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Abstract

Traditional silicon CMOS scaling has approached its limits due to the high leakage current
induced by the reduction of the silicon-dioxide gate oxide thickness. Thus, high permittivity
dielectric is suggested to replace SiO; to achieve low gate leakage current while maintaining
the same capacitance. Moreover, high mobility materials are being considered to replace Si
as channel materials motivated by the requirement for higher drive current and faster switching
speed of MOSFETs. Germanium (Ge) has attracted much attention as a channel material,
attributed to its high hole and electron mobility. Overall, it could be concluded that a high-«
dielectric for the Ge gate stack could be an effective solution for future CMOS technology
which could resolve these two concerns. However, surface passivation between the material
high-x and the Ge channel is a major challenge for this solution. Direct deposition of a high-«
dielectric on Ge suffers from a low-quality interface. The native oxide, GeO; has been found
to form a good interfacial layer on Ge before the deposition of a high-x dielectric. Two
methods are introduced in this work, to passivate the interface. Electrical and XPS
characterization is employed to investigate the property of the interface.

Several admittance behavior issues related to Ge-based MOS capacitor could lead to errors in
the extraction of the interface state density using the conventional C-V or G-V based methods.
The availability and scope of these methods are studied in details when applied on the Ge-
based MOS capacitor. Three issues related to the conductance method as a preferable method
are explored.

A conduction band notch which represents a potential charge trapping site may exist at the
interface between the interfacial native GeO; and high-x dielectric layer in a Ge MOSFET
gate stack. It could induce threshold voltage instability. The number of electrons and its
induced threshold voltage is calculated and the main conclusion is that charge storage in this
notch is insignificant at the relevant technology node.

The low frequency response of the capacitance voltage characteristic is observed for the Ge-
based MOS capacitor in the inversion region, even at high frequency. It is considered to be
the result of the fast minority carrier generation response. The extraction of activation energies
through temperature measurement indicates that the thermal generation process is responsible
for the generation of minority carriers at room temperature. The minority carrier generation
life time is measured to model the thermal generation in the depletion region for Ge-based
MOS. The frequency dispersion apparent in the accumulation regime of C-V plots for Ge-
based MOS is considered to be caused by oxide traps within the oxide layer. A model is
employed to estimate the oxide trap concentration. It is demonstrated that the oxide traps are

distributed non-uniformly over both oxide depth and energy level.
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Chapter 1 Introduction and literature review

This chapter firstly illustrates the main ideas behind the introduction of high-« gate dielectric
oxide on the high mobility Ge (germanium) channel for the future development of
complementary metal oxide semiconductor (CMOS) technology. An outline of the thesis is
presented here together with a literature review into surface preparation procedures suitable
for the semiconductor substrates investigated in this thesis.

The Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) is the vital component
in complementary MOSFET technology and the driving force in the field of the semiconductor
industry over the past decades. The continuous down-scaling of MOSFETs following Moore’s
law which describes the number of transistor on an integrated circuit increases exponentially
by doubling every 2-3 years, has contributed to an unprecedented revolution in semiconductor
devices over the past several decades [1]. Nowadays, the number of transistors in one
microprocessor can be over 1 billion, with faster operation speed, lower power consumption

and, most importantly, less cost than early stages [2].

1.1 Scaling rules

The ideal scaling guideline was proposed by Dennard et al and is referred to as constant-field
scaling [3]. Constant-field scaling allows scaling of the device voltage, the device dimensions
(gate length L, channel width W, junction depth x;, thickness of oxide tox and doping
concentration Nq or Na) by the same factor k, so that the electric field E remains unchanged as
shown in Fig. 1.1. Based on this guideline, the performance of the device indicated by reduced
delay time z, increased number of transistor » and decreased power dissipation per transistor
can improve without increasing power density (nP/A) by dimensionally scaling the device as

indicated in Table 1.1.
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Fig. 1.1. Principle of NMOSFET constant-electric field scaling (After Dennard, 1986 [3]).

Table 1.1. Scaling of the MOSFET device and circuit parameters [4].

MOSFET Device and Circuit Multiplicative Factor
Parameters k>1)
Scaling assumption Device dimension (t.x, L, W, x;) 1/k
Doping concentration (N,, Ny) k
Voltage (V) 1/k
Derived scaling Electrical field (F) 1
behavior of Circuit delay time (z ~ CV/I) 1/k
Circuit parameters Oxide capacitance (Coy) 1/k
Power dissipation per transistor (P ~ 1/k
vI)
Number of transistor per area (n/A4) K
Power density (nP/A) 1
Current, drift (/) 1/k




1.2 High-x oxide materials

However, in recent years further scaling down of MOSFETS has become problematic due to
the limitation of silicon dioxide (SiO.) gate oxide thickness tox. The native oxide, SiO- plays
a key role in the successful CMOS development, due to several superior properties namely
high electrical quality of the Si/SiO; interface, thermal and chemical stability, insulating
properties and large band gap [5]. The reduction of SiO; oxide thickness following aggressive
dimensional scaling eventually leads to increasing leakage current which is induced by a
qguantum mechanical tunneling process [6]. The thickness of SiO, gate oxide has reached
around 1.1 nm which leads to an exponential increase of gate leakage current exceeding 1
Alcm? at 1 V, as shown in Fig. 1.2 with associated degradation of the electrical performance
of the device due to the unacceptable static power dissipation. Moreover, such thin films can

result in problems for the reliability of the device [7-9].
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Fig. 1.2. Leakage current vs voltage for various thicknesses of SiO; layers after Robertson et
al. [10].

Scaling is still the mainstream road to improve the performance of the device in the future,
thus this concern was suggested to be resolved by replacement of SiO, with a dielectric
material with higher permittivity . (high-«).

The capacitance per unit area for high-x gate oxide is given by:



&8y (11)

K

Chigh—;c =

where & is the vacuum permittivity, t. is the thickness of high-x gate oxide.
The equivalent capacitance for SiO; gate oxide is given by:

Csio, = giioz i (1.2)
EOT
where esioz is the relative permittivity of SiO,. The equivalent oxide thickness, teor is defined
as the thickness of SiO; oxide which is needed to obtain the same capacitance density as the
high-x oxide used.

Then, if the same capacitance is needed:

Co, =C (1:3)

high-

The equivalent oxide thickness (EOT) can be given by:

_ %50 ¢ (1.4)

K

tEOT

Because the permittivity of high-x oxide is higher than that of SiO;, the use of high-« as the
gate oxide allows an increase in thickness of the oxide, thus greatly reducing the leakage
current while maintaining the oxide capacitance Co. For instance, the 1.2 nm SiO; oxide can
be replaced by a thicker, high-x (3.0 nm) to achieve the same capacitance as shown in Fig.
1.3. Therefore, there is a tremendous research effort concentrated on high-« dielectric as a
replacement of silicon dioxide for future CMOS technology [10].

. Silicon substrate

Fig. 1.3. The high-x oxide replaces silicon oxide [10].

In terms of choosing the correct high-x material, there are several criteria [10]. Firstly, the
value of x should be higher than 12, the preferable value is between 25 and 35. Larger « is
more beneficial to achieve a thicker high-x oxide while maintaining the same capacitance as
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discussed. Secondly, HfO, based materials have been regarded as the most promising high-x
material due to its high permittivity value and thermal stability [10]. In addition, the energy
band offsets between high-x and semiconductor have undergone considerable scrutiny,
because a high potential barrier at each band is imperative to prevent conduction by the
emission of electrons and holes into the oxide bands. Materials such as Al,Os, ZrO,, HfO,,
Y203, La,Os could satisfy such requirement [10]. HfO, was envisioned as a promising high-x
material in both academic and industry. Intel introduced HfO; as the gate oxide in the 45 nm
technology node.

1.3 High-mobility channel material Ge

Germanium recently has been considered as a promising alternative channel material,
primarily due to its higher hole (3900 cm? V! st) and electron mobility 1900 cm? V! s than
Si, as shown in Table 1.2. It is being considered to replace Si in the channel of a MOSFET to
achieve higher drive currents and switching speeds [12]. Ideally, Ge exhibits the highest hole
mobility when compared to other possible channel materials, whereas 111-V compounds have
received considerable attention as promising materials, attributed to their higher electron
mobility. Therefore, co-integrating 111-V compounds (n-channel) and Ge (p-channel) on the
Si platform provides for an ideal CMOS technology in the future, as shown in Fig 1.4.
However, an “all Ge” solution would be preferable for ease of processing. In addition, Ge
belongs to the Group IV materials, similar to Si and so is more promising from a process
integration perspective, removing the additional growth in manufacturing costs associated

with introducing non-Group 1V substrates [2].

Table 1.2. The mobility of electrons and holes for Ge and Si [11].

Mobility (cm? V1s?)

Material

Electron Hole

Si 1400 470
Ge 3900 1900
GaAs 8500 400
InAs 33000 460
InSh 80,000 1250
InP 4,600 150
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Fig 1.4. High-mobility MOSFETSs built by co-integrating 111-V compounds (n-channel) and
Ge (p-channel) on Si platform

The deployment of metal electrodes is used to replace poly-silicon which is widely employed
in Si CMOS technology based on following reasons: firstly, Fermi-level pinning at the poly-
silicon/high-« interface can cause high threshold voltage and instability [13]. Secondly, the
poly-silicon/high-x gate stack exhibits strong remote phonon scattering and degrades the
channel mobility [14]. In addition, the employment of metal gate eliminates the depletion
capacitance in the poly-silicon electrode [10].

