well controlled to suppress short channel effect. In this thesis, a novel
approach by using laser annealing to activate source/drain is presented. High dopant
activation rate without dopant loss as well as maintaining good gate stack integrity is
achieved by this approach.

Although advanced annealing such as laser annealing is able to improve the

activation efficiency and reduce the sheet resistance effectively, the source/drain
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series resistance is still not low enough and it compromises the drive current. Self-
aligned silicide contact is an essential component of modern MOSFET structure to
reduce S/D series resistance. Nickel silicide is considered as the material choice for
the future technology nodes replacing titanium silicide and cobalt silicide which are
used in sub-micron and sub-0.25 pm nodes. Similarly, Ni shows advantages to form
germanide for Ge MOSFET application over other materials. It has been reported that
high processing temperatures are required to form low-resistivity titanium germanide
(>800°C) and cobalt germanide (>500 °C), while nickel germanide can be formed at a
low temperature of 270 °C [1.44]. Such a low processing temperature is effective to
prevent the degradation of high-x gate stack on germanium substrate and makes
nickel germanide more suitable for Ge device fabrication. In this thesis, the formation
and thermal stability of nickel germanide are studied. Enhanced drive current
benefited from reduced series resistance is observed on germanium junction with

nickel germanide contact.

1.5 Organization of Thesis

The remainder of this thesis has been organized as follows. Chapter Two shows
the preliminary results of the electrical performance of high-x/Ge MOS devices. A
high hole mobility which exceeds the SiO,/Si universal curve has been demonstrated.
In addition, the thermal stability of high-x/Ge upon PDA and PMA is studied. Severe
degradation of capacitance-voltage characteristic and increased leakage current after
high temperature post metal annealing is observed. Germanium out-diffusion from
substrate into high-x dielectric is believed to be responsible for the degradation.
Chapter Three investigates the germanium out-diffusion mechanism in high-x HfO,

dielectric with details. The effect of high-x dielectric deposition methods and post
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deposition annealing conditions on germanium incorporation in HfO, is presented.
And the impacts of germanium incorporation on electrical properties of HfO, such as
dielectric constant and interface state density are investigated. Since the source/drain
activation by the conventional rapid thermal annealing method requires a high
temperature which degrades the gate stack as shown in the previous chapters, in
Chapter Four, a novel laser annealing source/drain activation is developed. By
employing nano-seconds high temperature laser annealing to melt the source/drain
regions into liquid, the dopants are frozen into germanium lattice and fully activated.
Additionally, with an aluminum laser reflector on the gate electrode, the source/drain
regions are selectively annealed without heating gate stack. As a result, good gate
stack integrity and fully activation of S/D are achieved. Chapter Five addresses the
formation of nickel germanide as source/drain contact to further reduce series
resistance and improve drive current. The appropriate annealing temperature for
nickel germanide formation is defined. The NiGe film degrades after high temperature
annealing and it is ascribed to film agglomeration. The activation energy of
agglomeration is extracted. An optical model is created to measure the thickness of
NiGe and monitor the agglomeration of NiGe. Chapter Six concludes the thesis by
summarizing the results obtained and the contributions made to the field along with

suggestions for future work in related areas.
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Chapter 2

Germanium MQOS Device with High-x Gate Dielectric

2.1 Introduction

Germanium is a promising channel material for future advanced
complementary metal-oxide-semiconductor (CMOS) device as it offers 4X higher
mobility for holes (1900 cm*/V-s) and 2X higher mobility for electrons (3900 cm?/V-s)
compared to silicon (450 and 1500 cm?’/V-s respectively) [2.1]. In addition,
germanium is also a potential choice for supply voltage scaling down to meet ITRS
requirements [2.2]. Furthermore, germanium is suitable for highly scaled MOSFET
under ballistic transportation operation due to its small carrier effective mass [2.3].
However the lack of a stable Ge oxide makes it difficult to fabricate germanium
metal-oxide-semiconductor field effect transistor (MOSFET). Inspired by the recent
progress of high-x dielectric deposition technology in Si MOSFET application,
germanium MOSFETs have attracted attention again.

In the first part of this chapter, a preliminary study was carried out to explore
the feasibility of integrating high-x gate dielectric with germanium substrate.
Ge pMOS capacitor and pMOSFET with hafnium oxynitride (HfO.Ny) gate dielectric
were demonstrated. The thermal stability of germanium MOS capacitor upon post
deposition annealing (PDA) was evaluated. Next, the electrical characteristics of both

Ge n- and pMOS capacitors with Al,O; and surface nitridation were in-depth
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discussed. The thermal stability of germanium MOS capacitor upon post metal

annealing (PMA) was systematically studied.

2.2 Experiment
2.2.1 Ge MOS devices with Hf oxynitride gate dielectric

The Ge substrates used in this work were (100) Sb doped n-type wafers with a
resistivity of 2-3.2 Q-cm. First, the substrates were dipped in ammonia aqueous
solution (28% NH4OH: H,O=1:4) for 300 s to etch native oxide selectively from the
Ge substrates and to remove residual metal contaminations [2.4]. Then the wafers
were re-oxidized by dipping in diluted hydroperoxide (30% H,0,:H,0=1:5) for 60 s.
Following that, the wafers were cleaned by diluted-HF solution for 60 s to remove Ge
oxide and achieve a clean and passivated surface [2.5]. HfO.N, was formed by
physical vapor deposition (PVD) method. A thin HfN film was deposited by reactive
sputtering using a pure Hf target, followed by post-deposition anneal (PDA) using
rapid thermal annealing (RTA) for oxidation and densification. The HfN sputtering
was performed in an Ar+N, ambient [Ny/(Ar+N;)=0.5] with a power of 250 W and a
chamber pressure of 5 mTorr. To avoid excessive oxidation and minimize interfacial
layer (IL), the PDA was performed in a N, ambient instead of O, ambient. The
dependence of electrical performance on the different PDA temperatures was
investigated at temperatures ranging from 500 to 700 °C. The film thicknesses
measured by ellipsometer were 5.1, 5.0, 5.1, 6.1 and 12.2 nm after 500, 550, 600, 650
and 700 °C PDA, respectively. After PDA, 1500 A tantalum nitride (TaN) gate
electrode was deposited and patterned by dry etch. For MOSFET fabrication, the
sample after gate patterning was subjected to B'' implantation (Dose=5x10""/cm?,

Energy=35keV, 7° tilt). Forming gas annealing at 425 °C for 2 hours was performed as
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the last step and it also behaved as the activation annealing for pMOSFET.

2.2.2 Ge MOS capacitors with Al,O3 and surface nitridation

Both n-type and p-type germanium MOS capacitors were fabricated on (100)
germanium substrates. The resistivities were 0.2-0.27 Q-cm and 0.45-0.51 Q-cm for p-
and n-type substrates respectively. First, the native oxide on the Ge substrates was
removed using a cyclic rinse of 50:1 HF solution and de-ionized water, followed by
surface nitridation performed in NH3 ambient at 600 °C for 60 sec using rapid thermal
process (RTP). Then, Al,Os3 films were deposited by atomic layer deposition (ALD)
using trimethylaluminum (TMA) precursor and H,O at 320 °C. The film thickness
was ~7.3 nm measured by spectroscopic ellipsometer. Subsequently, TaN gate
electrode was deposited by reactive sputtering, and was patterned by lithography and
dry etching. Following that, post metal annealing was performed in an RTP machine
at different temperatures for 60 sec in a pure N, ambient or a mixed gas ambient of
N,+10%0,. Finally, backside Al deposition and sintering (N, with 10% H;) at 300 °C
for 30 min were performed to reduce the contact resistance. For comparison, silicon
MOS capacitors were also fabricated with the identical process conditions as the Ge
devices.

The current-voltage (I-V) characteristics were measured using an HP4155B
semiconductor parameter analyzer and the capacitance-voltage (C-V) characteristics
were measured using an HP4284A precision LCR meter. High-resolution X-ray
photoelectron spectroscopy (XPS) analysis was performed using a Physical
Electronics Quantum 2000 Scanning ESCA Microprobe with a monochromatic and

standard Al X-ray source.
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2.3 Results and discussion

2.3.1 Ge MOS devices with HfONy gate dielectric

A. Electrical characteristics of Ge MOS capacitors

Figure 2.1 shows the variation of the EOT as a function of the PDA
temperatures ranging from 500 to 650 °C (The duration of PDA is 1 min). The solid
square symbols represent the EOT before forming gas annealing (FGA). It was found
that the smallest EOT of 17 A was obtained with PDA at 500 °C without FGA. A
higher PDA temperature resulted in a larger EOT. Once the PDA temperature reached
650 °C, the interfacial layer began to grow rapidly, and led to a noticeable increase in
EOT (24.2 A). Furthermore, when the PDA was performed at a higher temperature
such as 700 °C (not plot in the figure), the EOT increased significantly and the value

showed a large spreading ranging from 4 nm to 6 nm. This huge EOT increase is due
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Figure 2.1. The dependence of the EOT of HfO,N;, Ge MOS capacitors on PDA
temperature and FGA.
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to the significant interfacial layer growth. As measured by ellipsometer, the film
thicknesses after PDA increased dramatically from 6.1 nm to 12.2 nm with increasing
annealing temperature from 650 °C to 700 °C. Since the XPS results (data shown later)
indicate that, after 600 °C PDA, the HfN metal film is already fully oxidized into Hf
oxynitride, this huge increase in physical thickness could be only attributed to
additional interfacial layer growth due to the Ge substrate oxidation. Unlike silicon on
which interfacial layer growth is relative slow during PDA at the same temperature,
the IL growth problem is very severe on germanium because germanium is much
easier oxidized. For an instance, even at a relative low oxidation temperature such as
550 °C for 10 min in dry O, ambient, 8 nm Ge oxide has grown [2.6], whereas the
silicon oxide growth under the same condition is negligible. Therefore, it is necessary
to keep a low thermal budget for germanium process to achieve a small EOT. On the
other hand, a high temperature PDA is always desirable for a high quality film. A
PDA temperature of 650 °C was suggested for HfOxNy dielectric on silicon [2.7].
Regarding the easy oxidation behavior of germanium, a low PDA temperature of 600
°C or less is recommended for germanium process.

Another important property of device with high-x gate dielectric is the increase
of EOT after dopant activation annealing. Fortunately, the required activation
temperature for dopants in germanium is much lower than that of silicon. It has been
reported that low dose B'' dopants were electrically active without any post
implantation annealing and BF, dopants were 100% activated after 350 °C annealing
for 30 min [2.8]. Therefore, alloying at 425 °C for 2 hours was used to test the EOT
increase in this study. The open circular symbols in Fig. 2.1 depict the EOT after FGA.
The device with a higher PDA temperature has a smaller EOT increase after FGA.

The EOT increase was 1.5 A in the device with PDA at 500 °C, whereas it was
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reduced to 0.3 A with PDA at 650 °C. This indicates that the nitrogen bonding in
HfON, effectively inhibits oxygen diffusion through the gate dielectric.

Severe C-V hystereses have been observed with high-x gate dielectrics, which
may lead to instability of threshold voltage of MOSFET. In Fig. 2.2, the hystereses of
samples with different PDA temperatures are compared before and after FGA. The
hysteresis was calculated by the difference between the flatband voltages of C-V
curves from bi-directional voltage sweep between £ 1 V. As shown in Fig. 2. 2, the
germanium device has much higher hysteresis than that of the silicon control sample.

The forming gas annealing can passivate traps and relieve the hysteresis.

o00r Ge capacitor o

< - [ Silicon control device
S

P 400 ¢

n

D

Q2

Q. 200t

T

7 @

500 550 600 600w/oFGA
PDA temperature (°C)

Figure 2.2. Comparison of hysteresis of devices with different PDA temperatures after

FGA. One silicon control device was shown for comparison with PDA at 600 °C.

Figure 2.3 shows the typical C-V curves of HfO,Ny, Ge MOS capacitors with
PDA at 600 °C before and after FGA. The C-V measurement was done at 100 kHz,
sweeping from inversion to accumulation. A significant stretch-out was observed in
the C-V curve of sample before FGA, which was not observed in the silicon control

sample. It was noted that the stretch-out was much relieved after FGA. In addition,
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the flatband voltage after FGA shifted to 0.07 V, which is close to the ideal flatband
voltage. Considering the low hysteresis and good C-V curve of Si control device, we
can rule out the possibility that the poor C-V characteristic of Ge devices is due to
bulk traps in HfO.Ny. The distorted C-V curve and large hysteresis of Ge device can
be attributed to the formation of unstable germanium oxide interfacial layer. This is
also consistent with our previous discussion that the higher PDA temperature results
in a thicker germanium oxide interfacial layer, and hence leads to a lager hysteresis
and EOT. The gate leakage current of Ge MOS capacitor is shown in the inset of

Fig. 2.3. A leakage current density of 3.1x10” A/cm® was obtained at Vg=1 V.