1.4 Industrial Application

With the purpose to obtain a more comprehensive picture concerning the significant role of
high-x on Ge on the trend of semiconductor development nowadays, it is a good idea to look
at the technology roadmap of Intel as a leading semiconductor company [12]. As shown in
Fig. 1.5, for 90 nm technology, Intel used a strained silicon transistor architecture for the first
time. The most significant novelty of the 90 nm technology is strained silicon which gives
higher mobility. At the next stage, similar technology is used but Intel 65-nm technology has
already approached the limit of SiO, with thickness reduced to 1.2 nm which can cause an
unacceptable increase of gate leakage. Therefore Intel introduced a novel high scaling factor
(high-x) with metal gate stack into the 45-nm node technology which is called “The Biggest
Change in Transistor Technology in 40 Years” by Gordon Moore [1]. The EOT of high-x is 1
nm at this stage. Following the 45-nm node, the 32 nm technology further reduces oxide EOT
to 0.9 nm. Beyond the 22 nm technology node, some fundamental constraints limit the
maximum of achievable performance by CMOS. Therefore, in 22 nm and 14 nm node, Intel
used new fin-FET as transistor to keep the Moore’s law alive. From the perspective of
technology development at Intel, it can be summarized that once the traditional performance
increase of device slows down, novel materials (oxide, semiconductor) and device
architectures are vitally necessary and introduced to continue to boost the performance of
device. Referring to the current research, the high-x on Ge is an attractive approach to scale

the device and improve the performance for future application of CMOS technology.
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Fig. 1.5. The technology node of Intel SOURCE: Intel [15].

1.5 The Outline of Thesis

In chapter 1, the introduction of high-x gate dielectric oxide on high mobility Ge channel
materials for the future development of semiconductor device and its advantages over the
conventional Si MOS field-effect transistor will be discussed.

In chapter 2, a literature review of commonly used techniques for the formation of GeO; as
interfacial layer between high-k oxide and Ge substrate is described. Lastly, the organization
of this thesis is presented.

In chapter 3, the fabrication methods used in this research will be explained. XPS, TEM
characterization methods will be employed to study samples.

In chapter 4, the admittance of high-k/Ge MOS is elaborated. Correct interpretation of the
routinely used admittance characteristics is of high importance for high-k/Ge MOS technology
since frequently used interface states density extraction methods are dependent on the
admittance behavior. Capacitance-voltage (C-V) and conductance-voltage (G-V) based
methods are discussed and compared in details. Their applicable scopes and problems for
electrical characterization of interface states are discussed. Several issues related to the
extraction of interface states density based on conductance method are demonstrated in details.

In chapter 5, The C-V characteristic for different samples are presented. The interface state
density is measured to evaluate the quality of interface between Ge and the stack. The method
is conductance method as discussed in chapter 4. In addition, the current over voltage (I-V)

characteristics will be presented. The dielectric constant of HfO, will extracted at last.

In Chapter 6, a model is presented to allow calculation of the bound states in the conduction
band notch at the interface between the interfacial native GeO, and high-k dielectric layer in
a Ge MOSFET gate stack. The notch represents a potential charge trapping site, which can
induce threshold voltage instability. The model is applied to a three-dimensional structure,

and the number of electrons or average occupancy of confined electrons in the notch is



calculated. The effect of device physical and electrical parameters on the number of bound
states and average occupancy of states in the notch is discussed. The significance of the
confined charge in the notch and its effect on the threshold voltage shift in an 8-nm node Ge
MOSFET is investigated.

In chapter 7, the minority carrier generation in inversion region for samples will be discussed.
Low frequency behaviour apparent in the C-V plots of high-k/Ge MOS will be explained by
two mechanisms. One mechanism is thermal generation another is a diffusion process. The
temperature measurement associated with Arrhenius plot is used to identify the dominant
mechanism. The measured minority generation lifetime is used subsequently, to fit the
experimental data.

In chapter 8, oxide traps in high-k/Ge MOS are studied by analyzing the admittance
characteristics. In this chapter, Yuan’s model is presented to explain the frequency dispersion
observed in the CV plot accumulation region.

Chapter 9: the experimental results and achievements of the thesis are summarized.

Suggestions for work worthy for further investigation are made.
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Chapter 2 Literature review of high-x on Ge

Direct deposition of high-x on Ge exhibits a low-quality interface associated with a high
density of interface states Di: between high-x gate oxide and Ge substrate, which severely
restrains the application of high performance Ge MOSFETSs [1]. Thus, the introduction of an
effective interfacial layer between high-x oxide and Ge substrate is proposed to obtain a high-
quality interface [1]. Various methods for forming Ge compounds such as GeO: [2], GesN4
[3], and GeO«Ny [4, 5] as an interfacial layer have been investigated. Among them, GeO; is
generally considered as one of the most promising interfacial layers similar to SiO; in Si
CMOS [2]. One reason why Si has been the dominant semiconductor material in the modern
electronic industry since 1960s primarily can be attributed to its high quality native oxide SiO-
which forms an excellent interface with Si. However, GeO, exhibits two problems: firstly,
GeO; is hygroscopic and water soluble; secondly, GeO, is thermally unstable and can be
converted into volatile GeO [6]. Intermediate forms of GeOy result in dangling bonds and
interface states together with slow traps in the oxide. Therefore, recently extensive studies are
focused on obtaining a high-quality GeO: interfacial layer. The different techniques proposed
to fabricate a high-quality GeO; interfacial layer are described in this chapter. In addition,
sulphur-treatment of the Ge surface is shown to be an effective way to improve the quality of
the interface between high-x and Ge [7]. Al,O3 also is considered as an effective barrier layer

to protect the interfacial layer from loss of oxygen and consequent degradation of GeOs.

2.1 Formation of the GeO2

Methods to form GeO2 have been investigated extensively. The current section provides an

overview for the different techniques.

2.1.1 Thermal oxidation

Thermally grown GeO; has been extensively examined in terms of different process
conditions such as temperature and time. In-situ low temperature vacuum annealing after dry
oxidation 500 °C and prior to gate electrode could improve the GeO; interfacial layer [8].
Minimum Dj; smaller than 10 eVt cm has been achieved with an oxidation temperature of
575 °C over range of 450, 500, 550, 575 and 600 °C [2]. Lee et al. demonstrated high-pressure
thermal oxidation is helpful to obtain an improvement of GeO, [9, 10]. Lee et al. further
employed a high-pressure oxidation method followed by a low temperature oxygen annealing.
This significantly enhances the GeO, quality and 1.2 nm thick equivalent oxide thickness
(EOT) GeO./Ge gate stack with low Di; 10** eVt cm™ has been achieved [11]. Their group
recently introduced an yttrium oxide Y,03/Ge stack which achieved improved quality GeO,

which may be attributed to a capping effect by the Y203 to protect the thermally grown GeO,
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[12]. The orientation dependence of the Ge substrate with GeO, formed by thermal oxidation
was investigated to determine which orientation could achieve the lowest interface states [13].
For different orientations, it is reported that Dj in the upper part of the band gap shows no
significant difference, while D in the lower band gap exhibits the lowest Di for (111)
orientation of Ge substrate. This conclusion is consistent with the result that p-channel
MOSFETSs with orientation (111) Ge substrate exhibit higher mobility and lower interface
state compared to other orientation [14, 15].

2.1.2 Ozone oxidization

Ozone has higher reactivity than oxygen and consequently can enhance the thermal oxidation
of Ge at lower temperature. Kuzum et al. have demonstrated minimum Dj; of 3<10™ cm?eV-
! for Al,Os/GeO, Ge-based MOSFETSs [16]. More recently, cycling ozone method associated
with the atomic layer deposition (ALD) process was proposed to obtain high quality GeO;
which achieved a minimum Dy of 1.9%<10™ cm2eV! [17-19]. Molle et al. found that 300 °C
is the optimal temperature to maximize the production of GeOg; higher temperature can
transform GeO; into the suboxide state [20]. The oxidation mechanism of ozone has been
studied by Baldovino et al. [21]. Two groups have demonstrated 1.5 times higher electron
mobility exceeding the universal Si mobility for Ge n-MOSFETs associated with ozone

oxidation for the GeO; interfacial layer [16, 18].

2.1.3 Plasma-assisted method

Plasma treatment using Oz is considered as a promising method to grow a high quality GeO;
interfacial layer at low temperature [22, 23]. Xie et al. suggest GeO; formed by O, plasma
combined with a plasma-enhanced ALD for high-x could offer an effective route to achieve a
high quality interfacial layer [24]. Zhang et al. proposed a method which employs electron
cyclotron resonance (ECR) plasma post oxidation through a thin ALD deposited Al.Os;
capping layer on a Ge substrate, which serves to prevent the degradation of the GeO: in post-
processing [25]. The relationship between the thickness of GeO; and Dj; has been investigated
and 0.5 nm GeO; is considered as the minimum thickness to maintain acceptable MOS
interface properties [26]. The main mechanisms of the mobility degradation of Ge p- and n-
MOSFETs by using post plasma oxidation have been systematically studied [27]. The
following table shows a summary of Ge-based MOSFET with GeO- as an interfacial layer.
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Table 2.1 The Ge-based MOSFETs with GeO; as the interfacial layer, studied in literature

review.
Peak
- Dit ]
mobility of ) Doping
) ) ) EOT Mid-gap energy ]
Device inversion GeO> concentration
) (nm) level
carriers (cm?)
(eVicm?)
(cm?/V/-s)
Al,03/Ge0; p- Thermal
MOSFETSs 575 (hole) -- grown from 2.1x<10" 2.1x<10%
[28] 0to 20 nm
LaLuOs/GeO; Thermal
p-MOSFETs 260 (hole) 1.14  grown 1.5 -- --
[29] nm
HfO2/GeO: p-
Thermal
MOSFETSs 400 (hole) 1 2.0x<10% --
grown 2 nm
[30]
Al/GeO;n- Thermal
1100
MOSFETSs 5 grown 8.5 3.5x10% --
(electron)
[31] nm
YzOg/GEOz n-
1500 22, Thermal
MOSFETs 1.0x10% --
(electron) 12 grown 3 nm
[32]
Al,03/GeO; n- Ozone
1200
MOSFETSs 5 oxidation 2 3.6x10 2.1x10%
(electron)
[33] nm
Post plasma
Al,03/GeOz p- 515, 466, 1.18, o
oxidation
MOSFETSs and 401 1.06, 2.0x10 -
from 1.2 to
[25] (hole) 0.98
0.23 nm

2.1.4 Sulphur treatment

Sulphur passivation has been suggested as an attractive solution to passivate Ge surface
attributed to its well-known application on I11-V compound material channels [23]. S-
passivation is realized by immersing into aqueous ammonium sulphide (NH4)2S solution [34]
or reacting in the H,S gas phase [35]. Both methods could induce the adsorption of S on the

Ge surface. Additionally, the amount of adsorbed S and the surface ordering can be different
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[36]. The accurate cover of S on the Ge after the (NH4)2S treatment are different over various
papers [36]. During deposition of the high-k material g, S is presented at the interface, and
thus the interface is free of Ge-oxides. Therefore, this S-treatment is considered as a promising

method to achieve high-quality interface [36].