Si control device ———-
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Figure 2.3. The capacitance-voltage (C-V) characteristics of HfON, Ge MOS
capacitors before and after FGA. The PDA was performed at 600 °C for 1 min. One

silicon control device without FGA was plotted for comparison. The inset shows the

gate leakage current versus voltage (Jg-V) characteristic of Ge device after FGA.
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B. MOSFET Characteristics

MOSFET devices were fabricated using the identical process flow of MOS
capacitors with a fixed PDA temperature at 600 °C. Ring-type structure with gate
length of 20 um was used to eliminate the need for isolation. Figure 2.4 shows the
well-behaved output curve of Ge pMOSFET with Hf oxynitride gate dielectric. The
device exhibited normal turn-on behavior with increasing gate voltage above
threshold voltage. Compared with the reported Ge pMOSFET with high-x ZrO, which
can not turned off due to high gate leakage [2.9], the turn-off behavior of Ge
pMOSFET in this work is much better. With reducing the gate overdrive close to zero,
the drive current reduces to zero and the transistor is successfully turned off.
Figure 2.5 shows the transfer curve of the device. The extracted threshold voltage is
-0.05 V which is relative low for real circuit application (~ -0.2 V). The optimization

of threshold voltage could be done by increasing substrate doping concentration and

Vg=0 V->-1V_

2.0
Step=-0.2V
15 L=20 um

o
ol
)

0.0 - - - -
1.0 -08 -06 -04 -02 00

vd (V)

Figure 2.4. As-measured output characteristic of Ge pMOSFET with HfO.N, gate
dielectric.
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Figure 2.5. As-measured transfer characteristic of Ge pMOSFET with HfO.N, gate

dielectric.
work function tunning of metal gate. The device exhibits 140 mV/decade
subthreshold swing and this implies high interface states. Figure 2.6 shows the
extracted hole mobility of the Ge pMOSFET. The germanium device exhibits much
higher hole mobility than high-x/Si references in the literature [2.10][2.11]. Compared
with Si0,/Si universal curve, germanium device also shows enhanced mobility at the
peak region. This proves that, with Ge as channel material, a higher mobility than
Si0,/Si universal curve could be achieved. However, the mobility of germanium
device degrades at high effective electrical field. It is probably due to the high
source/drain series resistance. Since the device characteristics were measured by
direct probing source/drain (S/D) area without any metal contact, a very large S/D
series resistance has been observed. The effect of series resistance on limiting device

drive current is the most pronounced when the device is biased at high gate voltage
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(corresponding to high electrical field). As a result, the device mobility under high

electrical field is severely underestimated.

—u— Ge pMOSFET
2501 —e— PVD HfO, with SN [10]
200 N R —A— PVD HfOz.[ll]
— RN - --- Si/SiO, universal curve
U? s ~ ..\.\.... 2
Nz 150+ ~ !._.. g
£ ' g
S 100t o TR
T oB0f AT ]
S
0 s . 1 N 1 N 1 N
0.0 0.1 0.2 0.3 0.4
E_. (MV/icm)

Figure 2.6. The extracted hole mobility of Ge pMOSFET with HfO,N, gate dielectric.
The hole mobility of PVD HfO,/Si pMOSFET and device with PVD HfO, and surface
nitridation (SN) are included for comparison.

C. Material properties of HfO.N, on germanium substrate

The material property of Hf oxynitride dielectric on germanium was analyzed
by XPS. Figure 2.7(a) shows the Hfyr spectrum for samples before and after PDA
(600 °C 1 min). For the sample before PDA, the binding energies corresponding to
Hfys, and Hfypo peaks located at 17.6 eV and 16.4 eV. Compared with the reported
binding energies of Hf-N at 17.2 eV and 15.6 eV and 19.64 eV and 17.93 eV for HfO,
[2.13], the higher binding energies than Hf-N and lower binding energies than Hf-O

indicate the presence of Hf-O bonds in addition to Hf-N bonds in the
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Figure 2.7. XPS spectra of (a)Hfsr and (b)N;, for the samples before and after PDA.
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nitrogen-incorporated films. It implies that the oxidation of HfN already occurred
before PDA (during the deposition or exposure to air). After PDA, the binding
energies corresponding to Hfys, and Hfyro shift higher to 18.7 and 17.0 eV,
respectively. This indicates that Hf-N bonds were replaced by Hf-O bonds after the
PDA. However, each Hfys peak shows a noticeable shift from the ideal HfO,. It
implies the presence of remaining Hf-N bonds in the films. Fig. 2.7(b) shows Ni;
peaks for the samples before and after PDA. N, peak at 395.8 eV is attributed to Hf-
N bonds. After 600 °C PDA, it shifted to 397.9 eV corresponding to Ge-N bonds. This
is consistent with the result of HfO,Ny on silicon that nitrogen bonds with silicon after
annealing [2.7]. N, peak around 404 eV can be attributed to N-O bonds.

Figure 2.8 shows the angle-resolved analysis of nitrogen concentration. The
nitrogen concentration decreased after PDA and nitrogen piled up at the gate
dielectric/germanium interface. Similar behavior of nitrogen on Si substrate has been

reported by other groups [2.7].

35
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Figure 2.8. XPS angle-resolved analysis shows that nitrogen piles up at the interface.
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2.3.2 Germanium MOS capacitor with Al,O3 and surface nitridation

In the previous section, germanium pMOSFET with PVD Hf oxynitride
dielectric has been demonstrated. Although PVD is a flexible way to deposit a large
variety of high-x dielectrics for research and development, it is not suitable for mass
manufacturing since it is hard to control the thickness and repeatability of thin layer
deposition. Atomic layer deposition is recognized as a reliable method for high-x
dielectric deposition due to its precise deposition controllability which meets
industry’s need. However, high-x deposition by chemical vapor deposition (CVD) on
bare silicon usually results in a thick interfacial layer because of its relative high
deposition temperature. Therefore, a surface treatment such as NHj nitridation prior to
high-x deposition is widely adopted to prevent the excessive interfacial layer growth.

In this section, we systematically studied both n-channel and p-channel
germanium MOS capacitors with ALD Al,O3 gate dielectric with surface nitridation.
In particular, the thermal stability of high-x gate stack on germanium upon post-metal

annealing (source/drain activation annealing) was evaluated.

A. Capacitance-voltage characteristics of device without PMA

Figure 2.9 (a) (b) shows the capacitance-voltage characteristics of Ge p- and n-
MOS capacitors without PMA. Good C-V characteristics were obtained at 1 MHz
while a kink was observed at 100 kHz in depletion region. This frequency dependence
effect could be explained by interface states.

The existence of interface states affects the C-V curve by two ways [2.14]. The
first effect is the stretchout of C-V curve along the gate bias axis. Stretchout occurs
because the interface state charge varies with gate bias. For a MOS capacitor, to

satisfy the overall charge neutrality, the change in gate charge must be balanced by a
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Figure 2.9. Capacitance-voltage characteristics of (a) p-MOS capacitor and (b) n-
MOS capacitor without PMA measured at 100 kHz and 1 MHz. Small hysteresis
(~100 mV) was estimated from bi-directional voltage sweep between £2 V beginning

at inversion (not shown in the figure).
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change in substrate surface charge and interface state charge. That
is, 00, +00Q,+00Q, =0, where 00,, 60, and 6Q, are the changes of gate,
surface and interface state charge density respectively. Because the MOS capacitor
with interface states includes the additional change inoQ, as compared with MOS
capacitor without interface states, the required change in5Q. is less. Thus the change
in band bending is less in the MOS capacitor with interface states than in the one
without. Consequently, to drive the MOS capacitor from accumulation to inversion
(or vice verse) requires a larger range of gate charge variation for the case with
interface states, than for that without interface states. Because gate charge and gate
bias are related [dQ, = CoV,.], a larger swing of gate bias also will be required. Thus
the C-V curve is stretched out along the gate bias.

The second effect of interface states is the contribution to the measured

capacitance [2.14]. The capacitance of the MOS capacitor is defined by

c=9 A0 dv. c.ch G 22)
av, dy,dv, ‘ C . +C +C,
: : do,
where the total charge per unit area is O, =—(0.+0,), C,(9,)= —d—’ and
dQ . . . .
C.(p,) :_d_s are the interface state and the silicon surface capacitances density
respectively.

Equation (2.2) shows that, in addition to stretchout, measured C is increased as
a result of Cit. The equivalent circuit corresponding to (2.2) is shown in Fig. 2.10.
Since the interface state capacitance (Cit) is in parallel with substrate capacitance (Cs),
the change of the capacitance of the MOS capacitor due to interface state is dependent
with substrate capacitance (Cs). When the C is much larger than Cj (e.g. in the

accumulation region of capacitor), the contribution to the measured capacitance by C;
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is negligible. When the Cs is small (e.g. in depletion region and inversion region for
high frequency measurement), the increase of measured capacitor due to Cj; is more
noticeable.

The interface state capacitance also depends C-V measurement frequency. Since

the interface states have finite charge/discharge time constant, when an extremely

high frequency small-signal alternating component of gate bias dV, (w)is applied,

interface states will not respond fully. Only those interface states that can capture
electrons within the period of the AC gate voltage will respond. Consequently, Cj
becomes smaller for higher frequency C-V measurement. Traditionally, those
interface states which can follow high frequency small signal (several kHz or above,
which is usually used for C-V measurement) are called as “fast interface states”. On
the contrary, those which can not are called “slow interface states”.

The kink observed in the depletion region of C-V curves in Fig. 2.9 suggests the
existence fast interface states which can follow 100 kHz measurement signal. As a
result, an increased capacitance is recorded at 100 kHz due to Cit and it leads to the
kink in the depletion region. On the contrary, for | MHz measurement, the interface
states can not fully follow the AC signal. Therefore, the Cit decreases and the kink

effect diminishes.

Figure 2.10. Equivalent circuit of the MOS capacitor. Cox, Cs and C;; stand for
gate oxide capacitance, substrate capacitance and interface state capacitance.
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B. C-V characteristic degradation after PMA

To evaluate the thermal stability of Ge MOS capacitors with Al,O3 and surface
nitridation, post metal annealing was performed at different temperatures from 500 °C
to 700 °C in N, ambient. As the annealing temperature increased, the C-V
characteristics exhibited systematical degradation. Figure 2.11 (a) and (b) show the
typical degraded C-V characteristics after post metal annealing for Ge p- and n-MOS
capacitors respectively. For the p-MOS capacitors, the shape of C-V curves is normal
but they have a parallel shift with different frequencies. On the other hand, the n-MOS
capacitors exhibit an abnormal high frequency C-V characteristic measured at 100
kHz which looks similar with the low-frequency C-V characteristic. Besides, nMOS
capacitors also show frequency dependence in the depletion/inversion regions. In
contrast to the abnormal C-V observed on Ge devices, there are no C-V degradation
on Si control devices as shown in Fig. 2.11 (c)(d) after post metal annealing at the
same condition. It implies that the C-V degradation is not related with pre-existing
traps in the as-deposited high-x material, high-x crystallization or metal gate/high-x
interdiffusion after PMA.

The frequency dependence of Ge pMOS capacitor could be understood by a
huge kink appearing from strong accumulation region (the remark in Fig. 2.11a). This
kink is attributed to a series of high density interface states whose energy levels lie
around midgap and the upper half of Ge (illustrated in Fig. 2.12) which correspond to
p-MOS accumulation to depletion regions.

For the nMOS C-V degradation, there are two possible causes as followings.
The first hypothesis is that the anomalous high capacitance may be due to small
minority carrier generation time (Tr) in high-x/Ge after PMA [2.15]. The small

minority carrier generation time could be attributed by metal atoms which diffuse
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Figure 2.12. Illustration of the energy distribution of interface state.

from dielectric into Ge bulk after high temperature annealing and form bulk traps as
generation/recombination centers. Under this hypothesis, when a high positive gate
bias is applied (e.g. V,=2-3 V as shown in Fig. 2.11b), the device is in inversion
region. Due to a very short Tg, there are enough minority carriers which can follow
high frequency signal and therefore the device exhibits a low frequency like C-V
curve at 100 kHz. However for 1 MHz, the Tg is not small enough and the generation
of minority carriers can not fully respond with AC signal. This results in the
frequency dependence observed in Fig. 2.11(b). However, this hypothesis conflicts
with the observed pMOS device characteristics. If metal atoms diffusion after PMA
results in generation/recombination centers, an anomalous high capacitance should
appear in pMOS device inversion region too but this is not observed experimentally.
In addition, we measured the room temperature minority carrier response time of Ge
pMOS capacitors before and after PMA. The Tr is around 2 psec and it does not
change before and after PMA. This value is comparable with the data of Dimoulas
et al measured on HfO,/Ge without PMA (0.7 psec) [2.16]. The unchanged minority
carrier response time implies that the C-V deterioration is not caused by the additional
bulk traps created by metal diffusion into Ge substrate.

The anomalous C-V characteristics of Ge nMOS after PMA are successfully

explained by high density fast interface states. As the gate bias increases, the nMOS
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changes from strong accumulation to weak accumulation and depletion.
Correspondingly, the Fermi level sweeps over Ge bandgap where fast interface states
exist as shown in Fig. 2.12. Since these fast interface states can follow the 100 kHz
signal, it leads to the high interface state capacitance and changes the measured
capacitance. For 1 MHz measurement, since the interface states can not respond, only
the stretch-out of C-V curve is observed.