2.1.5 Role of the Al2Os capping layer

Al,O3 is considered as preferable high-x material attributed to its diffusion barrier properties
allowing to protect GeO; and achieve enhancing interface compared to other high-x materials
such as HfO, [37-39]. However, the permittivity of Al.Os is relatively low among all high-«
materials, thus a gate stack high-k/Al,O3/GeQO; has been studied to achieve a high-quality
GeO; interfacial layer while maintaining the low EOT [37, 39].
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Chapter 3 Fabrication and characterization

3.1 Introduction

Alumina (Al.QOs) is considered as a preferable high-x material due to its diffusion barrier
properties which could protect the native oxide, GeO, which provides for a good interface
compared to other high-x materials such as HfO, [1, 2]. However, the permittivity of Al,O3
is relatively low compared to other high-x materials, thus a gate stack high-«/Al,03/GeO; has
been studied to achieve a high-quality GeO interfacial layer while maintaining a lower EOT
[3,4]. Inaddition, sulphur (S) has been introduced into GeO- to achieve a superior Ge gate
stack [5, 6]. In this chapter, two groups of fabrication processing are described. For the first
group, Al,Os, formed in a molecular beam epitaxy (MBE) system, acts as a protecting layer
to achieve a high quality interface. The second group includes S-passivation as a method to
achieve a good interface. The current chapter will present the details of the fabrication of MOS
samples through this research. All the samples used in this thesis were fabricated by
collaborators in the Materials Science department. X-ray Photoelectron spectroscopy (XPS)
measurements were undertaken by collaborators to investigate the physical properties of the
interface for these samples. The electrical quality of the interface is evaluated using the
conductance method to measure the density of interface states.

3.2 Al203 protecting layer

N-type Ge (100) wafers were cleaned in ultra-high vacuum (<10—6 mbar) at 500 °C for 10 min
to evaporate any native oxide and thus obtain an oxide free surface. Subsequently, the wafers
were placed in an MBE chamber and exposed to an Al flux for a range of times to deposit
ultrathin Al layers. The samples were allowed to oxidise at ambient temperatures in the MBE
load lock to produce Al>Os layers. The samples were transferred within 1 min to an Oxford
Instruments OpAL reactor and thin films of HfO, were deposited on the Al,O; using atomic
layer deposition (ALD). The HfO, depositions used a [(CpMe).HfOMeMe] precursor coupled
with an O, plasma as the oxidising species. Different numbers of cycles were used to grow
HfO, thicknesses of 3.5 (sample Ge12S1), 7 (sample Ge12S2) and 14 (sample Ge12S3) nm at
250 <C as shown in Error! Reference source not found.. A fabrication process diagram is
given in Fig. 3.1. For electrical measurements, circular gold contacts with a range of diameters
were deposited onto the films to form MOS gate electrodes and Al was deposited onto the

back of the Ge wafers to provide an ohmic contact.
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Table 3.1 The summarization for the thickness of different samples with Al.Os as protecting

layer.
Sample Thickness of HfO,
Gel2S1 3.5nm
Gel2S2 7nm
Gel2S3 14 nm

Ultra-high vacuum evaporate
any native oxide

GeOy
o — e
samples were allowed to oxidise
at ambient temperatures in the
Al flux MBE

A GeO,

e —
Ge Ge

Oxidize Alinto Al,Os ALD for deposition of HfO,
Com -
GeOz GeoZ
Ge Ge

Fig. 3.1. Method to deposit a high-« stack on Ge with Al,Oj3 as protection layer.

The main advantages of this fabrication process have been summarized as following: firstly,
Al,O3 layer can act as an oxygen barrier, which suppresses the growth of an unnecessarily-
thick Ge oxide layer, owing to its intrinsic oxygen permeability [2, 7]. The Al.O; layer also
prevents GeO, from deterioration caused by subsequent ALD processing when depositing
HfO.. In addition, the Al is oxidized at ambient temperatures in the MBE (molecular beam
epitaxy) load lock to form Al,Os, which significantly reduces the oxygen desorption of GeO,

with thermal instability induced by high temperature.

3.3 Second fabrication process

N-type (100) Ge of resistivity 0.3-3 Q cm were degreased using acetone in an ultrasonic bath

and then given a cyclic HF/water rinse in order to remove the native oxide layer. This was
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followed by sulphur deposition by dipping the samples in a 20% ammonium sulphide, (NH.),S,
solution in water for 10 min and then dried under an argon gas flow. The samples were then
immediately transferred into an Oxford Instruments OpAL ALD reactor and different number
of cycles were used to deposit different thickness of HfO, layers using [(CpMe)2HfOMeMe]
precursor coupled with remote oxygen plasma (Fig. 3.2 (a)). As shown in Error! Reference
source not found., three samples with different thickness of HfO, are given: 3.5 (sample
Ge39S1), 7 (sample Ge39S2) and 14 (sample Ge39S3) nm. In addition, as discussed before,
Al>Os still can be used as a protecting layer. One extra S-treated sample was exposed to an Al
flux for a range of times to deposit ultra-thin Al layers to compare with those without the
Al>Os protecting layer. This sample was oxidized at ambient temperatures in the Molecular
Beam Epitaxy (MBE) load lock to produce sub-nm Al,Os layers as for the first group. Then,
this sample was transferred to the ALD reactor, as shown in Error! Reference source not
ound., 3.5 nm (sample Ge39S4) thickness of HfO, films was deposited using ALD cycles
with the same HfO; precursor and O-plasma as oxidant.

ALD for deposition of

HfO,

(@) Ge-S
S-passivation on Ge
surface of Ge ALD for deposition of
Ge-S Al flux Oxidize Al into HfO,
Ge \\/7 AlOs
AL,
(b) Ge-S — Ge-S = Ge-S
Ge Ge Ge

Fig. 3.2. Proposed processing steps: (a) S-passivation without Al,Os; (b) S-passivation with
AlOs.

Table 3.2. Summary of high- « layer thickness of different samples with S-passivation.

Sample Thickness of HfO,
Ge39S1 3.5nm
Ge39S2 7nm
Ge39S3 14 nm
Ge39S4 (S-passivation with Al,Os) 3.5nm
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3.4 TEM and XPS characterization

Fig. 3.3 shows an HRTEM (High-resolution Transmission electron microscopy) image of
sample Ge12S2 with 10 s exposure to the MBE Al source and with number of ALD cycles to
deposit 7 nm HfO,. The image was obtained with a JEOL 2100F TEM operating in STEM
mode with an operating voltage of 200 kV. The TEM image shows a 2 nm thickness layer of
GeO,/Al;03 with a 7 nm HfO; layer on top.

Fig. 3.3. TEM image of a about 2 nm thick GeO/Al,O3 layer with HfO, on top.

XPS was carried out to investigate the chemical bonding presented in the films. Fig. 3.4 shows
XPS Al (2p) spectra from sample Ge12S1 confirming that Al,Os is formed when compared to
a reference Al foil. The small peak at 73 eV is attributed to differential charging across the
thin alumina layer. The XPS Ge (3d) data of Fig. 3.5 for sample Ge12S1, shows that a layer

of GeO: is present at the Ge surface.
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Fig. 3.4. XPS spectra from sample Ge12S1 for Al 2p from 10 s Al MBE exposure with number
of ALD cycles of HfO,.
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Fig. 3.5. XPS spectra from sample Ge12S1 for Ge 3d from 10 s Al MBE exposure and number
of ALD cycles of HfO,.
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Fig. 3.6. Ge 3d XPS core level line-shape for: (a) clean Ge, (b) S-passivated Ge, (c) native
GeO,/Ge, (d) HfO,/Ge, (e) HFO,/S/Ge using oxygen plasma as oxidant during ALD deposition.