It is noticed in Fig. 2.11(b) that the capacitance value keeps increasing with
gate bias from 1 V to 3 V which is not commonly observed in degraded C-V curve
with interface states. This behavior misleads the people and induces the first
hypothesis based on metal diffusion theory which was proved to be wrong. To have a
correct understanding of C-V degradation, there is a need to obtain the C-V
characteristics at higher gate bias (>3 V). However, due to the low breakdown voltage

or high gate leakage current which minds C-V measurement , there is no report in the
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Figure 2.13. Capacitance-voltage characteristics of nMOS capacitor after PMA with

increased measurement range to +6 V.
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literature with high voltage C-V characteristic of Ge device. In this work, benefited
from high-quality Al,Os3, the high voltage C-V curves was obtained and it gave a clear
picture of Ge n-MOS capacitor behavior. As shown in Fig. 2.13, the Ge n-MOS
capacitor after PMA shows a huge kink and stretch-out around gate bias from 1 V to
5 V which is corresponding to n-MOS depletion and inversion regions. The abnormal
C-V behavior at gate bias from 1 V to 3 V in Fig. 2.11(b) is actually a part of this
huge kink. This huge kink indicates that a series of high density interface states locate
at the midgap and the upper half of Ge bandgap. This result is consistent with the
previous discussion that the interface states at the same energy levels are responsible
for pMOS capacitor degradation. Since the interface state density at different energy
level is different, the height of kink (i.e. the measured capacitance) varies with
different gate voltage. This leads to the increase of capacitance value from 1 Vto 3V
and the decrease from 3 Vto 6 V.

The explanation of abnormal n-MOS C-V curve by interface state is also
supported by the measured high conductance value (G) at positive gate voltage
(Vg>1 V). If the anomalous high capacitance is due to minority carriers generated by
bulk traps, a low conductance should be observed. Instead, a high conductance was

obtained which is a clear evidence of interface states.

C. Flatband voltage variation after PMA

Besides the C-V deterioration, significant positive shift in flatband voltage (V)
was observed in both p- and n-MOS capacitors after post metal annealing. Figure 2.14
summarizes the Vg, of Ge p-MOS capacitors after annealing in N,, measured at
1 MHz. The positive flatband voltage shift is not due to the reduction of fixed charge

in the bulk Al,O; since the Si control devices only have a small and negative Vy, shift

45



Chapter 2: Germanium MOS Device with High-x Gate Dielectric

—o— Ge device
—u— Sj device

N
T

|
. /  GeidealV,—u

Si ideal Vfb

Flatband voltage (V)
[ERY

o
T
H:H\
O

w/o PMA 500 600 700 800
PMA temperature (°C)

Figure 2.14. Flatband voltage shifts in Ge and Si p-MOS capacitors after PMA. The
Vi, was extracted from the C-V curves measured at 1 MHz. The ideal Vg, values
were calculated with the reported TaN work function and the Fermi-level of Ge and

Si substrates respectively.

after the same annealing. The C-V deterioration and Vy, shift could be ascribed to Ge
diffusing out from substrate into dielectric. It has been reported that germanium
diffused through 20 nm Al,Oj; after 800 °C annealing and significant Ge diffusion into
HfO, was observed for Ge MOS devices after >500 °C annealing [2.17][2.18][2.19].
And germanium incorporation in dielectrics such as Al,Os; and SiO; introduces
negative fixed charge and leads to positive flatband voltage shift [2.18][2.20]. These
are fully consistent with our observation of significant positive shift of Vg, in Ge MOS
capacitors with Al,Os after annealing. The C-V deterioration could also be explained
by Ge out-diffusion. Recent electron spin resonance (ESR) analysis revealed that
dangling bonds at crystal surface were not present in high-x/Ge device and were not
responsible for interface state [2.21]. And it suggested that interface states were
related with the defects originating from Ge-related imperfections in gate dielectric.

This finding helps to explain the C-V deterioration. After PMA, a large amount of
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germanium atoms diffuse into dielectric and result in more Ge-related imperfections
which consequently generate more traps. As a result, strong frequency dependence

and huge kink were observed in the C-V characteristics.

D. Gate leakage current

Post metal annealing also affected gate leakage current. Figure 2.15 (a) shows
the gate leakage currents of p-MOS capacitors without PMA. In the case of negative
bias corresponding to gate injection, the leakage current at high gate voltage can be

well fitted by FN tunneling (Fig. 2.15b). The FN tunneling current density is given by

Jy = AE.. exp [;—B] , where E  is the electric field through the gate dielectric, A

ox

3 3
. / 87/2m @
and B are constants as given by A =4 N M) (m /m,,) andB=—""2""% The fitted

8rhd, 3qh
barrier height value of 3.03 eV is consistent with the band offset between TaN and
Al,Os3 conductance band [2.22][2.23]. However, in the case of positive bias
corresponding to substrate injection, though the leakage current can be fitted to FN
tunneling, the barrier height at Al,O3/Ge substrate interface (0.52 eV) is lower than
the theoretical value (Fig. 2.15¢). Similarly, for n-MOS capacitors without post-metal
annealing (Fig. 2.16), a normal barrier height at the gate/dielectric interface (3.15 eV)
and a low barrier height at the dielectric/substrate are also extracted. The low
dielectric/substrate barrier heights in both p- and n-MOS capacitors imply that there
are states above the Ge conduction band near the dielectric/substrate interface, which
acts as electron injection centers. It is also noticed that post metal annealing in pure
N, ambient increases leakage current dramatically (~4 orders) and decreases the

dielectric breakdown voltage. It is noted that the post metal annealing in N,+O, mixed
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Figure 2.15. (a) I-V characteristics of Ge p-MOS capacitor. The leakage currents under

high positive and negative biases were fitted to FN tunneling corresponding to (b)
substrate injection and (c¢) gate injection.
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gas ambient maintains a low gate leakage of Ge device. For comparison, no leakage
current increase has been observed on Si n-MOS capacitor as a control sample after
PMA (Fig. 2.17). Again, this indicates that the leakage degradation of Ge devices
after PMA is not due to high-« crystallization or metal gate/high-« diffusion. The high
leakage current after PMA in pure N, ambient can be another consequence of Ge out-
diffusion. After annealing, the germanium resides in Al,O; in an oxygen-deficient
form, which results in the large increase of gate leakage current. By annealing in
oxygen contained ambient, the germanium atoms diffusing into AlL,Os; form

germanium oxide and therefore a low leakage is maintained.

3
10 —o— Without PMA
101: A —o—600°C 60s in N,
d —2—600°C 60s in N, with 10% O,
r

Gate Leakage (A/cm’)

Gate Bias (V)

Figure 2.16. Leakage current-voltage characteristics of Ge n-MOS capacitor. After PMA
under N,, the leakage current of Ge n-MOS capacitor increased dramatically. Annealing

in the mixed gas (N, with 10% O,) does not increase the leakage current.
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Figure 2.17. Leakage current-voltage characteristics of Si n-MOS capacitor before and
after PMA under N,.

2.4 Conclusion

In summary, Ge pMOSFET and pMOS capacitor with high-x gate dielectric are
demonstrated in the first part of this chapter. The results show that the PDA
temperature for germanium device with HfOxNy should not exceed 600 °C due to a
significant increase of the interfacial layer between high-«x film and Ge substrate. With
a low thermal budget processing, promising electrical performance is shown in the Ge
pMOSFET with high-x gate dielectric.

In the second part of this chapter, the electrical properties of Ge MOS
capacitors with NHj surface nitridation and Al,Os gate dielectric were investigated on
both p- and n-type devices. Normal C-V characteristics were obtained in the devices
without high temperature PMA. The device characteristics after high temperature post
metal annealing were systematically studied, and three major thermal stability issues
were characterized: (1) deterioration of C-V curves, (2) positive shift of Vy,, and (3)

leakage current increase. It is suspected that Ge out-diffusion from substrate into
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dielectric is the root of Ge device performance deterioration.
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Chapter 3

Germanium Incorporation in HfO, Gate Dielectric

and its Impacts on Electrical Properties

3.1 Introduction

With the recent development of high-x dielectric material replacing the
conventional thermal oxide to form gate stack, germanium MOSFET draws a great
attention again. High mobility long channel bulk germanium, germanium-on-insulator
and strained germanium MOSFETs with various high-x gate dielectrics have been
reported [3.1][3.3][3.3][3.4]. Deep sub-micron (0.15 um) Ge MOSFET with HfO,
was also demonstrated in a 200 mm Si prototyping line [3.5]. It shows that Ge
MOSFET fabrication is compatible with the mainstream Si processing technology.
Despite that the preliminary results of Ge MOSFET with high-x are encouraging; a
new phenomenon “germanium incorporation in high-x” has been recently reported. A
large amount of germanium inside HfO, film deposited by metal organic chemical
vapor deposition (MOCVD) technique on germanium substrate was firstly reported by
our research group [3.3] and it was also observed by other researcher [3.6]. Similar
germanium incorporation was noticed in physical vapor deposition (PVD) HfO, on
Ge substrate after high temperature annealing [3.7]. However, there is no detailed
investigation of the dependence of germanium incorporation on process conditions

(i.e. temperature, ambient). Besides, it is not clear about the change in electrical
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properties of HfO, film after germanium-incorporation. In the previous chapter, it is
suspected that germanium diffusion into AlL,O; gate dielectric after post metal
annealing causes significant flatband voltage shift and the increase of interface state
density. Same C-V characteristic degradation is reported with Ge MOS device with
HfO, after PMA [3.8]. In addition, since GeO, has lower dielectric constant (~9) than
HfO, (~20), it is suspected that the Ge-incorporation would degrade the x value of
HfO, and thus would increase the EOT of Ge MOS device with HfO, gate dielectric.
It is therefore highly desirable to investigate the change in dielectric constant and
other electrical properties of HfO, with Ge incorporation. These results could help us
to understand the observed electrical characteristics of high-«/Ge MOS device with
the presence of Ge incorporation issue. Since different HfO, deposition method and
annealing result in different amount of Ge in HfO,, it is interesting to evaluate the
change of electrical properties of HfO, with different Ge concentration.

In the first part of this chapter, the mechanism of germanium incorporation into
HfO, is extensively evaluated on bulk germanium wafers with varied process
conditions. In the second part of this work, the impacts of germanium incorporation

on HfO, electrical properties have been investigated with MOS capacitor structures.

3.2 Experiment
3.2.1 Germanium incorporation in HfO,

HfO, films were deposited on (100) germanium substrates by either MOCVD
or PVD method. Before deposition, the wafers were cleaned by diluted-HF. MOCVD
deposition employed Hf t-butoxide precursor and O, at 400 °C in the MOCVD
chamber of Jusung gate cluster. To evaluate the dependence of Ge incorporation on

deposition method, reactive sputtering method (i.e. PVD) using a pure Hf target in O,
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ambient at room temperature, was used to prepare HfO, films. To study the Ge
incorporation in HfO, upon subsequent thermal processes after deposition, post-
deposition annealing (PDA) was performed in a rapid thermal processing (RTP)
machine in N, or O, ambient at temperatures ranging from 400 to 700 °C.
Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) was used to
investigate the chemical species profiles. Sputtering was accomplished by Ar’ at
0.5 keV for all thin HfO, films (<10 nm), while the analysis was made in positive
polarity by using Ga" primary ion beam operating at 25 keV. For all thick PVD HfO,
films (~100 nm), the Ar’ sputtering energy was increased to 3 keV to avoid
unreasonable long experiment time. With the higher sputtering energy, the sensitivity
of SIMS decreases and the intensity of the signal decreases consequently. Therefore,
in the subsequent discussion, only the results with same sputtering condition were
compared quantitatively. X-ray photoelectron spectroscopy (XPS) was used to

investigate the film composition and chemical states.

3.2.2 Evaluation of Hf.,Ge,O5 dielectric

MOS capacitors with HfO, and Hf, GecO, gate dielectrics were fabricated on
p-type (100) Si wafers with a resistivity of ~10 ohm-cm. Si substrate instead of Ge
was used due to the following reasons: (1) It is difficult to fabricate Ge MOS
devices with pure HfO, without any Ge incorporation as a standard sample to
compare. (2) The Ge concentration in HfO, could not be controlled precisely on Ge
substrates since the amount of Ge in HfO, keeps increasing with thermal process. On
the contrary, by fabricating devices on Si substrate with deposited Hf;<GecO,, the
effect of Ge incorporation on HfO, electrical properties could be clearly observed

with precise control of Ge concentration. (3) Because the electrical properties of bulk
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Hf, xGesO; such as dielectric constant are independent with the substrate used, the
results obtained on Si device are also applicable to Ge device. After active area
definition, standard pre-gate cleaning with diluted-HF last process was performed.
Pure HfO; and Hf|.1Ge,O, films with three different Ge compositions were deposited
using reactive co-sputtering technique at room temperature. The composition was
controlled by the ratio of applied powers between Hf and Ge targets. Then, post-
deposition annealing in N, ambient was carried out by rapid thermal annealing (RTA)
at 700 °C for 45 sec. Following that, TaN metal gate was deposited and patterned by
lithography and dry etching. For some MOS capacitors, post-metal-annealing (PMA)
was performed at 800 °C for 30 s in nitrogen ambient. Finally, Al deposition on the
back side of the substrates and forming gas annealing at 425 °C for 30 min were
performed. Electrical characteristics were measured by an HP 4284 LCR meter and an
HP 4156C semiconductor parameter analyzer. EOT was extracted from the
capacitance-voltage (C—V) curve measured at 1 MHz after considering the quantum

mechanical effect. The area of the capacitor was 1x10™ cm?.