Fig. 3.6 shows a comparison of the Ge 3d line shape measured from several samples. The XPS
Ge 3d CL spectrum for a sample of clean Ge is shown in Fig. 3.6 (a). The experimental curve
is fitted with two sub-peaks corresponding to Ge 3ds, at 29.42 eV and Ge 3ds, at 30.37 eV,
corresponding to the spin—orbit doublet. Compared to the spectrum of clean Ge sample, the S-
treated Ge sample in Fig. 3.6 (b) shows an additional feature, which is also fitted with a doublet.
Fig. 3.6 (c) shows the spectrum of native GeO,/Ge. The peak fitted at 33.03 eV is attributed
to the +4 Ge oxidation state (i.e. GeO), while a small peak centred around 1.7 eV above the
Ge 3 d<(indicated on the figure with arrows) is related to +2 Ge oxidation state. Compared to
the S-passivated sample, it is clear that the introduction of sulphur is promising in passivating
the sample, as proven by the disappearance of the GeO, peak in Fig. 3.6 (b). Fig. 3.6 (d) and
(e) is the Ge 3d line-shape from HfO, deposition by using oxygen plasma without and with S-
passivation. The growing appearance of GeOy can be attributed to the introduction of O-

plasma. Especially, the +2 Ge is observed by the growing intensity during the area between
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the two main peaks, at around 31 eV. This can be further proven by comparing to Fig. 3.6 (c)
where the sample exhibits the predominant GeO, layer on Ge. From the whole line-shape, it
is observed the GeO, peak (see Fig. 3.6 (d)-(e) in comparison to Fig. 3.6 (c)) to be broadened,

along with the appearance of Hf 5ps, peak from HfO; at around 32 eV as shown by the arrows.

3.5 Conclusion

In summary, two kinds of surface passivation method for Ge-based MOS with HfO. have been
discussed in detail. The Al>O3 layer is formed by deposition of Al using MBE followed by its
oxidation at room temperature. The S-passivation is also a possible method to passivate the
surface between Ge and HfO,. Detailed X-ray photoelectron spectroscopy and electrical
characterization results show that sulphur passivation and Al,Os can prevent the formation of
GeOy at the interface.
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Chapter 4 Interface Characterization Techniques for Ge MOS

4.1 Introduction

As discussed before, interface passivation is a major challenge for Ge-based MOSFET
technology. High interface state density is a probable cause of the mobility degradation and
threshold voltage instability of Ge-based MOSFETSs [1]. Therefore, it is critical to correctly
evaluate the quality of the interface which is mainly quantified by the density of interface
states. Some inherent properties of Ge could affect the correct estimation of interface states
extracted from conventional C-V and G-V based measurements which can be correctly used
on Si-based device. More specifically, the characteristic time constant of interface states and
the thermal generation or diffusion of minority carrier charge from the bulk Ge substrate could
cause misinterpretation of the evaluation for interface states density. In this chapter, firstly the
physical mechanism of interface states and the associated equivalent circuit based on Nicollian
and Goetzberger’s theory will be investigated [1]. Then, several conventional methods for
profiling the interface states are discussed. The weakness, advantages and limitations of these
methods applied on Ge-based MOS are presented. The three issues related to the conductance
method on Ge-based MOS will be investigated.

4.2 The physical mechanism and equivalent circuit of interface states

Interface states refer to charge traps located at the oxide-semiconductor interface and are
distributed across the band gap of the semiconductor. The interface states exchange carriers
with the conduction band by capturing or emitting electrons and with the valence band by
capturing or emitting holes as depicted in Fig. 4.1 (a). Nicollian and Goetzberger treat a single
interface state as a Shockley-Read-Hall recombination centre [1]. Thus, the admittance impact
of interface states caused by the discharging or charging of a single interface state following

application of a small ac signal can be modelled by a Y equivalent circuit as shown in Fig. 4.1

(b).
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Fig. 4.1. (a) Interface states exchange carriers with conduction band and valence band; (b)
Equivalent circuit of a single interface state (n-type semiconductor substrate).

Referring to Fig. 4.1 (b), G, and G, represent the communication of a single interface state
with both the conductance band and the valence band respectively. Co is the oxide
capacitance, Cp is the depletion capacitance and Cin is the inversion capacitance. The
expressions for Cr, Gn, and Gy, are:

2
o :E—TNT f(i-f) (4.1
2
G, :E—T N, F(1—f)r;? (4-2)
q° : 4.3
G, = N L= f)ry’ (43)

where f is the Fermi—Dirac distribution function, =, and z, are the characteristic time constants
of electrons and holes for interface states, which are used to measure the exchange time
between interface and conduction or valence band, Nt is the density of interface states, T is
absolute temperature and k is Boltzmann’s constant. Furthermore,

7, =(owin,)” @4

Tp = (Upvtﬁ Ps )_l (45)

op and on are the hole and electron capture cross sections of the interface state, v"n and v°, are
electron and hole thermal velocity, ns and ps are the electron and hole concentration at the

interface between oxide and semiconductor which can be further expressed as:

n, =N, exp(_ %) (4.6)
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E.-E
p, =Ny eXp(_ %j (4.7)
Er is the energy level of interface state.

Then substitution of these two equations into the previous Eqs (4.4) and (4.5), gives the

characteristic time constants can be expressed as:

E. -E;
eXp(ij (4.8)
T, = n
Gnvth NC
E, -E,
eXp( T j (4.9)
Tp = —p
O'thth

The interface states are continuously distributed across the band-gap; the equivalent circuit

including a distribution of the interface states is shown in Fig. 4.2.

Cox |

Fig. 4.2. The equivalent circuit including a distribution the interface states.
To integrate the total admittance of this equivalent circuit, every single Y-circuit needs to be

converted to a A-circuit, then:
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Fig. 4.3. The converted A-circuit based on Fig. 4.2.

For a single interface state, the Grqr, Cra and Crp are given by:

o - G,G, (4.10)
Tgr —
D
G.G
C. - TD p (4.11)
GG, 4.12
Crp =1 (4.12)

Where D = joGr + Ch+ Cy

Then integrate all interface states based on the above circuit as shown in following equations,

1
Crnsum = AD 7, [df 0= F)x[jof = £)+ fr )t + (- )] (419)
0
1
Crosum = qutrgl_[df x f X[ja)f (@—f)+ fet+ (- f)fr:l]'l (4.14)
0
1
Gy am = D7, 7, [df [jof (L= £)+ ;0 + @~ £ )] (4.15)
0

where Dy is the density state of interface states.

Finally, the equivalent circuit for all interface states is simplified as:
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Fig. 4.4. (a) Final equivalent circuit after integrated all the interface states; (b) further

simplified circuit from (a).

The physical mechanism for charging and discharging process of interface states and their
equivalent circuit based on Nicollian and Goetzberger’s theory has been described. The
following part will examine several methods conventionally used to estimate the density of

interface states based on the equivalent circuit described above.

4.3 Low-high frequency method [1]

The MOS capacitor is measured at sufficiently low frequency which allows all the interface
state to follow the small ac signal. At quite low frequency, the conductance Ggr,sum iS
negligible, the Fig. 4.4 (b) can be transferred to the circuit as shown below:

Cox
o— |

Co

— —II—_”_—
" — —

(a) (b)

Fig. 4.5. (a) Low frequency equivalent circuit; (b) further simplified circuit from (a).

where Cs =Cp + Ciny is the surface capacitance, Ci; is interface state capacitance, and for low
frequencies, Ci is:

Ci = Crpam + Crpsum = D, (4.16)

Tn,sum

The measured capacitance at low frequencies Cis shown in Fig. 4.5 (b) can be expressed as
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= + (4.17)
le Cox Cit + Cs
Then Dj; can be extracted using:
D, = 1 Gl C, (4.18)
q Cox - le

C, can be theoretically calculated based on the doping concentration.

The theoretical calculation of Cs, may require much work with potential error arising from
inaccurate knowledge of the doping concentration profile and oxide capacitance in
determination of Di. Castagene and Vapaille suggest that Cs is better extracted at high
frequency [2]. When the frequency is high enough, it is safe that assume all the interface states
cannot follow the small ac signal and the equivalent circuit is shown in Fig. 4.6. Thus Castagne
and Vapille’s method does not need a theoretical calculation of Cs, which can be given by Eq
(4.19).

_—9
o)

COX
o— |

Fig. 4.6. High frequency equivalent circuit.
Coxchf 1

T Cox _Chf C

(4.19)

)4
where Ci is the measured capacitance in high frequency.
Substitute Eq (4.19) into (4.18), then D;: can be obtained:

_l[ Coxclf CoxChf J (4.20)

it — -

q{Cy —Cy  Cy —Cyy

0X 0X
Thus by combining the low and high frequency methods, the density of interface states can be

extracted.

4.4 Terman’s method

Terman developed and employed a high frequency capacitance method to estimate interface
state density [3]. In this method, C-V is measured at sufficiently high frequency, so that all the
interface states cannot respond. Therefore, the measured capacitance should be equal to the
ideal MOS capacitance without any ac contribution from interface states. However, the
interface states still lead to the “stretch-out” of C-V curve compared to the ideal C-V curve
because these interface states can change their occupation following Fermi level change
determined by the DC gate voltage bias as shown in Fig. 4.7. The ideal capacitance without a

contribution from interface states theoretically can be obtained based on the doping
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concentration and oxide capacitance. The interface state density based on Terman’s method is
determined from equation [3]:

_Cy dlav,) (4.21)
q dy,

where AVj is the voltage shift of the experimental compared to the ideal curve.

it

1.2x10° —o— experimental ( 1 MHz)
theoretical
=
L
L 8.0x107 1
3
8
2
o
3+
$)
4.0x107 -

Gate voltage (V)

Fig. 4.7. The solid line is the theoretical Ge-based MOS C-V without Dj.. The parameters for
calculation of the theoretical C-V (1 MHz): doping concentration Ny, = 5.2 <10 cm3; oxide
capacitance. Cox = 1.1 < 107° F/cm?. The circles represent experimental data measured from
sample Ge39S1 at 1 MHz.