3.3 Results and Discussion
3.3.1 Dependence of germanium incorporation on process conditions
A. Ge incorporation in as-deposited MOCVD HfO; dielectric

The germanium incorporation in the HfO, film deposited by MOCVD method
is first discussed. Figure 3.1 shows TOF-SIMS depth profiles of chemical species in
the as-deposited 5 nm MOCVD HfO,. Bulk HfO,, interfacial layer (IL) and
germanium substrate regions are roughly deduced from the Ge and Hf intensity
variations. It is noticed that a ~3 times higher Ge intensity exists in the IL region than

that in the substrate due to the enhanced sputtering yield in the oxide environment. In
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Figure 3.1. TOF-SIMS profiles of the as-deposited HfO, by MOCVD. The solid square
symbols represent the Ge profile in HfO, deposited directly on HF-cleaned substrate.

addition, the existence of IL is confirmed by a smaller Hf intensity (~12,000-15,000)
than that in the HfO; (~20,000-25,000). The simultaneous presence of Hf, Ge and O
species in the IL region implies that the IL composition appears to be hafnium-
germanium-oxide. It is worth noting that the germanium intensity in the HfO, region
is still very large (>150), which is far beyond the background noise level of SIMS
machine. This result confirms the Ge incorporation during MOCVD HfO, deposition.
It needs to be noticed that the germanium incorporation in HfO, is not uniform. The
germanium profile exhibits a U-shape characteristic: one peak locates at the
interfacial region and another peak locates near the sample surface. The chemical
nature of incorporated Ge is of great concern; if it exists as clusters of elemental Ge,
the electrical properties (such as leakage current) of the HfO, would be expected to be
unacceptably poor. In addition, because of the lack of sputtering yield information of
Ge in HfO,, the amount of germanium in HfO, cannot be calculated from the SIMS

data. Therefore, XPS analysis was performed to investigate the amount as well as
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chemical state of germanium in HfO,. The Ge 2ps, peak was located at 1220.1 eV,
with C;s peak calibrated to 284.5 eV. This peak position corresponds to Ge dioxide.
Since no elemental Ge peak was observed, the MOCVD HfO, deposition on
germanium actually results in a new dielectric of Hf|.1Ge O,. Angle-resolved XPS
was used to estimate the Ge atomic composition in the HfO,. Figure 3.2 shows
germanium atomic percentage at different take-off angles (10°, 30°, 50° and 70°). The
smaller take-off angle refers to information from the film closer to the surface while a
large take-off angle can detect Ge signal relative deep inside film. As the take-off
angle increases from 10° to 50°, the germanium concentration decreases from 11.6%
to 6.7%. It implies that there is more Ge near the HfO, surface than the bulk HfO,. A
further increase of take-off angle to 70° results in an increased Ge concentration to
8.9%, which is due to high Ge composition at IL region. The XPS results agree well

with U-shape Ge profile measured by SIMS.

20

Angle resolved XPS analysis
15F of as-dep MOCVD HfO,

Ge atomic %
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Figure 3.2. Atomic germanium concentration in the as-deposited MOCVD HfO, changes
with the take-off angles used in the angle-resolved XPS analysis.
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B. Influence of high-k deposition method

It is reported that the Ge incorporation in HfO; relates with MOCVD deposition
temperature. Lowering deposition temperature from 485 °C to 300 °C can effectively
reduce Ge incorporation [3.6]. However, a high temperature deposition is always
favorable to reduce impurities in HfO, such as C and CI during CVD process.
Therefore, reactive sputtering at room temperature may show advantage over
MOCVD to achieve high quality HfO, deposition without Ge incorporation.

Figure 3.3 shows the SIMS profiles of species in the 7.5nm PVD HfO, on Ge.
The shape of Ge profile is generally similar with the MOCVD one. There is an HfO,
layer, including region A where Ge concentration gradually decreases and region B in
which Ge concentration increases with depth, an interfacial layer (IL) and germanium
substrate. As can be seen in Fig. 3.3, the as-deposited PVD HfO, film shows much
less germanium incorporation in HfO, than the as-deposited MOCVD film (Fig. 3.1).
The reduced Ge incorporation in the PVD HfO, owes to its low deposition

temperature. Therefore, PVD at room temperature is superior in term of preventing
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Figure 3.3. SIMS profiles of the HfO, deposited by PVD. The solid circle symbols

represent the Ge profile in HfO, after 700 °C PDA. The open circle symbols represent
the Ge profile in as-deposited HfO,.
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the Ge incorporation during HfO, deposition. However, after PDA at 700 °C for 2 min
in nitrogen ambient, the germanium concentration in the PVD HfO, increased
dramatically (solid circles of Fig. 3.3) and the germanium distribution in HfO; is very
similar to the MOCVD one. The increased Ge incorporation in the region B is due to
Ge diffusing from Ge substrate. Germanium diffusion in dielectrics such as SiO, and
Al,O; has been widely reported [3.9][3.10][3.11]. The fast germanium diffusion in
dielectrics is probably due to its much higher self-diffusivity coefficient compared to
Si [3.12]. However, Ge out-diffusion cannot account for the high Ge concentration in
the region A. The germanium concentration in the region A after PDA increases by ~2
orders which is far beyond those in the region B. Besides, the germanium
concentration gradient is opposite to that in the region B. The mechanism of

germanium accumulation in the region A will be discussed later.

C. Influence of post deposition annealing temperature

The preceding result has shown that thermal annealing after PVD HfO,
deposition causes more Ge into HfO,. Here, the effects of annealing temperature on
Ge incorporation in HfO, are extensively studied. Thick PVD HfO, films (100 nm)
were used to exclude the possible interference on Ge distribution from region B so as
to analyze the Ge incorporation behavior in region A. Figure 3.4 presents germanium
depth profiles in the thick HfO, after different PDA temperatures (from 400 to 700 °C
in N for 2 min) as well as that of as-deposited one. Same as the thin MOCVD and
PVD films, Ge in the thick PVD films shows a U-shape profile after annealing. Again,
we can divide the Ge profile in HfO; into two regions (Region A and B) where the Ge
incorporation shows different behaviors. In the region B, germanium diffuses up into

HfO, at all temperatures (400-700°C) and the Ge concentration increases along with
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Figure 3.4. SIMS profiles of Ge in the HfO, deposited by PVD with different
temperature PDA from 400 °C to 700 °C. The Ge profile in the as-deposited film is

plotted together for comparison.

the depth. On the other hand, in the region A, the results show a systematic increase of
germanium concentration with increasing temperature. No germanium was detected in
the as-deposited thick HfO, film, which is different with thin film. It is probably due
to the lower sensitivity of SIMS with increased sputtering rate for thick film. Trace
amount of germanium was detected in the sample with 400 °C PDA. The Ge intensity
fluctuating between 0 and 1 indicates a very low germanium concentration which is
near TOF-SIMS detection limit. A higher temperature annealing at 500 °C resulted in
a noticeable Ge intensity increase. After 600 °C and 700 °C PDA, germanium intensity

in HfO, increased dramatically.

D. Germanium incorporation mechanism

The contrary germanium gradients in the two regions of thick HfO, suggest that
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there are two different germanium diffusion mechanisms. In the region B, germanium
diffuses up from substrate into HfO,. In the region A, germanium diffuses down into
HfO, from sample surface. It is speculated that the germanium is supplied by airborne
transportation to sample surface in the chamber and the airborne Ge incorporation is
related with germanium oxidation. Germanium oxidation has been studied by many
researchers. It is widely reported that the formation of Ge monoxide (GeO) precedes
the growth of GeO, [3.13][3.14]. The gaseous GeO can desorb from Ge substrate and
transport in the chamber along with process gas flow. Even though the sample is
annealed in nitrogen ambient, the germanium substrate could be oxidized by the
residual oxygen in the chamber. Therefore, when a Ge substrate with HfO, is
annealed, the following processes take place:

(1) reaction of oxygen with the bare Ge surfaces without HfO, covering (such

as the backside and sidewall of Ge substrate),

(2) formation of molecules of GeO,

(3) desorption of GeO gas,

(4) transportation of GeO in process chamber in gas phase,

(5) absorption on the HfO, top surface and the chamber wall,

(6) diffusion downwards into HfO».
But it is not clear if, in the region A, Ge diffusion occurs in the form of either Ge
atoms or GeO. If it diffuses in the form of Ge atoms as that in the region B, Ge should
diffuse by similar distances in both region A and region B. However, the results show
that the depth of the region A is obviously larger than the region B (see Fig. 3. 4). It
suggests Ge diffusion mechanism in the region A is different from region B. It is
probable that Ge diffuses in the region A in the form of GeO. It is reported that Si0’s
diffusivity in SiO; is near 3 orders of magnitude higher than Si atoms [3.15]. To our

knowledge, there is no report on Ge and GeO diffusivity in GeO, or HfO, matrix. We
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speculate that GeO may have a larger diffusivity than Ge atoms. This accounts for the
faster Ge diffusion in the region A of HfO,.

The above model can also explain the temperature dependence of Ge
incorporation in the region A of HfO,. It is reported that germanium oxidation starts
at temperature >400 °C [3.16]. However, germanium oxidation is very slow at 400 °C
and only a small amount of GeO is produced, which accords with the very low Ge
concentration detected in HfO, after annealing at 400 °C. When samples are annealed
at 600 °C and above, fast germanium oxidation occurs, which leads to strong
germanium incorporation in HfO».

To prove the airborne Ge transportation in the chamber, a Si sample with thick
PVD HfO, was annealed alongside Ge sample with the identical PVD HfO, in O,
ambient at 600 °C. The as-deposited silicon sample with HfO; is free of germanium.

After annealing together with germanium sample, a noticeable Ge incorporation is

Intensity

0 100 200 300 400
Sputtering time (s)

Figure 3.5. SIMS profiles of the 100 nm PVD HfO, on silicon reference sample
annealed in O, alongside a Ge sample with 100 nm PVD HfO,.
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found in HfO, on Si, as seen in Figure 3.5. The Ge concentration decreases from HfO,
surface along the depth direction, which is the same as Ge profile in HfO, (Region A)
on Ge substrate. XPS analysis also confirms the existence of Ge in the surface region
of HfO, after such annealing. The results verify that Ge contamination happens
between the Si sample and the Ge sample by the airborne Ge transportation. The
lower Ge intensity and shallower incorporation depth in the Si sample is possibly due
to limited Ge supply. Since there is certain distance between the Si sample and the Ge
sample, less amounts of germanium can reach the Si sample surface compared to the

case of Ge sample.

E. Influence of annealing ambient and time

The proposed mechanisms of Ge incorporation are also supported by its
dependence on annealing ambient. The germanium incorporation in HfO, is found to
be strongly dependent on oxygen concentration in the chamber. Thick PVD HfO,
(100 nm) films were annealed under either nitrogen ambient with very low residual
oxygen concentration (less than several ppm) or pure oxygen ambient at 600 °C for
2 min. The very low concentration oxygen residual in the chamber was achieved by
cyclically pumping the chamber down to high vacuum and venting for 5 times before
annealing. The SIMS profiles of chemical species are shown in Figure 3.6. Obviously,
the sample annealed in O, shows much higher germanium intensity near sample
surface than the sample annealed in N, with low oxygen concentration due to much
stronger Ge oxidation.

In addition, another Ge sample with 100 nm SiO, deposited at the backside by
E-beam evaporator at room temperature with a pure SiO, target was prepared and

subsequently annealed in O, ambient at 600 °C. Figure 3.6 shows that, with backside
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Figure 3.6. SIMS profiles of the samples with 100 nm PVD HfO, annealed in (a) N, and
(b) O, ambient. For a selected sample (c), a layer of 100 nm SiO, film was capped at the
backside of the sample by E-beam evaporator before annealing in Os.
SiO, capping, the Ge incorporation after O, annealing was dramatically reduced.
However, a slightly higher Ge incorporation is still observed in the capped sample
annealed in O, than the sample annealed in N, with low oxygen concentration. This is
due to the oxidation of bare sidewall of Ge substrate since E-beam deposition is not
conformal. The ambient dependence and effect of capping are fully consistent with
our proposed mechanism that the Ge incorporation in the region A of HfO, is through
gaseous GeO produced by the oxidation of bare Ge area without HfO, covering. By
suppressing oxidation (annealed under high purity N, ambient) or reducing bare Ge
exposing area (by capping), there is much less amount of Ge oxidized, which leads to
a significantly reduced Ge incorporation in HfO».

At last, the effect of annealing time on Ge incorporation was also studied. Figure
3.7 shows the Ge profiles in HfO, after annealing at 600 °C for 30 s and 300 s under
O, ambient. It is found that although obvious Ge incorporation is observed after 30 s

annealing, there are more Ge in HfO; if the annealing time is extended to 300 s.
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Figure 3.7. The dependence of Ge profile on annealing time. The annealing was done at
600 °C in O, ambient.

3.3.2 Effect of germanium incorporation on HfO; electrical properties

The dependence of Ge-incorporation in HfO, upon process conditions has been
discussed in the previous section. Different HfO, deposition method and subsequent
thermal process result in different amount of Ge in HfO, Furthermore, it is shown
previously that the Ge distribution in HfO, is not uniform. Therefore, in this
experiment, we investigated the dielectric constant of Hf,.GeO2 with difference Ge
composition.

A. Effect on dielectric constant

It is widely reported that the addition of Si or Al into HfO, causes a significant
reduction in dielectric constant due to the low x values of SiO; (~3.9) and Al,O3 (~8-
9) [3.17]. Since the dielectric constant of GeO; is ~9 [3.18], which is very similar to
Al,O3, it was suspected that the dielectric constant of the HfO, incorporated with Ge

will degrade. Fig. 3.8 exhibits the EOTs of devices with different Ge contents in HfO,.
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It is noted that the sample with Hf| GexO, (x=15%) shows a smaller EOT (1.63 nm)
than that of HfO, (1.85 nm). This is mainly due to smaller physical thickness of
Hf, xGesO,. Measured by ellipsometer, the HfO, and Hf; \GeO, (x=6%, 10% and
15%) film thicknesses (including interfacial layers) are 8.0, 7.9, 7.8 and 7.2 nm
respectively. If considering overall effective dielectric constant ke (€sio,™physical
thickness/EOT), the Hf| 1GexO2(x=15%) shows a similar value with that of pure HfO,.
Furthermore, TEM pictures were taken from the pure HfO, device [Fig. 3.9(a)] and
Hf, «GexO, (x=15%) [Fig. 3.9(b)]. For the device with HfO,, the thicknesses of bulk
HfO, and interfacial layer are 7.2 nm and 0.8 nm respectively. The thicknesses
measured from TEM agree well with the data from ellipsometer. An accurate EOT

after considering interfacial layer can be calculated as,

t t
EOT = g, (-1 -l
k]L kbulk

where kyue and &y are bulk and IL dielectric constant, t,u and typ. are bulk and IL

2.0

1.6

EOT (nm)
-
(@)
Effective Dielectric Constant

0 5% 10% 15%
Hfl_XGeXO2

Figure 3.8. EOTs and effective dielectric constants of MOS capacitors with HfO, and
Hf,..Ge, O, dielectrics.
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Figure 3.9. The TEM pictures of MOS capacitor with (a) HfO, and (b) Hfsse,Ge 50,02

dielectrics without post metal annealing.
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thickness. Kang et al reported that the dielectric constant of bulk PVD HfO, and
interfacial layer are 19 and 7.8 respectively [3.19]. Provided the same HfO, kyyy in
this work, the extracted k. is 8.4, which is consistent with Kang’s result. From
Fig. 3.9(b), a thicker and rougher interfacial layer (1.4 nm) is observed in Hf| 1Ge, O,
device. If we assume the same Ay (8.4), the calculated Ay of Hf1<GeiO, is 22.7
which is similar to that of HfO, control. Therefore, at a low concentration (=15%),
incorporating low-k dielectric germanium oxide into HfO, does not degrade the

dielectric constant obviously.

B. Effect on density of interface state

Figure 3.10 shows the hystereses of the devices with various Ge compositions
in Hf; xGe4O,. The hysteresis is defined as the difference between flatband voltages of
C-V curves swept from 2 V to -2 V and vice versa. As shown in Fig. 3.10,
Hf, xGexO; (170-200 mV) shows a 2 times higher hysteresis than pure HfO; (95 mV).
For the HfO, device, the hysteresis was reduced to 5 mV after an 800 °C 30 s post

metal annealing (PMA). With the same PMA condition, the hysteresis of Hf; \GecO,

250
—un— Before PMA

200F —o— After PMA n
s | L
£ 150}
R2)
[72]
9 100 B ]
e |
2
T S0f —

0 o/

X=0 5% 10% 15%

Figure 3.10. The hysteresis of MOS capacitor with HfO, and Hf; «Ge,O, dielectrics
before and after 800 °C 30 s post metal annealing.
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is ~40 mV, which is 8 times larger than HfO,. Although such a high temperature PMA
could relieve the hysteresis, it is not applicable to Ge device because of the low
melting point of Ge (937 °C). The large hysteresis of Hf;,GexO, would lead to
instability of threshold voltage of MOSFET.

Figure 3.11 shows the typical C-V characteristics of HfO, and Hf| (Ge O,
measured at multiple frequencies. An obvious kink due to the presence of germanium
oxide is observed in Hf| 1Ge O, and the C-V distortion is stronger in the sample with
higher germanium composition. This kink effect is often observed in Ge MOS devices
[3.7][3.16]. High-low dual frequency method is used to measure the interface state
densities (Fig. 3.12). The lines with open symbol represent the C-V characteristics
measured by quasi-static method while the lines without symbol represent the C-V
characteristics measured at high frequency (1 MHz). It is clearly observed that the
quasi-static C-V curve of Hf} Ge,O, is distorted due to the huge density interface
states [Fig. 12(b)]. A 6x higher Dj is observed with Hf, (Ge O, (6.6)(1012 eV'lcm'z)
compared that with HfO, (0.96x10'*eV'cm™) near mid-gap. This is consistent with
the previously report that the existence of germanium at interface will increase
interface states [3.20].

Although Ge incorporation does not degrade the dielectric constant of HfO,, a
large interface state density introduced is detrimental, as it will degrade the carrier
mobility severely by Coulomb scattering as well as threshold voltage instability. Thus,
minimizing the Ge out-diffusion into high-x gate dielectric seems to be critical to
fabricate well-performed Ge MOSFET, especially for nMOSFET where higher

thermal budget is needed for dopant activation.
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Figure 3.11. C-V characteristics of MOS capacitors with HfO, and Hf, \Ge,O;

dielectrics. Severe kink and frequency dependence are observed on sample with

Hf,xGe,Oo.
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Figure 3.12. High-low frequency C-V of samples with HfO, and Hf| \GexO; (x=5%).
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3.4 Conclusion

The dependences of germanium incorporation during HfO, gate stack formation
on germanium substrate have been extensively evaluated with varied process
conditions. Severe Ge incorporation in HfO, occurs after high temperature annealing
by two mechanisms: Ge atoms out-diffusion from Ge substrate and airborne GeO
transportation. The Ge incorporation by GeO transportation is related with Ge
substrate oxidation. The germanium incorporated into HfO, in the form of oxide and,
in turn, formed a new dielectric (Hf; \GexO;). Hf; xGexO, with low Ge content has a
similar dielectric constant with that of HfO, but has a high interface state density
which will degrade the MOSFET performance. Therefore, the thermal budget of Ge
process must be tightly controlled to minimizing the Ge out-diffusion into high-x gate

dielectric.
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Chapter 4

Ge MOSFETs with Shallow Junction Formed by

Laser Annealing

4.1 Introduction

Besides the gate stack formation, junction formation is another major obstacle
to fabricate germanium MOSFETs. First of all, the source/drain must be formed
without degrading the gate stack. However, because of the poor thermal stability as
described in the previous chapters, the source/drain activation by rapid thermal
annealing will inevitably degrade the high-x gate stack on Ge. Furthermore, advanced
deep sub-micron MOSFET requires ultra shallow source/drain (S/D) extension to
suppress severe short channel effect. In addition to being very shallow, the
source/drain region must be heavily doped in order to reduce source/drain series
resistance to improve device drive current.

In contrast to silicon MOSFET in which p'/n shallow junction is the major
challenge, it is more difficult to form shallow junction in germanium nMOSFET
owing to the following problems. (1) N-type dopants (such as P and As) have higher
diffusivity than boron in germanium [4.1]. (2) N-type dopants require a higher
activation annealing temperature than that for p-type dopant. It has been reported that
all of boron ions are electrically active after implantation over a wide dose range

(5x10"/em® to 1x10'*/cm?) and energy range (25-100 keV) [4.2]. For BF,", room-
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temperature implantation into Ge does not lead to active boron while a low
temperature annealing at 350 °C for 30 min activates 100% of the boron. On the
contrary, a relative high temperature (600 °C) is recommended to activate n-type
phosphorus in Ge [4.3]. (3) Even though a high temperature is applied to dopant
annealing in germanium, the activation rate of n-type dopant in germanium is poor. A
significant dose loss has been observed after rapid thermal annealing (RTA) of
phosphorus-implanted germanium [4.4][4.5]. As a result, it is hard to achieve a high
active doping concentration in germanium. Hence, the source/drain series resistance
of MOSFET is large and limits the drive current [4.3]. (4) The thermal budget of
activation annealing is limited by the poor thermal stability of high-x gate stack on
germanium [4.3][4.6][4.7]. The relative high thermal budget required to activate n-
type dopants in Ge challenges the gate stack integrity.

Laser annealing has been extensively explored as an alternative source/drain
activation method in Si MOSFET fabrication. Compared with RTA, laser annealing
has the following advantages [4.8]: (1) ultra-short laser pulse lasting only a few
nanoseconds, which is about eight orders of magnitude shorter than the RTP, resulting
in minimal thermal diffusion of dopants; (2) box-like dopant profile after annealing
which is favorable for short channel effect suppression; (3) metastable process
without dopant solid solubility limit; (4) local selective heating of specific regions of
the wafer substrate and negligible heating of the other areas of the devices.

In this chapter, laser annealing was employed to activate ion-implanted
phosphorus in germanium. The dopant diffusion, dose loss and sheet resistance by
laser annealing were investigated and compared with RTA on bare germanium wafers.
The laser annealing was also integrated into Ge MOSFET fabrication. By simply
applying an aluminum laser reflector on the TaN metal gate electrode, S/D regions

were selectively annealed without heating the gate stack. Small S/D resistance as well
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as good gate stack integrity was achieved simultaneously.

4.2 Experiment

The Ge MOSFETs were fabricated on (100) germanium substrates. After pre-
gate cleaning, a 40 A MOCVD HfO, was deposited on germanium with silicon
passivation as described in [4.9]. Two kinds of gate electrodes (Al/TaN and TaN)
were deposited by DC magnetron sputtering. The thickness of TaN gate was ~150 nm
and the thickness of Al/TaN gate was ~100 nm/150 nm. After gate definition and
patterning, a 10 nm screening SiO, was deposited by E-beam evaporator. Phosphorus
(20 keV, 10" cm™, 7° tilt) and boron (10 keV, 10" em™, 7° tilt) were implanted to
form source/drain for n- and pMOSFET respectively. The source/drain activation
annealing was performed by a KrF excimer laser. The 248 nm excimer laser had
duration of 23 ns at repetition rate of 1 Hz. Varied irradiation energies were applied to
evaluate dopant activation as well as device performance. For comparison, samples
for dopant activation study and Ge nMOSFETs activated by RTA were also prepared
at same time with identical conditions except activation. The sheet resistance was
measured by a four point probe on bare Ge wafers which were implanted and
annealed along with device wafers. Time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) was used to investigate dopant profiles. Sputtering was accomplished by
Cs" at 3 keV, while the analysis was made in negative polarity by using Ga™ primary
ion beam operating at 25 keV. The -capacitance-voltage and current-voltage
characteristics (C-V) were measured by HP4284 LCR meter and HP4156

semiconductor analyzer respectively.
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4.3 Results and Discussion
4.3.1 Dopants activation by rapid thermal annealing

First, phosphorus activation and diffusion after rapid thermal annealing were
investigated. Figure 4.1 shows the sheet resistance (Rs) of of Ge junctions activated
by RTA at temperatures of 400-700 °C for 30 s. It is observed that, as the annealing
temperature increases, the sheet resistance first decreases. Although 500 °C RTA was
widely used in previously reported Ge nMOSFETs source/drain activation [4.3] [4.10],
it cannot fully active phosphorus with a large sheet resistance of 100 )/square. A
minimum value is obtained after annealing at 600 °C (74 Q/square). The 700°C
annealing shows slight higher Rs (81 /square) than 600°C due to dose loss.

Figure 4.2 shows the phosphorus profiles of as-implanted sample and those after
annealing at 500-700 °C. For the sample after 500 °C annealing, obvious phosphorus
diffusion occurs at high concentration region while negligible dopant diffusion is

found at low concentration part. Higher temperature annealings (600 and 700 °C) lead
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Figure 4.1. Sheet resistance of Ge junctions, formed by implantation of P with an
energy of 20 keV and a dose of 1x10"°/cm® and annealed by RTA at temperatures from
400 °C to 700 °C.
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to dramatic dopant diffusion and the profiles exhibit box-shaped characteristics. The
phosphorus diffusion behavior suggests a concentration dependent diffusivity. By
using a diffusivity model with (n/n;) dependency, the phosphorus profile after
annealing was well fitted with the T-SUPREM simulation result [4.1]. The chemical
dose of phosphorus in germanium after annealing is calculated and shown in Fig. 4.3.
Note that the dose in as-implanted sample (7.1x10'*/cm?) is smaller than the
implantation dose (1x10"°/cm?) due to the 10 nm SiO, capping layer. A large fraction
of total dose resides in the capping oxide after implantation. As indicated in Fig. 4.3,
significant dose loss (>70%) is found after RTA. The sheet resistance variation in Fig.
4.1 is the concurrent effects of dopant activation and dose loss. As the RTA
temperature increases from 400 to 600 °C, the phosphorus dopants are gradually
activated and the implantation damages in Ge are repaired. Although the remaining

dopant dose in Ge reduces with increasing annealing temperature (dopant loss), the
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Figure 4.2. SIMS profiles of as-implanted phosphorus in germanium and after RTA at

500-700 °C for 30 s. Dashed line is the T-SUPREM simulation fitting of dopant
diffusion at 600 °C for 30 s.
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percentage of remaining dose been electrically activated increases. As a result, the Rs
keeps reducing. A 100% dopant activation and defect-free single crystal Ge (the
highest mobility) are achieved at 600 °C and Rs achieves the minimum [4.5].
Annealing at temperature higher than 600 °C does not help to improve the mobility

but leads to increased dose loss, which in turn increases the sheet resistance.
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Figure 4.3. Chemical dose of as-implanted phosphorus in germanium and after

annealing.