4.5 Gray-Brown method

Gray-Brown [4] uses a similar method to that of Terman. However, the Fermi-level occupation
change in interface states is determined by the temperature. There is no need to calculate a
theoretical C-V which is an advantage compared to the Terman’s method, as this is avoided
by measuring the capacitance at flat-band condition at different temperature. When the
temperature is changed, the Fermi-level position will shift, thus the occupation of interface
state is altered. Thus, the gate voltage for flat-band condition will change. Terman method
measure both interface states and oxide traps. Because Terman method measure density state
through voltage shift, both interface states and oxide traps lead to voltage shift. Thus it
measures two type of traps.

For different temperatures, the flat-band condition gate voltage is expressed as Vg, the

difference of flat-band condition gate voltage at different temperatures is given by:
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Eq (vg1)
q [dE-D,(E) (4.22)
Ef (Vg2)
g2 = C

0ox

Vdiff = Vgl -V

Vg1 and Vg, are flat-band voltages at different temperatures, Es (Vg1) and Er (Vg2) are Fermi
level positions at different temperature.

Thus by measuring the shift of voltage Vit at the flat-band condition at different temperatures,
the interface state density can be obtained [1]:

_Co AV (4.23)
it q dEf

Sun et al., [5] modified the Gray-Brown method to measure the interface states of Ge MOS
capacitors. As discussed before, the Terman method basically measures two type of traps
namely interface states and oxide bulk traps. Sun et al., modified the Gray-Brown method by
excluding the effects of interface states measured from the conductance method, thus the

oxide-trap can been obtained without interface states.

4.6 Conductance method

The conductance method proposed by Nicollian and Goetzberger is extensively employed to
measure the interface state density and is considered to have the highest sensitivity [1].
Interface state density down to 10° cm? eV can be measured by using the conductance
method. Referring to (b), Nicollian and Goetzberger assume for n-type semiconductor, in the
depletion region, the time constant of majority carriers is much smaller than that of minority
carriers (za << 1p). In this case, the charge exchange between interface states and valence band

can be ignored and this figure can be converted to Fig. 4.8 (a).

Cs
| Cp Cm
e o] T L —
A—— ' —
':'G Gy Gn
(a) (b) ()

Fig. 4.8. (a) The converted circuit of Fig. 4.5 (b); (b) simplified circuit of (a); (c) measured
circuit of (b) in parallel mode.

Cit is expressed as Eq (4.16), Gy =Ggr,sum as shown in Eq (4.15), C,=Cs+Cit.

From Fig. 4.8, it can be seen that there is one advantage; the conductance method extracts the
interface state density based on conductance without Cs. This is an important advantage over
the other three capacitance-based methods, because it avoids any errors involved in obtaining

Cs. The conductance method eliminates this uncertainty by excluding Cs and only needing
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conductance. For n-type semiconductor, interface states in the upper half of the band gap can
be extracted; and for p-type, the lower half can be extracted. For n-type semiconductor, in the

depletion regime, C, and G, can be expressed as:

Cp =C, + qut(a)Tn )71 tan‘l(mn) (4.24)

G,/®=qD,(2er, ) L+ (or, ] (4.25)

When G,/ w is plotted as a function of w, it shows a maximum at « = 1.98 / 7, and at the
maximum:

D, =25G,/®
Thus, Dit and 7, can be determined from maximum G,/ w.
Generally experimental G,/ w versus w curves are broader than theoretically predicted due to
surface potential fluctuations arising from such as non-uniformities in doping, fixed charge.

When surface potential fluctuations are taken into account:

G, /o= qu D, (2wr, )" In[l+ (w7,) }D(U s U (4.26)
where
1 (U s~ U_S)2
PUs)= - exp[— T} (4.27)

P(Us) is the probability distribution of surface potential fluctuation, U, is the mean surface

potential and ¢ is the standard deviation.

4.7 Characteristic time constants of interface state

The characteristic time constant of interface states is an important parameter for interface
density states. This section shows calculations of the characteristic time constant of interface
states across the band gap in Ge. Based on this result, the conventional interface state
measurement method discussed in prior sections including capacitance-based or conductance-
based methods are investigated when they are applied to Ge-based MOS.

Recalling equation (4.8) and (4.9), then the characteristic time of the interface states can be
calculated over the full band gap using the parameter values of

Table 4.1. The characteristic time constant ¢, and its corresponding characteristic frequency f

are given by the following equation:

odr =1 (4.28)

The characteristic frequency of interface states for electrons and holes in Si and Ge as a
function of the energy within the bandgap using the parameters given in Table 4.1, are shown
in Fig. 4.9.
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Table 4.1. Parameters used for calculation of Fig. 4.9.

Material
Parameters Units

Ge

Band gap eV 0.66
Effective density states for conduction band Nc cm 1.0x10%
Effective density states for valence band Ny cm 5.0x10'®
Electron thermal velocity vy cm/s 3.1x107
Hole thermal velocity v, cm/s 1.9%107
Capture cross section of interface state for electron 0,  cm™ 0.7x1071

Capture cross section of interface state for hole 0, cm? 1015

In Table 4.1, effective density states and thermal velocity are properties of Ge, their value can
be found in the literature [6]. The capture cross section is a property of the interface state. For
electrons, the capture cross section can be extracted from experimental data. For holes, the
capture cross section is used as for silicon; 10°* cm which is a typical value of capture cross

section of interface states [7].
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Fig. 4.9. Characteristic frequencies of interface states for electrons and holes in Ge.

As shown in Fig. 4.9, the dashed horizontal lines indicate the frequency range available for
measurement, taken as 100 Hz-1 MHz. Although the interface states with a characteristic
frequency beyond this range could still contribute to the frequency dispersion in C-V or G-V
characteristic. However, only interface states with a characteristic frequency located within
this range can be measured accurately by the capacitance-based or conductance-based

methods as discussed in previous sections.

4.8 Low-high frequency method

Firstly recall the low-high frequency method whereby a high frequency small signal is applied
to extract Cs, by assuming that all the interface states across the band gap cannot follow the
signal. However, referring to the characteristic frequencies of interface states in Ge as shown
in Fig. 4.9 (a), for the upper half of the band gap, the interfaces states with characteristic
frequency higher than 1 MHz are distributed within the range from 0.43 eV (=E - Ey) to the
conduction band edge. There is a significant fraction of interface states with high characteristic
frequency that can still follow a 1 MHz ac signal. To quantitatively explain this, recall Eqs
(4.24) and (4.25) in the depletion region, these two equations are still correct to express the

electrical characteristics of interface states. Equation (4.25) can be written as:
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G, =qD,(2r,)" |n[1+ (wr, )2] (4.29)
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Fig. 4.10. Plot of Eq (4.29).
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Fig. 4.11. Plot for equation Eq (4.24).

When the frequency approaches a high value (1 MHz), the interface state has a characteristic

time constant of z, = 10 s, and Ci: approaches 0 and Gp approaches a relatively high value as

shown in Fig. 4.10 and Fig. 4.11. This is equivalent to saying that the interface states cannot

respond at such a high frequency; that is, such interface states do not affect C-V or G-V which

is also the reason why the equivalent circuit of Fig. 4.6 can be obtained at high frequency.
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However, when the characteristic time constant of interface states is small (z» = 107 s), the 1
MHz frequency is not high enough to satisfy the condition to obtain such an equivalent circuit.
Therefore, the Cir and Gp can still affect C-V or G-V, which means even at very high frequency
(1 MHz), the interface states with high characteristic frequency higher than 1IMHz can follow
the signal which could lead to errors in the extraction of Cs. Thus the extracted Cs from 1 MHz
C-V is no longer accurate due to the introduction of the significant part of interface states with
high characteristic frequency. Similar for the lower half of the band gap in Ge, there is a
significant fraction of interface states with high characteristic frequency existing in the range
from 0.13 eV (= E - Ev) to the valence band edge. Overall, due to the presence of a significant
fraction of interface states with quite high characteristic frequency, the low-high frequency
method cannot be applied to measure interface states in Ge.

4.9 Conductance method

For the conductance method, G, / w is plotted as a function of w to extract the density of
interface states by reading the maximum of Gy / w at w = 1.98 / 7. However, for interface
states with the characteristic frequency higher than 1 MHz, the maximum of Gy/w cannot be
read. This is illustrated in Fig. 4.12, where the maximum of G, / w cannot be observed as the
frequency limit of the characteristic frequency near around band edge, because it is out of
range of the available frequency range (100 Hz -1 MHz). Thus, the conductance method

cannot measure the interface states round the band edge at room temperature.
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Fig. 4.12. G,/ w plot for experimental data measured from sample Ge39S1. The corresponding

position of interface states over the band gap is at Ec - E = 0.13 eV when V; =-0.65 V.

Thus, due to the band gap properties of Ge, the available range of bandgap for Ge-based MOS
which can be measured by the conductance method is different from conventional Si-based
MOS. For p-type Ge, interface states lying 0.14 eV above the valence band edge to mid-gap
can be measured. For MOS structures on n-type Ge, the states located from 0.13 eV (= Ec -
E) to mid-gap can be measured. The interface states lying closer to the valence and conduction
band edge are not accessible using the conductance method in Ge MOS. In total, there is a
significant part of the band gap close to the conduction or valence band edge that cannot be

sensed.

4.10 Terman’s method

For the Terman’s method, both fast and slow states are measured. The measured interface state
density would be higher than that measured using the low-high frequency and conductance
methods [8]. The density of interface states extracted using Terman’s method usually is over-
estimated due to the presence of slow traps, because the stretch-out of the C-V plot can be
caused by both slow traps and interface states. Even when the stretch-out is only caused by
interface states, the Terman’s method based on the 1 MHz C-V is unlikely to yield correct
answers, because there is a fraction of interface states near the band edge with small time

constant.
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Fig. 4.13. The density of interface states obtained using different methods experimentally
measured from sample Ge39S1.