4.3.2 Dopant activation and diffusion by laser annealing

The sheet resistance of Ge junctions activated by laser annealing with various
energies for one pulse is shown in Fig. 4.4. With increasing the laser energy, a sharp
reduction of the sheet resistance is recorded and after that the Rs saturates slowly. Ata
low energy of 0.1 J/cm? the sheet resistance after laser annealing is around
150 Q/square close to the Rs before annealing (180 /square). It indicates that almost

no activation occurs with such a low energy. By increasing the laser energy to
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Figure 4.4. Sheet resistance of Ge junctions, annealed by laser annealing at energy
from 0.1-0.3 J/cm® for one pulse.

0.13 J/cm?, the sheet resistance is effectively reduced to 70 Q/square which is lower
than the minimum value (74 ()/square) achieved by RTA. The small Rs value
indicates that the phosphorus dopants have been electrically activated.

The Rs variation behavior is consistent with the mechanism of laser dopant
activation. The key point of laser activation is to melt the Si or Ge [4.12]. During the
cooling down and recrystalization, the dopants are frozen into the substitution position
in the lattice and become electrically active at a concentration well above dopant
solubility. In this experiment, the source/drain area in the Ge substrate was heavily
damaged during ion implantation and became amorphous (TEM shown later). And it
was reported that amorphous Ge melted and formed a continuous Ge liquid layer after
laser annealing at the energy >0.125 J/cm® [4.11]. Therefore, at low laser energy
(0.1 J/em®), the Ge is not melted and it leaves a high Rs. At the energy of 0.13 J/cm®
or higher which is beyond the Ge melting threshold energy, the a-Ge in the

source/drain regions is melted and Rs drops suddenly. The lowest sheet resistance of
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48 Q/square is obtained. It is 35% lower than the minimum value achieved by RTA
and clearly shows the advantage of laser annealing to reduce source/drain resistance
of Ge MOSFETs.

Figure 4.5 shows the dopant profiles after laser annealing with different energies.
No dopant diffusion is observed after 0.1 J/cm® laser annealing. It is consistent with
the sheet resistance result that dopant is not activated at this low energy. However,
noticeable phosphorus dopant redistribution is observed on the samples with energy
of 0.14 J/em” and 0.16 J/em®. The sample with the higher energy of 0.16 J/cm® shows
a deeper dopant diffusion step. The residual dose after laser annealing is summarized
in Figure 4.6. With single pulse annealing, there is negligible dopant loss after
annealing at energy up to 0.19 J/cm®. This accounts for the lower sheet resistance after

laser annealing than that after RTA which suffers severe dopant loss.
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Figure 4.5. SIMS profiles of as-implanted phosphorus in germanium and after laser

annealing (a) at different energies for one pulse.
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Figure 4.6. Chemical dose of as-implanted phosphorus in germanium and after laser

annealing.

Figure 4.7 summarizes the sheet resistance and junction depth of samples after
rapid thermal annealing and laser annealing with different process conditions. It
shows that, at same junction depth, laser annealing is able to achieve smaller sheet
resistance than rapid thermal annealing. Considering the trade-off between low Rs and
junction depth, laser annealing at 0.14 J/cm® was chosen to be the optimum condition
with small Rs of 57 Q/sq and junction depth of 96 nm (compared with 86 nm for as-
implanted sample and 74 Q/sq, 122 nm for RTA at 600 °C). TEM analysis has been
performed to examine the effect of laser annealing on damage reparation. The left
picture of Fig. 4.8 shows that after phosphorus implantation, a 39.2 nm amorphous Ge
layer was produced. After laser annealing, a defect-free single crystal Ge was obtained

(right picture of Fig. 4.8).
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Figure 4.7. Sheet resistance versus junction depth of samples activated by rapid

thermal annealing and laser annealing.

Figure 4.8. TEM pictures of the (left) as-implanted sample and (right) that after
0.14 J/em® one pulse laser annealing.
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4.3.3 Ge MOSFETs with laser annealing as junction activation method

Laser annealing has exhibited advantages to form n'/p shallow junction in bulk
germanium substrate with low sheet resistance. However, to incorporate this
technique into germanium MOSFET fabrication, the thermal stability of high-x gate
stack upon laser annealing is of great concern. Previous works showed that
high-x/germanium stack had a poor thermal stability after furnace or rapid thermal
annealing [4.3][4.6][4.7]. A significant flatband voltage (V) shift toward positive
direction has been commonly observed with various high-x materials (Ge oxynitride,
Al,O3, HfO,) after source/drain activation annealing or post metal annealing which is
used to simulate the S/D annealing. For an instance, post metal annealing by RTA at
400-600 °C for 30 sec was performed in this experiment. Fig. 4.9(a) shows the
equivalent oxide thickness (EOT) and flatband voltage variation after RTA. Although
the EOT does not change after RTA, the positive Vg, shift starts to occur at
temperature around 500°C. The high temperature RTA leads to a dramatically Vg,
increase (AVp=1.8 V for RTA at 600 °C). The positive Vg, shift is speculated due to
germanium out-diffusion into gate dielectric which introduces additional negative
fixed charge [4.7][4.13][4.14]. These negative fixed charges result in an unaccepted
high threshold voltage and may degrade mobility due to strong Coulomb scattering.
To evaluate the thermal stability of high-x gate stack upon laser annealing, Ge MOS
capacitors with TaN or Al/TaN gate electrodes were subjected to laser annealing with
different energies for one pulse. Fig. 4.9(b) shows the EOT and flatband voltage
change after laser annealing. The device with TaN gate electrode shows poor thermal
stability with laser annealing. The device does not work after laser annealing at the
irradiation >0.13 J/cm® because of the deformation of TaN film which was observed

under high magnification microscope. On the contrary, the device with Al/TaN shows

90



Chapter 4: Ge MOSFETs with Shallow Junction Formed by Laser Annealing

2.5
I 12.0
a) RTA
2.0} @ *
[ / > 7 15
— 15} o
E / T —~
= 10} — VAR
! g
0.5} 105
e
o
OO 1 N 1 N 1 N 1 N 1 00
400 450 500 550 600
Temperature (°C)
2.0 -
fail b) L r annealin
18l A (b) Laser annealing {oe
16l —m— Al/TaN gate
7 ,' —Oo—TaN gate
E 1 4 N xl 7 04 —~~
c - ! >
: 'O\ Q [ | [ \';
O 12 B >q_
1.0} ] [ | [ ] | |
0.8}
N 1 N 1 N 1 N 1 N oo
0.09 0.12 0.15 0.18 0.21

Energy (J/cm?)

Figure 4.9. EOT and flatband voltage variations of Ge nMOS capacitors after (a) RTA

and (b) laser annealing.
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superior gate stack integrity after laser annealing. No EOT and flatband voltage
variation is observed after laser annealing up to 0.22 J/cm’,

The good thermal stability of device with Al/TaN owes to the higher reflectivity
of Al with 248 nm laser than TaN. With the Al capping layer on TaN metal gate,
much less energy is absorbed in the gate stack, and the S/D regions are selectively
heated as shown in Figure 4.10 [4.16]. For 248 nm light, the reflectivity of Al is 92%
and it is much higher than the reflectivity of TaN (69%) [4.15]. In addition, since the
characteristic depth of absorption of 248 nm light in Al (6.7 nm) is much smaller than
the Al layer thickness (200 nm), light could not penetrate through the Al capping.
Therefore, most of laser light is reflected away from the Al capping layer rather than
being absorbed in or penetrating through it. For TaN, to author’s best knowledge,
there is no report on its characteristic depth of absorption of 248 nm light. Since the
characteristic depths of absorption of 248 nm light in most of metal films are less than

20 nm (e.g. ~9 nm for pure Ta), it is unlikely that 248 nm light can penetrate through

Laser irradiation

Absorbed
by gate
TaN
v \f Reflected
Al from gate
TaN

Figure 4.10. Schematics illustrating the selective heating of LTP with Al reflector on
TaN gate.
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150 nm TaN film. As a result, much more energy was absorbed by TaN than Al/TaN
and the gate stack with pure TaN was thus heated up.

Figure 4.11 shows the excellent C-V characteristic of Ge nMOS capacitor with
Al/TaN gate after laser annealing. The symbols represent the high-frequency C-V
characteristic measured at 1 MHz. The line is the theoretical curve from a modified
Berkeley simulator with parameters of Ge. A low EOT of 1.27 nm was extracted
considering quantum effect. And a negligible hysteresis (<10 mV) was recorded from
bi-direction sweeping between +1 V. Figure 4.12(a) shows the output characteristics
of Ge nMOSFETSs with RTA and laser annealing activation. The device with 500 °C
RTA activation shows a slow saturation behavior due to large source/drain series
resistance, while the device with laser annealing offers well-behaved [4-Vyq
characteristics. In addition, the device with laser annealing exhibits larger saturation
current than RTA device (1.64 uA/um versus 1.47 uA/um @ Vg-Vth=0.5 V).

Fig. 4.12(b) shows the transfer curve of device with laser annealing. The threshold
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Figure 4.11. Capacitance-voltage characteristics of Ge nMOS capacitor with Al/TaN

gate electrode after 0.14 J/cm” laser annealing.
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Figure 4.12. (a) Output and (b) transfer characteristics of Ge nMOSFET with laser
annealing (LA) source/drain activation. The output curve of device with RTA was also
included in (a) as a reference.
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voltage is extracted to be 0.54 V, which is 0.19 V lower than the one with 500 °C
RTA activation (0.73 V). This is consistent with our previous discussion that high
temperature RTA results in additional negative fixed charge and hence a high
threshold voltage. By implementing laser annealing, due to the selective heating, the
flatband shift problem can be successfully eliminated and a low threshold voltage
could be achieved. Figure 4.13 shows the electron mobility as a function of effective
electrical field of Ge nMOSFETs by laser annealing and RTA activation as well as Si
control device. An increased electron mobility at high effective electrical field region
is observed in the device with laser annealing which attributes to the reduced series
resistance. Compared with HfO,/Si device, the Ge nMOSFET shows 175% of peak

electron mobility.
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Figure 4.13. Extracted electron mobility as a function of effective electrical field for
Ge nMOSFETs with laser annealing and RTA source/drain activation as well as an
HfO,/Si control device.
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At last, laser annealing was also applied to Ge pMOSFET fabrication to
demonstrate its compatibility to produce CMOS devices. A low EOT ~1.2 nm and a
negligible hysteresis (<10 mV) were recorded with laser annealing, which are
consistent with nFET shown in the Fig. 4.11. Figure 4.14(a) shows the Id-Vd
characteristics of Ge pMOSFET. The device exhibited good turn-on and turn-off
behavior and a relatively high on current of ~8.8 pA/um at 1 V gate overdrive and 1 V
drain voltage. Whereas, a slow saturated Id is observed with high gate overdrive. This
implies that the source/drain series resistance is still not low enough even with laser
annealing and compromises the drive current. The Id-Vg characteristic is shown in the
Fig 4.14(b). An excellent sub-threshold swing of 77 mV/dec is recorded which is
much better than Ge pMOSFET in the literature (100 mV/dec) [4.17] and is very
close to the ideal value of 67 mV/dec. The on-off ratio of device is about 4 orders and
it is comparable with device activated by RTA [4.17]. The hole mobility of Ge
pMOSFET is shown in Fig. 4.15. The Ge device shows 1.9 times of the SiO,/Si
universal mobility and much beyond other reported Ge pMOSFET with high-x

[4.17][4.18].

96



Chapter 4: Ge MOSFETs with Shallow Junction Formed by Laser Annealing

10 L v L v L v L v L v
- (a) PMOSFET L=20um 1
8t |Vg-Vth|=0~1.0V-
i step=0.25V
E 6
E L
2_
O' I n I r I r I r I r
-1.0 -08 -06 -04 -02 0.0
vd (V)
10—
T~ 77mV/dec
e ——
£ 10* —\
3 \\
3 \
= 10° (b) pPMOSFET \\/
¥ L=20um \
;; Vd=-0.025V, -1V \
] N . ]
10 1.5 -1.0 -05 0.0 0.5

Vg (V)

Figure 4.14. Output (a) and transfer (b) characteristics of Ge pMOSFET with laser

annealing (LA) source/drain activation.
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Figure 4.15. Extracted hole mobility as a function of effective electrical field for Ge
pMOSFETs with laser annealing.