In Fig. 4.13, the Dit measured by the Terman’s method is much higher than those obtained by
the conductance and low-frequency method.

To conclude, both low-high and Terman’s based methods fail when applied on Ge-based
MOS. In addition, Terman’s method could overestimate the Di; due to the presence of slow
traps as shown in Fig. 4.13. Comparing between the conductance and low-high frequency
methods, it shows that the interface states measured by the low-high frequency method is
higher than measured by the conductance method as shown in Fig. 4.13. This is because for
low-high frequency method, it lacks a sufficiently high frequency C-V which can exclude the
effect of interface states. The conductance method is still available to measure the density of
interface states when it is applied on Ge MQOS, however, this method is not effective to

measure the interface states near the valence or conduction band edge in Ge at room

40



temperature. Overall, the conductance method can measure the interface states in Ge-based
MOS, and a solution should be proposed to measure all the interface density states.

4.11 Three issues for the conductance method

As discussed before, the conductance method is preferred compared to the low-high frequency

and Terman’s methods. However, three issues for the application of the conductance method
should be taken into account when applied to Ge-based MOS.

4.11.1 First issue: Low-T measurement

A possible solution to measure interface states near to the band edges is to decrease the
temperature, so that the characteristic frequencies of these interface states can be located
within the available frequency range of 100 Hz — 1 MHz. Calculation of the corresponding
characteristic frequencies of interface states in Ge at different temperature are shown in Fig.

4.14. It can be seen that by decreasing temperature, the interface states near the band edges

exhibit lower characteristic frequency which is approaching the available frequency range of
100 Hz — 1 MHz.
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Fig. 4.14. The characteristic frequencies of interface states for holes (from Ey to mid-gap) and
electrons (from Ec to mid-gap)

4.11.2 Second issue: the condition for characteristic constants of interface state
for majority carriers is much smaller than that for minority carriers in depletion
The use of the conductance method has been questioned [9]. The concern relates to whether

the condition that characteristic time constant of interface states for minority carriers is much

41



smaller than that for majority carriers in depletion is still satisfied as it is for conventional Si-
based MOS. By looking at Fig. 4.9, it can be seen that for n-type Ge, this condition is still

satisfied from the conduction band to mid-gap. The characteristic time constant of majority

carriers (electrons) is smaller than that for minority carriers, as discussed before, Thus for the

conductance method in n-type Ge, the measured range of the band gap is from conduction
band to mid-gap. However, for p-type Ge-MOS, from valence band to mid-gap, the condition
is not satisfied when the interface state location crosses mid-gap. This means that the

conduction method cannot be used to measure accurately the interface states near mid-gap for

p-type Ge-based MOS.
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Fig. 4.15. The solid line is the calculation of Gp / w plot for the conductance method for p-
type Ge MOS based on the circuit of Fig. 4.4 (b) which considers both majority and minority
carrier exchange with conduction and valence bands. The rectangular denote the Gp / @ plot

only considering the majority charge exchange with the conduction band for n-type Ge MOS.
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Fig. 4.16. The solid line shows the calculation of G / @ plot in the conductance method for
n-type Ge MOS which considers both majority and minority carrier exchange with condition
and valence bands. The rectangular plots denote the Gp / w plot only considering the majority
change exchange with conduction band for p-type Ge MOS.

Fig. 4.15 shows calculations around mid-gap, for p-type Ge, The peak value of Gp / @ based
on the conductance method circuit is lower than the model considering both majority and
minority carrier exchange. Thus the conductance method will lead to over-estimation around
mid-gap for p-type MOS. However, for n-type, when the Fermi level approaches mid-gap, the
condition for the conductance method is satisfied as shown in Fig. 4.16, the conductance
method is still correct to use.

To summarize, for Ge-based MOS around mid-gap, for n-type (upper half of the band gap)
the conductance method can be employed. However, for p-type (lower half band gap), around
the mid-gap, the conductance method should be used carefully, because the lifetime of
majority carriers (holes) can be larger than that of the minority carriers. The condition for use
of the conductance method is not satisfied and will lead to over-estimation of the density of
the interface states.

4.11.3 Third issue: generation of minority carriers after the Fermi level crosses
mid-gap

When the Fermi level moves from the conduction band to mid-gap (n-type), the thermal
generation of minority carriers will affect the measurement. For n-type Ge, the condition (z,
<< 1) of the conductance method is still true after mid-gap as shown in Fig. 4.9. This implies

that the range which can be measured is more than half the upper band gap for n-type Ge-
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based MOS. However, after mid-gap, the generation of minority carriers in Ge is significant
and must be taken into account. The generation of minority carriers is mainly from two
sources, namely diffusion from the bulk substrate and thermal generation within the depletion
region [10]. The generation of minority carriers leads to a sharp increase of the peak in the Gp
/ w plot and thereby could lead to the erroneous measurement of interface states beyond mid-
gap. The diffusion-induced minority carrier response is modelled by inserting a conductance
Gq and the thermal generation conductance can be expressed as Gg in Fig. 4.17.

Co

ol

CTn,sum

Cinv
Fig. 4.17. The equivalent circuit considering the diffusion and thermal generation components
of minority carriers beyond mid-gap.
In Fig. 4.17, the equivalent circuit is modified from circuit Fig. 4.5 (b), to take account of both

interface states and the minority carrier generation for n-type Ge.
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Fig. 4.18. Calculation of Gp / w plots considering the Gy and Gg based on the equivalent circuit
of Fig. 4.17.
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In Fig. 4.18, after the Fermi-level goes beyond the mid-gap (from E —Ey=0.33 eV to E - Ev
= 0.05 eV), there is a sharp increase in the peak value of G, / w. This will lead to an over-
estimation of the density of interface states. This figure can explain the experimental data in
Fig. 4.12, as the mid-gap position is achieved when gate voltage Vq = — 0.9 V; when Vg < —
0.9 V, the minority carrier generation is responsible for the sharp increase in the peak value
of Gp / w. Thus, the generation of minority carriers in Ge after mid-gap leads to a sharp

increase of the peak value.

4.12 Conclusions

To conclude, methods to measure the interface state density in Ge-based MOS with CV
measurements have been presented and discussed. The low-high frequency method fails in
measurement of interface state density in Ge-based MOS, because the extraction of Cs from
C-V at the 1 MHz. has been affected by interface states with high characteristic frequency.
Terman’s method suffers from the same problem. In addition, Terman’s method measures
both slow traps and interface states, the presence of slow traps will over-estimate the extracted
interface state density. The conductance method is preferable but low temperature is required
to sense interface states near band edges in both n- and p-type Ge-based MOS. Besides, for
the conductance method, two other issue have been investigated: firstly, the measurement near
mid-gap is correct for n-type Ge-based MOS, because the condition =, << 1 is still satisfied.
Secondly, the effects of minority carrier generation around mid-gap is calculated which shows
the sharp increase of peak value of Gp / w after mid-gap.
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Chapter 5 Electrical characterization of samples

In this chapter, The C-V characteristic for different samples are presented. The interface state
density is measured to evaluate the quality of interface between Ge and the stack. The method
is conductance method as discussed in chapter 4. In addition, the current over voltage (I-V)

characteristics will be presented. The dielectric constant of HfO, will extracted at last.

5.1 Samples with different thickness HfO2 deposited by ALD using O-plasma as
oxidant with Al2O3 as protection layer:
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Fig. 5.1 C-V characteristic from sample Ge12S1 with 3.5 nm HfO2 deposited by ALD using

O-plasma as oxidant with Al203 as protection layer in parallel measurement mode.
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Fig. 5.2 C-V characteristic sample Ge12S2 with 7 nm HfO2 deposited by ALD using O-plasma

as oxidant with Al.Os as protection layer in parallel measurement mode.

3.0x10° Jggenne

Tleiet,
1330

—=— 1 kHz
—+— 1 MHz
—— 2 kHz
—v—5kHz
—+— 10 kHz
—<+— 20 kHz
vkt —»— 50 kHz
1.0x10° - — 100Hz
—— 100 kHz
—=— 200 kHz
—— 500 Hz
E088828888888888888882s e, —— 500 kHz

0.0 4 T T T T T T T 1
-2 -1 0 1 2

2.0x10°

Capacitance (F/cm?)

Gate voltage (V)

Fig. 5.3 C-V characteristic from sample Ge12S3 with 14 nm HfO2 deposited by ALD using

O-plasma as oxidant with Al203 as protection layer in parallel measurement mode.
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Fig. 5.4 1-V characteristics of sample Ge12S1 with 3.5 nm HfO,, Ge12S2 with 7 nm HfO, and
Ge12S3 with 14 nm HfO..

As shown in Fig. 5.4 the HfO; increase, the leakage current decreases. When the HfO;
approaches to 14 nm, the leakage current becomes extremely low.
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Fig. 5.5 The Dy distribution for the three sample with different thickness of HfO, with Al,Os3

as protection layer.
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In addition, the above three samples use the same thickness of GeO interfacial layer, thus the
dielectric constant of HfO, can be determined. The accumulation capacitance Ca can be
treated as the high-k oxide capacitance Ch in series with an interfacial layer capacitance Cy..

In accumulation, the capacitance can therefore be given by:

1 _t. 1 (5.1)
Cacc Chk CIL
In the above three samples, the thickness of the interfacial layer is unchanged and thus C,. is
constant.
1 _1.1 (5.2)
Cacc Chk CIL
Because
Coi = &/t (3)

Substitute Eq (5.3) into Eq (5.2), then

1/C,, =t, .1 (5.4)

Ehk IL
Plotting 1/Cacc Versus tn gives slope of 1/en. A value of en = 22 is extracted from the graph

shown in Fig. 5.6.
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Fig. 5.6 The extraction of high-« dielectric constant through 1/Coy as a function of thickness
for HfOo.