4.4 Conclusion

For the first time, gate-first self-aligned Ge MOSFETs with metal gate and
CVD HfO; have been successfully fabricated, using a novel laser annealing dopant
activation. Compared with conventional rapid thermal annealing source/drain
activation, laser annealing provides shallower junction depth and smaller sheet
resistance at a same time. Furthermore, by applying an aluminum laser reflector on
the TaN gate, S/D regions of MOSFET are selectively annealed without heating gate
stack. Good gate stack integrity and small S/D series resistance are achieved
simultaneously. With these benefits, a larger drive current, a lower threshold voltage
and a higher electron mobility at high effective electrical field are achieved in Ge
nMOSFET with laser annealing activation than that with RTA activation. High
mobility Ge pMOSFETs with excellent characteristics are also demonstrated with

laser annealing.
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Chapter 5

Formation and Characterization of Nickel

Germanide Contact

5.1 Introduction

Germanium is always an interesting material for metal oxide semiconductor
field effect transistor (MOSFET) application because of its high intrinsic mobility
(two times higher for electrons and four times higher for holes as compared to those
in Si). Recently, germanium MOSFETs with high-x gate dielectrics have attracted lots
of interests as a potential solution for high-scaled CMOS technology. Although Ge
MOSFETs with germanium oxynitride, ZrO, and HfO, gate dielectrics have been
successfully demonstrated, very high source/drain series resistance was observed in
these Ge MOSFETs and severely degraded the device performance [5.1][5.2][5.3]. A
high source/drain series resistance is also observed in the previous chapters of this
thesis. Self-aligned silicide is essential in current deep-sub micron very-large-scale-
integrated circuit fabrication to reduce parasitic source/drain resistance. Titanium
silicide (TiS1,), cobalt silicide (CoSi,) and nickel silicide (NiSi) have been extensively
studied. Titanium silicide was widely used in sub-micron CMOS technologies,
however, it has been replaced by cobalt silicide for the sub-0.25 um technology nodes.
Nickel silicide, considered as the material choice for the future nodes, has several

advantages over titanium silicide and cobalt silicide which include: low temperature
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silicidation, no bridging failure property, small mechanical stress, low silicon
consumption, and one step silicidation process [5.4]. Similarly, Ni shows advantages
of forming germanide for Ge MOSFET application over other materials. It has been
reported that high processing temperatures are required to form low-resistivity
titanium germanide (>800 °C) and cobalt germanide (>500 °C), while nickel
germanide can be formed at a low temperature of 270 °C [5.5]. Such a low processing
temperature is effective to prevent the degradation of high-x gate stack on germanium
substrate and makes nickel germanide more suitable for Ge device fabrication.

In this chapter, the formation of nickel germanide on single crystal germanium
substrate by rapid thermal annealing (RTA) was investigated over a wide range of
temperatures (250-700 °C). Various characterization methods including sheet
resistance measurement, spectroscopic ellipsometry (SE), X-ray photoelectron
spectroscopy (XPS), Rutherford backscattering spectroscopy (RBS) and scanning
electron microscopy (SEM) were employed to study the physical and electrical
properties of nickel germanide. In addition, the application of self-aligned NiGe

contact on germanium junctions was demonstrated.

5.2 Experiment

Nickel germanide formation was carried out on (100) single crystal germanium
substrates. First, the substrates were dipped in diluted-HF solution (1:20) to remove
the native oxide and passivate the surface with hydrogen. After that, the substrates
were transferred into an E-beam evaporator with a base pressure of 5 x 107 mbar. Ni
films with different thicknesses were deposited at room temperature. Following that,
nickel germanide was formed by RTA at temperatures ranging from 250 °C to 700 °C

under N, at atmosphere. To study the thermal degradation behavior, several NiGe
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samples, formed at the same condition (400 °C, 30 sec), were subsequently annealed
at different temperatures ranging from 450 °C to 650 °C. A four-point probe was used
to measure the sheet resistance of nickel germanide films. Rutherford backscattering
spectroscopy, with a 2 MeV He" ion beam of approximate 5 um? raster-scanned over
a square pad of 50 x 50 um?, was used to measure the thicknesses of as-deposited Ni
and nickel germanide films as well as the film composition. Scanning electron
microscopy was employed to examine the morphology of the films. Optical properties
of nickel germanide were investigated by Sentech SE800 spectroscopic ellipsometer
with wavelength at 300-900 nm. The nickel germanide film composition was studied
by a JEOL X-ray photoelectron spectroscopy machine with an Al source.

To evaluate the electrical performance of NiGe as contact, Ge n'/p diode was
also fabricated. A thick SiO, was deposited on bare germanium substrate as field
isolation, followed by active area definition and etching. Arsenic dopants
(1X10" cm™® @120 keV) were implanted into p-type substrates and activated at
600 °C. After a dilute-HF cleaning, 30 nm nickel was deposited by E-beam evaporator
and annealed at 400 °C for 30 s by RTA. After annealing, the spare Ni was removed
by diluted HNOs (1:20). A thick Al film (500 nm) was deposited on the backside of
devices by E-beam evaporation to form a good contact. The diode I-V characteristics

were measured using an HP4155B semiconductor parameter analyzer.

5.3 Formation of Nickel Germanide
5.3.1 Sheet resistance measurement

Nickel germanide formation was first studied over a wide range of temperatures.
Figure 5.1 shows the sheet resistance (R;) of nickel germanide as a function of

annealing temperature with initial Ni film thickness (nominal) of 10 nm and 20 nm.
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For comparison, the sheet resistance of the silicide formed by reaction of nominal
20 nm Ni on single crystal silicon is also shown in Fig. 5.1. The nickel germanide
shows a similar trend of sheet resistance versus annealing temperature with nickel
silicide. All the films exhibit high sheet resistances at low temperatures due to the
formation of Ni-rich phases (predominantly Ni,Si, Ni,Ge or NisGes) [5.4][5.6][5.7].
At elevated temperatures, the sheet resistance maintains at a minimum value over a
range of temperatures (400-550 °C for germanide, 400-700 °C for silicide with 20 nm
initial Ni). In this temperature range, mono-silicide or mono-germanide films were
formed. When the annealing temperature increases further, a sharp and slight increase
in the sheet resistance of nickel germanide and silicide are observed due to the
thermal degradation, respectively. It is noticed that the thermal degradation of
germanide films occur at lower temperatures than that of NiSi films (Fig. 5.1). Hsu et

al reported similar results on NiGe on single-and poly crystalline Ge substrates [5.8].

" | | | | |

40 —e—10nm Ni on Ge
® 20nm Ni on Ge
i / —0— 20nm Ni on Si
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200 | /

Rs (Q/squre)

10 F4\
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20 300 400 500 600 700 800 900
Temperature (°C)

Figure 5.1. The sheet resistance of NiGe formed at temperatures ranging from 250 °C
to 700 °C for 30 sec. The sheet resistance was measured after removing the unreacted
Ni by wet etching after reaction. The nominal 10 nm and 20 nm Ni films were

deposited on (100) single crystalline germanium and silicon substrates.
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It is well known that the thermal degradation of NiSi at high temperature
includes two mechanisms: agglomeration and phase transformation [5.9]. The desired
low-resistivity phase NiSi tends to transform to high-resistivity NiSi, above 700 °C
which accounts for the high sheet resistance plateau around 800 °C. Further increasing
annealing temperature will cause the initial continuous silicide film to break up into
discrete silicide islands. On the contrary, the nickel germanide shows a different
degradation characteristic. The NiGe does not transform to Ge-rich phase after
annealing since no Ge-rich phase (>50 at.% Ge) exists in the equilibrium phase
diagram [5.10]. Morphological degradation due to the agglomeration is the only
mechanism of thermal degradation of NiGe. The agglomeration of NiGe starts with
grain boundary grooving and results in islands formation, as the same as silicide
agglomeration [5.11]. The agglomeration is driven by the minimization of the total
surface/interface energy of the germanide and germanium substrate [5.12]. In addition,
it is noted from Fig. 5.1 that the temperature at which agglomeration occurs decreases
with reducing film thickness. This is also consistent with the grooving model of

agglomeration.

5.3.2 RBS analysis

RBS was employed to measure the thickness as well as composition of the
films. The RBS result of nominal 20 nm as-deposited Ni film fits well with the
simulation curve of 22 nm pure nickel on germanium substrate [Fig. 5.2(a)]. The RBS
analysis also confirms that mono-nickel-germanide was formed after 500 °C
annealing and the film thickness is 58 nm [Fig. 5.2(b)]. Therefore, the thickness ratio
of the NiGe film to the as-deposited Ni film is about 2.55 which is consistent with the

result from other group (2.5%£0.1) [5.13]. With the knowledge of the thickness and
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Figure 5.2. RBS spectrum of (a) as-deposited Ni on Ge substrate and (b) NiGe formed
at 500 °C. The symbols are the RBS experimental data and the solid line is the

simulation curve of the film structure as shown in the inset.
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sheet resistance, the resistivity of NiGe is extracted to be 14 pQ-cm from a series of
NiGe samples with different as-deposited Ni thicknesses. This value is comparable
with the resistivity of NiSi (14 pQ-cm) and the resistivity of NiSiGe (18 pQ-cm)

[5.9][5.14].

5.3.3 Spectroscopic ellipsometry characterization

Ellispometry is a fast, sensitive and non-destructive method for monitoring film
properties and measuring thickness and layers uniformity. It measures the change in
polarization of a circularly polarized incident light beam by interaction with a sample.
When the measurement is performed at various wavelengths, it is called spectroscopic
ellipsometry. The spectroscopic ellipsometry records the complex reflectance ratio p
as a function of the incident light wavelength. For isotropic materials,

0= o _ tan Pet

r, )
where 1, and r, are the complex reflection coefficients of light polarized parallel (p)
and perpendicular (s) to the plane of incidence. The relative phase change is denoted
as A, while the amplitude is denoted as . During the measurement, these angles are
recorded as a function of the wavelength of the incident light.

Figure 5.3 shows the ellipsometric spectra of bare germanium substrate, pure
nickel film on Ge and nickel germanide annealed at 200, 250, 300, 400, 500, and
600 °C. It is noticed that the spectrum of 200 °C is same with that of pure nickel and a
great change in spectrum happens after annealing at temperatures >300 °C. At
elevated temperatures ranging in 400-500 °C, the spectra remain identical and are

irrelevant with annealing temperature. When the annealing temperature is further

increased to 600 °C, a big change in spectrum from that of 500 °C is observed. The
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Figure 5.3. Spectroscopic ellipsometry results of pure germanium substrate, as-

deposited Ni films and nickel germanide annealed at 200, 250, 300, 400, 500 and
600 °C.
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evolution of ellipsometric spectra can be explained by the nickel germanium
formation and phase transformation and is fully consistent with sheet resistance
measurement. After low temperature (250-300 °C) annealing, nickel-rich germanide
films are first formed. As the annealing temperature increases, the germanium
composition in germanide film increases and approaches 50%. Correspondingly, the
spectrum evolves from pure nickel like to mono-NiGe like. After annealing at 400-
500 °C, uniform mono-nickel-germanide films are formed. Therefore, there is no
change in spectrum within this temperature range. Annealing at elevated temperature
results in agglomeration, hence the spectrum deviates from that of NiGe and is getting
similar to that of bare Ge substrate.

In order to measure the NiGe thickness by ellipsometer, it is necessary to obtain
the refractive index of NiGe. The data reduction function in the program of SE800

ellipsometer allows calculation of the index of refraction and thickness of a layer
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Figure 5.4. Refractive index (n) and extinction coefficient (k) of NiGe film formed at
400 °C.
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Figure 5.5. The measured and simulated spectrum of NiGe with various initial Ni
thicknesses.
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inside a multilayer structure based on a known disperse law for indexes n and k versus
wavelength. Drude-Lorentz model [5.15], which is suitable for metal-like film, is
chosen to model the refractive index of NiGe. The real (n) and imaginary (k) parts of
the refractive index of NiGe films are shown in Figure 5.4. With the obtained
refractive index of NiGe, the film thickness was successfully measured. Figure 5.5
shows the measured and simulated spectrum of NiGe with various initial Ni
thicknesses. With 5.6, 12.1, 21 nm initial Ni films, the measured thicknesses of NiGe
by ellipsometer are 12.5, 30, 55 nm, respectively. It agrees well with ratio of NiGe/Ni
of 2.55 and is consistent with result of RBS measurement. Note that, for the 5 nm
initial Ni film, there is a small deviation of simulation curve from the measured
spectra of NiGe with a smaller tan't. It is possible due to the agglomeration of ultra-
thin NiGe film. As discussed above, it is more feasible for thinner NiGe to
agglomerate after annealing. A noticeable agglomeration has been observed after
500 °C 30 s annealing for 10 nm initial Ni film. Therefore, for a 5 nm initial Ni film,
agglomeration may occur after 400 °C 30 s annealing. As a result, there is difference

between simulated and measured ellipsometric spectrum.