The extracted e is 22 which is close to dielectric constant 25 of HfO- [1].

As shown in Fig. 5.1-Fig. 5.3, frequency dispersion is observed in depletion and accumulation
and attributed to fast minority carrier response, interface states Di and oxide traps respectively,
as will be discussed in detail in later chapters. The interface state density was extracted by
employing the conductance method. The Berglund integral method [8] was used to obtain the
relationship between surface potential and gate voltage. Shows the Dj; for the three different
thickness of HfO,. The figure shows that the interface state density is the order of 102 eV!
cm? for all thicknesses of high-x oxide for the first group of samples with Al.O; as the

protecting layer.

5.2 Samples comprising gate stacks with different thickness HfO2 deposited by
ALD using O-plasma as oxidant:

Similarly, the C-V characteristics for S-treated samples and ALD using O-plasma are shown
in Fig. 5.7-Fig. 5.9.
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Fig. 5.7. C-V characteristics from sample Ge39S1 comprising HfO,/S/Ge gate stacks with 3.5
nm HfO2 deposited by ALD using O-plasma as oxidant in parallel measurement mode.

—=—100 Hz
2.0x10° 1 ——1kHz
—— 2 kHz
—v—4 kHz
1.6x107® : iektﬁz
—— 50 kHz
—— 100 kHz
1 2107 Jrrr s, : —=— 200 kHz
= —«— 500 kHz
—— 1 MHz

8.0x107

Capacitance (F/cm?)

4.0x107 1

1$3333333333335333833:

0.0 . | |
-2 O 2
Gate voltage (V)

Fig. 5.8. C-V characteristics from sample Ge39S2 comprising HfO»/S/Ge gate stack 7 nm

HfO2 deposited by ALD using O-plasma as oxidant in parallel measurement mode.
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HfO2 deposited by ALD using O-plasma as oxidant in parallel measurement mode.
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Fig. 5.10. The I-V characteristics of sample Ge39S1 with 3.5 nm HfO,, Ge39S2 with 7 nm
HfO; and Ge39S3 with 14 nm HfO..
Fig. 5.11-Fig. 5.13 show plots of Gp / @, from which the interface state densities can be

obtained:
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Fig. 5.12. Plot of Gp / w corresponding to Fig. 5.8.
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Figure 5.14. The Dj; distribution for the three sample with different thicknesses of HfO,.

From, it can be observed that the minimum Dj is 2.5 < 102 eV-'cm™. Compared to the first
group of samples which employs Al,Os, the S-treated samples exhibit the same order of
magnitude of interface state density; about 10*2. This figure shows that the interface state
density is the order of 102 eV-icm? for different thicknesses of high-x/Ge stack for S-
passivated samples. In addition, as discussed before, S-treated with another sub-nm Al>Os
(sample (Ge39S4)) is measured to compare with sample Ge39S1 without the Al,Os layer. The

C-V characteristic is shown in Fig. 5.15.
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Fig. 5.15. C-V characteristics from sample Ge39S4 comprising HfO2/Al;0./S/Ge gate stack

in parallel measurement mode.
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Compared to the S-treated samples with and without Al.Os;, there is no significant
improvement of the interface as shown in Fig. 5.17Error! Reference source not found.. The

introduction of Al.O; does not further enhance the interface quality.
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Fig. 5.17 Comparison of interface state density for of S-treated sample Ge39S1 and S/sub-nm
Al,O3 sample Ge3954.

5.3 Reference

[1] J. Robertson and R. M. Wallace, “High-K materials and metal gates for CMOS
applications,” Materials Science and Engineering: R: Reports, vol. 88, pp. 1-41, 2015.
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Chapter 6 Bound states within the notch of the HfO./GeO2/Ge stack

A model is presented to allow calculation of the bound states in the conduction band notch at
the interface between the interfacial native GeO; and high-« dielectric layer ina Ge MOSFET
gate stack. The notch represents a potential charge trapping site, which can induce threshold
voltage instability. The model is applied to a three-dimensional structure, and the number of
electrons or average occupancy of confined electrons in the notch is calculated. The effect of
device physical and electrical parameters on the number of bound states and average
occupancy of states in the notch is discussed. The significance of the confined charge in the
notch and its effect on the threshold voltage shift in an 8-nm node Ge MOSFET is investigated.
The main conclusion is that charge storage in this notch is insignificant at the relevant
technology node.

Fundamental aspects of quantum and statistic mechanics is described first, in order to explain

the physical principles behind the model. Then the details of the model are presented.

6.1 Quantum and statistics mechanics

6.1.1 Time-independent Schr&dinger equation [1]

Quantum mechanics describes a particle based on the time-independent Schrédinger equation,

n’ o'y 6.1)

where m is the effective mass, y is wave function, E is energy level, and V is potential energy,

h is reduced Planck constant. This equation can be written as:

H w=Ey (6.2)
where H is the Hamiltonian operator, and
2 2
Ho_ "0 Ly (6.3)
2m ox?
6.1.2 The electron-in-box approach [1]
Assume an electron is confined inside an infinite potential well
<x<
V(X): 0,(0_ X_-a) (6.4)
oo, 0therwise
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Fig. 6.1. The infinite potential well.
Inside the well, V=0, thus Eq. (6.1) can be written as:
n* o'y (6.5)
- = E .
2m ox? v
The general solution for this equation is:
w(x)= Asin(kx)+ B cos(kx) (6.6)

where A and B are arbitrary constants and are fixed by the boundary conditions. Referring to
the potential well used, B should be 0 to satisfy the boundary conditions. Hence, solutions can

be expressed as

w(x)= Asin(k,x) 6.7)
where
k. =27 withn=1,2,3, ... (6.8)
a

Hence the possible values of E are given as
hin’r? (6.9)

E -
2ma?

n

In such a potential well, electrons can only exist at certain discrete energy states as shown in

Fig. 6.2. To find A, w can be normalized as:

[ w(x)zdx=joa|A|zsin2(knx)dx=|p42%=1 (6.10)

thus A can be derived:
|A| _ \/Z (6.11)
a
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Pick the positive real root, A=+/2/a; finally the wave function solutions are derived as:

v, (x)= \/gsin(n—ﬁ x] (6.12)
a a

V=e V=0 V=

¥

— — —_—N— — E3
g

—_ N ——}—— E
4]

/\
P e e e—— —— e — . El
p X

Fig. 6.2. The first three stationary states of the infinite potential well.

These functions have two important properties which will be employed to solve problems in
this chapter later.

Firstly, they are mutually orthogonal.

) v, (=0 613

Whenever M#N

This statement can be further expressed by the Kronecker delta function:

Where 5mn is defined as:
_ 0,(m=#n) (6.15)
™oL, (m=n)

Secondly, these equations are complete, which means any other function f(x) can be expressed

as a linear combination of them.

f(x)= icnz//n (x)= gicn sin[%Z x] (6.16)

60



The coefficients ¢, can be evaluated for a given f(x), by multiplying both sides of Eq. (6.16)

with wn(x)* and the integration:

I‘/’m (X)* f (X)dX = i C, Iwm (X)*t//n (x)dx = i c,0. =C, (6.17)
n=1 n=1
thus the n’th coefficient in the expansion of f(x) is

c, = f w, ()" f (x)dx (6.18)

These two properties are very useful, and they are not specific to the infinite square potential

well.

6.1.3 Three dimensional box [2]

Above, the one dimensional potential well is discussed. This part will extend to 3-Dimension
(3-D) potential well. Assume an electron is confined inside of a 3-D potential box and each
axis can be treated independently, the time-independent Schrédinger equation of 3-D is

expressed as:

2
_;l—mVZW(X, Y, Z)+V(X, Y, Z)‘V(X, Y, Z) = EV/(X1 Y, Z) (619)

Finally the permitted energy levels in 3 dimensional can be given by:

2
e () (na) (n) (6.20)
"oamil L, L, L,
6.1.4 The Grand Canonical Ensemble [3]

In statistical mechanics, a grand canonical ensemble is the statistical ensemble that is used to

represent the possible states of a mechanical system of particles that is being maintained in
thermodynamic equilibrium (thermal and chemical) with a reservoir. The average value for an
occupancy number P based on Fermi—Dirac statistics in a canonical ensemble can be given by
the equation:

1

E, -E, (6.21)
exp T +1

P=

where E;j is the energy level and E; is the Fermi level.

6.2 Introduction of the “Notch”

As discussed before, Ge native dielectrics such as GeO., GeON, and GesN4 are employed as
the interfacial layer between the Ge substrate and high-« dielectric with the native oxide being
currently the most promising solution [4]. Furthermore, the use of HfO, technology as the

high-x material is attractive due its acceptance in standard Si processing [5].
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The use of a stack comprising of GeO and HfO- brings a particular problem for the n-channel
device [6] as depicted in Fig. 6.3 and now described below. The conduction band offset
between Ge and the native GeO, dielectric (Ec, . = 0.8-1.5 eV [7]) is smaller than the
corresponding conduction band offset for a high-« dielectric (Ec, ik = 2 eV [8]). Therefore, in
the inversion condition, the band alignment between interfacial layer (IL) and high-x can cause
a potential well or “notch”. In addition, for p-channel MOSFETS, the valence band off-set
between Ge and GeO: is higher than the corresponding valence band off-set for HfO; [5], thus
there is such notch no potential well could exist in inversion mode in this case. There is
controversy on the values of conduction band offset between Ge and GeO; reported in the
literature. Lucovsky et al., found band offsets of 1.35-1.55 eV using ultraviolet photoemission
spectroscopy measurements [5]. Values of 0.9-1.5 eV and 1.04 eV have been reported by
Kobayashi et al., [8] and [9] Ohta et al., respectively, from x-ray photoemission spectroscopy
measurements. Afanas’v et al., have reported a band offset of 1.44-1.84 eV from internal
photoemission measurements; however, the GeO, band gap they found is around 4.3 eV, more
than 1 eV lower than 5.5-5.7 eV reported by the others [10]. Lin et al., have calculated the
conduction band offset of 0.8 eV with GeO, band gap of 6.1 eV [7]. Sasada et al., extracted
values in the range of 1.2-1.4 eV from Fowler—Nordheim plots in GeO,[11]. In this work, the
worst case is considered, that is, the lowest reported value of 0.8 eV for the conduction band
offset, which gives the highest notch depth. All other values will produce lower threshold

voltage shifts.