5.3.4 Film composition profile by XPS characterization

Figure 5.6 shows the XPS depth profiles of NiGe films after annealing at 200,
250, 300 and 400 °C. As seen is Fig. 5.6(a), the film remained as pure nickel after
200 °C annealing. It is corresponding to the measured SE spectrum which is as same
as pure nickel. After 250 °C annealing, a bi-layers structure consisting with a pure
nickel on the top and a Ni-rich germanide layer underneath was formed. Accordingly,
the SE spectrum has a small change from pure nickel. The depth profiling at 300 °C

shows a uniform layer with a slightly higher Ni composition (54%) than Ge (46%).
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The non-stoichiometric germanide film formed at 300 °C is possible due to the
embedded Ni-rich germanide particle in the film [5.11]. The size of these particles
diminishes with increasing temperature and disappears at 400 °C. As shown in Fig.
5.6(d), the depth profile of sample annealed at 400 °C shows an even closer 1:1 ratio
of Ni to Ge composition. The result is consistent with the SE results (Fig.5.4) that
mono-nickel-germanide is formed at 400 °C. The nickel-rich property of the film
annealed at 300 °C was observed in the SE spectrum (Fig. 5.4). The spectrum of film
annealed at 300 °C is between that of pure Ni and NiGe annealed at 400 °C and is

close to that of NiGe but has a small deviation.
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Figure 5.6. XPS depth profiles of NiGe films after annealed at (a) 200, (b) 250, (c) 300
and (d) 400 °C.
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5.3.5 Scanning electron microscope analysis

The NiGe films annealed at temperature of 400, 500, 600, 700 °C with 15 nm
initial nickel thickness were analyzed by scanning electron microscope (SEM). The
samples annealed at 400-500 °C showed smooth and continuous films [Fig. 5.7 (a)(b)].
The sample annealed at 600 °C was partially agglomerated [Fig. 5.7(c)] and the
sample annealed at 700 °C agglomerated and broke into separated islands [Fig. 5.7(d)].

This is consistent with our previous results that the Rs increases with high

temperature annealing due to agglomeration.

Figure 5.7. SEM pictures of nickel germanide formed at annealing temperature of (a)
400, (b) 500, (¢) 600 and (d) 700 °C. The initial Ni thickness is 15 nm.

5.4 The Thermal Stability of Nickel Germanide

The results above have shown that the thermal stability of nickel germanide is

poor and the agglomeration occurs at a relative low temperature compared with nickel
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silicide. In this section, the dependence of agglomeration of NiGe on both annealing
temperature and time was studied by monitoring the sheet resistance variation. The
germanide films were first formed by the same RTA condition (400 °C, 30 sec).
Following that, the samples were subsequently annealed at different temperatures and
durations. Figure 5.8 shows the sheet resistance ratio (Ry/Ry) of NiGe, formed with
nominal 10 nm and 20 nm Ni on Ge substrates, as a function of annealing time at
varying temperatures, where Ry is the initial sheet resistance value measured after
NiGe formation annealing and Ry is the sheet resistance measured after the second
annealing. All the sheet resistance ratios increase linearly with annealing time at
different annealing temperatures. A higher annealing temperature leads to a faster
increase in Ry/Ry. These results are consistent with the morphological degradation
due to agglomeration.

To further characterize the thermal degradation of NiGe, the activation energy
of agglomeration was estimated. Figure 5.9 shows the Arrhenius plots of /nto(T) as a
function of 1/kT for NiGe formed with 10 nm and 20 nm Ni on germanium substrates,
where 1o(T) is degradation time defined as the time at a given temperature (T)
corresponding to a 20% increase in sheet resistance (Rs) from its initial sheet
resistance (Ry). From Fig. 5.9, the activation energy of NiGe agglomeration is
estimated to be 2.2+0.2 eV. The activation energy value of NiGe agglomeration is
smaller than the reported values of NiSi. By measuring the degradation of sheet
resistance of NiSi films, Chamirian et al reported the activation energy values to be
2.5+0.25 eV and 2.6£0.3 eV for the n” and p" Si(100) substrates, respectively [5.16].
Colgan et al also reported that the activation energy of the NiSi agglomeration
was2.9+0.2 eV with the same method [5.17]. Okubo et al reported activation energy

at 2.8+0.4 eV by calculating exposed-Si area [5.18]. They suggested that the

115



Chapter 5: Formation and Characterization of Nickel Germanide Contact

(a) 10nm Ni
450 C
475 C
500 C
550 C

> © 4 n

Rs/Rs0

0 100 200 300 400 500 600 700

Time (s)

25} .

° (b) 20nm Ni

m 550C

o° e 620C

@ 660 C

)

@ 15

0 100 200 300 400 500 600 700
Time (s)

Figure 5.8. Evolution of NiGe sheet resistance with annealing time for samples with

(a) 10 nm as-deposited Ni and (b) 20 nm as-deposited Ni.
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activation energy of NiSi agglomeration corresponded to the energy needed for
adding a Si atom to the epitaxial Si that grows between NiSi grains. The lower
activation energy of the NiGe agglomeration could be attributed to the lower

activation energy of Ge epitaxy than Si epitaxy [5.19].
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Figure 5.9. Arrhenius plots of degradation time for NiGe films with 10 nm and 20 nm
as-deposited Ni. The degradation time is defined as corresponding to a 20% increase

in sheet resistance.

5.5 Germanium Junction with NiGe Contacts

Finally, NiGe was applied on germanium junction as contacts. Figure 5.10(a)
shows the current-voltage characteristic of n'/p diode with NiGe contact. The diode
without NiGe contact was also characterized as control sample. Dramatic on-current
improvement (9X @V=-0.75 V) is observed on n'/p diode. This significant increase

of on-current attributes to the improved series resistance with NiGe contact. The total
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Figure 5.10. Current-voltage characteristics of germanium (a) n'/p junction and (b)
p /n junction with and without NiGe contact. The n'/p junction was formed by arsenic
(1X10"cm™, 120 keV) and annealed at 600 °C for 2 mins. The p/n junction was
formed by boron (1X10°cm™, 35 keV) and annealed at 500 °C for 2 mins.The self-
aligned NiGe contact was formed at 400 °C with 30 nm initial Ni.
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series resistance of the junction reduces by 10.8 Q from 14.7 Q for the device without
contact to 3.9 Q with a NiGe contact. Good I-V characteristics are maintained and no
degradation of reverse-bias leakage current is observed with implementation of NiGe
contact.

Figure 5.10(b) shows the current-voltage characteristic of p'/n diode with and
without NiGe contact. Again, there is no leakage current degradation observed with
NiGe contact. However, compared with n'/p junction, the drive current enhancement
with NiGe is much smaller on p'/n junction. By extracting the total series resistance,
it was found that with NiGe contact, a comparable amount of Rs reduction is recorded
on p'/n junction (from 52 Q to 38 Q). However, even with NiGe contact, the series
resistance of p'/n junction is still very high and limits the drive current. Therefore,
there is only a slight drive current improvement with NiGe contact. The high series
resistance could be attributed by a high resistance in n-type substrate used for p'/n
junction. The n-type Ge substrate has a much higher resistivity (1.2-1.1 Qcm) than
that of the p-type substrate (0.19 to 0.18 Qcm) used for n'/p junction due to lower
substrate doping concentration. By using high doping concentration substrate or
improved junction structure with well contact, it is believed that a significant drive

current improvement will be observed on Ge p'/n junction with NiGe contact.

5.6 Conclusion

The formation and thermal stability of nickel germanide on germanium
substrate were systematically examined by various physical and electrical methods.
The results show that nickel started to react with germanium at a low temperature of
250 °C and a Ni-rich germanium was produced at low temperature. A uniform

stoichiometric mono nickel germanide was formed with a low resistivity of 14 pQ-cm
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after 400 °C annealing. The formation of NiGe was monitored by a spectroscopic
ellipsometer. And the refractive index of NiGe was extracted successfully. With the
knowledge of refractive index, the thickness of NiGe was measured. Nickel
germanide showed a poor thermal stability due agglomeration after high temperature
annealing. A low activation energy of agglomeration (2.2+0.2 eV) was estimated
which accounted for the poor thermal stability of NiGe. The germanium diode with
NiGe contact showed good I-V characteristics. The drive current of diode was much

improved due to reduced series resistance while low leakage current was maintained.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

As CMOS transistors scale beyond 45 nm technology node, ultra-thin
equivalent oxide thickness less than 1 nm and enhanced effective saturation carrier
velocity due to quasi-ballistic transport are required [6.1]. New material and
innovative device structure are thus needed. Germanium MOSFET with high-x gate
dielectric provides a promising solution to continue improving the device
performance. However, the replacement of channel material from Si to Ge induces
various material and process integration issues. This work has attempted to investigate
the electrical performance of Ge MOSFET to access its feasibility as alternative
channel material.

Firstly, the preliminary results of Ge MOSFET with high-x gate dielectric are
shown in the Chapter 2. Ge pMOSFET with Hf oxynitride gate dielectric exhibits
good I-V characteristics and high mobility which exceeds Si universal curve. The
thermal stability of high-x upon post deposition annealing is evaluated. The results
suggest that the PDA temperature should not exceed 600 °C to prevent significant
equivalent oxide thickness increase due to interfacial layer growth. Then, the thermal
stability of high-x upon source/drain activation annealing (post metal annealing) is
studied with high-x dielectric Al,Os; and NHj; surface nitridation. The high

temperature PMA induces three major thermal stability problems: (1) deterioration of
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C-V curves, (2) positive shift of flatband voltage, and (3) the increase of gate leakage
current. Ge out-diffusion from substrate into dielectric is believed to be the root cause
of Ge device performance deterioration.

Germanium incorporation in high-x gate dielectric on germanium substrate after
high temperature process has been discovered to be determinant for the electrical
performance of Ge devices. The Ge incorporation in high-x gate dielectric (e.g. HfO,)
occurs by two mechanisms: Ge atoms out-diffusion from Ge substrate and airborne
GeO transportation. The Ge incorporation by GeO transportation is related with Ge
substrate oxidation. When oxygen is present, the germanium incorporates into HfO,
in the form of oxide and, in turn, forms a new dielectric (Hf,<GecO,). Although
Hf, xGesO; has a similar dielectric constant with that of HfO,, it has a high interface
state density which degrades the MOSFET performance. Therefore, the thermal
budget of Ge process must be tightly controlled to minimizing the Ge out-diffusion
into high-x gate dielectric.

Since the poor thermal stability of high-x gate stack on germanium due to
germanium out-diffusion, the high temperature source/drain activation annealing by
RTA will inevitably degrade the electrical performance. As a solution, laser annealing
was introduced as a superior source/drain activation technique. Smaller source/drain
sheet resistance as well as shallower junction depth is realized by laser annealing than
conventional rapid thermal annealing. Furthermore, laser annealing has been
integrated into Ge MOSFET fabrication. By applying an aluminum laser reflector on
the TaN metal gate electrode, S/D regions of MOSFET are selectively annealed
without heating gate stack. Good gate stack integrity and small S/D series resistance
are achieved simultaneously. With these benefits, a larger drive current, a lower
threshold voltage and a higher electron mobility at high effective electrical field are

achieved in Ge nMOSFET with laser annealing activation than that with RTA
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activation. Ge pMOSFET with high mobility (1.9 times of Si universal curve) and low
EOT (1.2 nm) is also demonstrated with laser annealing. This performance is very
close to the ITRS requirements of high performance CMOS technology in the future
(2.0 times mobility of Si and EOT less than 1 nm). With the scaling of the physical
thickness of high-x gate dielectric and optimization of source/drain, Ge MOSFET
with high-«x is very promising to achieve the low EOT and high mobility target in
ITRS.

At last, the self-aligned germanide is studied to further reduce the source/drain
series resistance of Ge MOSFETs. The formation and thermal stability of nickel
germanide on germanium substrate were systematically examined. Nickel starts to
react with germanium and produces Ni-rich germanide at a low temperature of 250 °C.
Stoichiometric mono-nickel germanide is formed with a low resistivity of 14 pQ-cm
after 400 °C annealing. The formation and agglomeration of nickel germanide could
be monitored by spectrum ellipsometer. With the extracted optical model of NiGe, it
is able to measure the thickness of thin NiGe film accurately. Nickel germanide shows
a poor thermal stability due a low activation energy of agglomeration (2.2+0.2 eV).
Improved drive current of Ge diode with NiGe contact is demonstrated without

degrading leakage current.

6.2 Suggestions for future work

This thesis explored the potential of Ge MOSFET with high-«x gate dielectric as
a candidate for highly scaled CMOS technology. High hole mobility has been
demonstrated in Ge pMOSFET. However, poor electron mobility is extensively
observed in Ge nMOSFET by this work and other research groups. The root cause of

low electron mobility is not well elaborated. Generally, it is associated with Coulomb
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scattering from the interface and fixed charge of high-x gate dielectric. Similarly,
silicon nMOSFETs suffer low electron mobility with high-x gate dielectric while less
mobility degradation has been observed on pMOSFETs. Recently, a improved
interface state measurement method for Ge revealed that peaked and very high density
(1.4x10"/cm?) interface states existed near the Ge conduction band and led to Fermi-
level pinning [6.2]. It implied the absence of full inversion and explained the low
mobility extracted in the nMOSFET devices. More evidences are necessary to
confirm this hypothesis. With the clarification of the cause of low electron mobility of
Ge nMOSFET, new material and process are to be developed to improve the Ge
nMOSFET performance.

In the area of advance source/drain structure of Ge MOSFETSs, the laser
annealing source/drain activation has been demonstrated with superior performance
compared with rapid thermal annealing. The application of this technique to ultra
shallow source/drain extension (<10 nm) which is demanded by 45 nm and further
technology nodes can be examined. This could be realized by ultra-low energy ion
implantation or other novel doping technique such as plasma doping followed by laser
annealing. The application of nickel germanide as contact to deep Ge junction has
been described in the chapter 5. The detailed examination of performance of thin
NiGe contact on ultra-shallow Ge junctions is needed. In addition, the contact
resistivity of NiGe to p-type heavily doped germanium has been reported in [6.3]
while it is unknown for n-type germanium. Besides, the possible improvement of

thermal stability of NiGe by adding other element (e.g. Pt and Pd) will be desirable.
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