Notch \

A
Ecuxk=2¢eV
AE=12 ¢V \ CHE =58
qVux \ J A
E(“‘/[_ =0.8¢eV
1 " L
/
y
y /‘"‘! .............................. Ei
........................................................................... ._.-.'"__________ Er
._:' El"
qys
Erg==mm=-
Gate High-x GeO, Ge

Fig. 6.3. Notch at the interface of IL and high- dielectric (after Lucovsky et al. [6])

The height of the barrier on the right of Fig. 6.3 is equal to the fraction of the gate voltage that
falls across the interfacial layer, Vi, and the height of the left barrier is dictated by the
difference between conduction band offsets of Ge to high-« dielectric and to GeO; as AEc, 1k

= Ec, 1k — Ec, .. Consequently, there is the possibility for bound states to exist within this
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potential well, dependent upon the electric field in the stack. Electrons from the inversion
layer could tunnel into this potential well and occupy the bound states, thus these electron hold
within the notch could induce a threshold voltage shift. Theoretical simulations are used to
model the electrical behavior of the “notch” and hence estimate the threshold voltage shift

induced by the charge stored there.

6.3 Modelling

The model is based on the numerical solution of the Schr&linger equation coupled with the
calculation of induced threshold voltage by those electrons confined within notch of the

simulated structure.

6.3.1 Bound states in the notch
A Hamiltonian matrix is constructed using a set of localized basis states in the gate stack. The
energy levels and the associated eigenstates are then found by diagonalization of the
Hamiltonian matrix. Only those energy eigenstates that are localized within the notch need to
be identified. The position of states within the gate stack is shown in Fig. 6.4. Only the states
with their energy levels lower than Eimax and Ermax are localized in the notch and are considered
as bound states. The states with energy level above these parameters are not stable and can
leak to the conduction band of Ge or high-x dielectric stack to the gate. Furthermore, those
states with energy levels close to these boundaries are not thermally stable and can leak by
thermal activation.
The energy eigenstates are calculated by taking a general superposition state, formed from
sinusoidal basis states, as discussed in the introduction, Eg. (6.16).

Py (X): iAnkl//k (X): Li A Sin(ﬂJ (6.22)

) t +t & T T,

where tik is the high- x dielectric thickness, ti. is the GeO; thickness, M is the number of basis
states used in the numerical expansion, and A. is the coefficient of the n’th eigenstate

associated with the k’th basis state, normalized such that for all n

M
0,0= DA =1 629
k=1
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Fig. 6.4. Energy band diagram of HfO./GeO; gate stack showing typical eigenstates. The

bound states are only those localized in the IL region.

The coefficients are found by forming the matrix Egs. (6.14-6.18)

thk +te 4
Hj = L v OOH (), (x )
21,2 H
:{—h K }51.,( —2 xr”KH'Lsin(—ﬂ]X }/(x)sin(—ﬂkX j
8me(tHK +t|L) tHK +t|L 0 tHK +t|L 1:HK +t|L

where Jj« is the Kronecker delta, V(x) is the potential as a function of the position in the stack,

(6.24)

m. is the effective electron mass, and h is Planck’s constant. The matrix Hjc is then
diagonalized numerically, with the eigenvalues of the diagonal matrix being the energy levels,
En(x), and the eigenvectors being the coefficients of the energy eigenstates, ¢n. This
diagonalization is equivalent to solving the time-independent Schrdlinger equation for the

stack potential as shown in Fig. 6.5.
H(X)q)n (X): EMo, (X) (6.25)
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Fig. 6.5. Energy states calculated at oxide voltage of 1.9 V illustrating the bound and unstable

states.

6.3.2 Three-dimensional notch

For each bound state in the one-dimensional (1-D) potential well, there is also a set of
transverse excitations, corresponding to the same 1-D excitation but in two transverse
directions. The lateral or transverse dimension of the device is significantly larger than the IL
thickness; therefore, each 1-D state forms a “band” of closely spaced three-dimensional (3-D)
energy states. The number of states should take account of the spin properties of the electrons,
two states for each single particle spin state. The transverse dimensions can be modelled as a
rectangular box, where excitations are independent of the longitudinal dimension. Rectangular
box states have energy levels given by [2]

__h|mm oniz (6.26)
m | L

n

where h is Planck constant, m. is effective electron mass, ny and n;, are transverse excitations,

and Ly and L, are the transverse dimensions of the device.

6.3.3 3-D thermal occupation of notch

The notch can be treated as a small system in thermal contact with a reservoir (the substrate),
for bound states. The system allows the transfer of heat/energy, and consequently, particles
can fluctuate across the barrier either via thermal activation or resonant tunneling. A small
system in thermal contact with a reservoir, which also allows particle fluctuation, is statically
described by the “Grand Canonical Ensemble,” in which the energies of the states and the

chemical potential, or the Fermi level, affect the occupation of the small system. This
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approximation is valid as long as the resonant tunneling or thermal activation of electrons into
and from the notch occurs on timescales much shorter than those considered here. Using the
Fermi-Dirac occupation probability and the density of states, the average occupation of the
notch as a function of gate voltage and IL thickness can be found. Under the Grand Canonical

Ensemble, the steady-state average number of electrons N, in the notch is given by [12]

N(T)=

; (Ei(xl,Y) ~E, J (6.27)
expl " |+1
kgT

where E; is the Fermi level or chemical potential, T is temperature. i is a label for the bound
states (i=1, 2, 3...Npt), Nps is the total number of bound states, and kg is the Boltzmann

constant. g(=v is the energy of the 3-D bound states [including the energies for the 1-D

states, E®, and the transverse excitations, E¢?.]

6.4 Simulation strategy

The energy eigenstates and energy levels for the stack are calculated by solving the time-
independent Schr&linger equation using numerical diagonalization of the Hamiltonian matrix,
calculated using a set of approximately 100-200 sinusoidal basis states and the longitudinal
stack potential given by the device parameter values given in Table 6.1. A set of typical
quantum states in the notch is shown in Fig. 6.5, with the energy levels and the spatial
probability distributions for the corresponding eigenstates. There is only one localized notch
state, marked by “State 1”. This state has an energy that is lower than the right hand side
barrier and far away from the top of the left hand side barrier, and the integrated probability
to the left of the left hand barrier is minimal. Therefore, it is unlikely to be thermally unstable
or generate significant leakage into the high-« dielectric region through quantum tunnelling.

The ground state for this model labelled as “State 0,” is localized largely in the high-x
dielectric region and is therefore unbound, leaking to the left. The “State 3” is above the right
barrier and leaks to the right. The “State 2” is very close to the top of the right barrier and is

deemed to be thermally unstable.
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Table 6.1: Values of parameters used in simulation.

Nsub substrate doping 1.0<10%2 m?3
ni Intrinsic carrier concentration (Ge) 2.0x<10¥° m3
&s Ge permittivity 16 &

&I GeO; permittivity 6 o
Enk high-k permittivity 25 &
ti interfacial layer thickness 0.1-2.0nm
thk high-k layer thickness 2—4nm
€0 Free space permittivity 8.85x10*2 Fm'!
q electronic charge 1.6x101°C

The number of bound states as a function of oxide voltage and IL thickness for two values of
high-« dielectric thickness in a 1-D device is shown in Fig. 6.6. There is no bound state if the
IL thickness is larger than about 0.7 nm. There are two bound states only if the IL thickness
is larger than 1.8 nm and the oxide voltage is around 1.5 V. If there are no bound states in 1-
D device, then no bound states can exist in a 3-D structure. The similar graphs for a 3-D
structure with lateral dimensions of 8 nm are shown in Fig. 6.7. The logarithm of the total
number of electrons in the notch or the notch states occupancy as a function of oxide voltage
and IL thickness is shown in Fig. 6.8 for two values of high-«x dielectric thickness. It can be
seen that for IL thickness less than 1 nm the average occupancy is always less than 1107
Also for voltages less than 1.3 V, the average occupancy is always less than 1x<10°. For a
realistically scaled device, with IL thickness of 0.5 nm and high-« dielectric oxide equivalent
thickness (EOT) of 0.5 nm (total EOT of 0.83 nm), the average occupancy is zero for all values
of applied voltage.

Now the technologically relevant case of an 8-nm node Ge-based MOSFET with lateral
channel dimension of 8 nm, IL thickness of 0.5 nm, high-« dielectric thickness of 3 nm with
dielectric constant of 30, giving total EOT of 1 nm is considered. It is assumed that all
electrons confined in the notch are forced by the electric field into a sheet charge located at
the interface between IL and high-« dielectrics. The confined charge induces an image charge
Qs at the substrate. Using Gauss’s law,

1

1+ Enct

Qs =- Quvoten (6.28)

gILtHK
where Qs and Qnotch are charge per unit area in the substrate and in the notch, & and enk are
relative permittivity, and ti. and tuk are thicknesses of interfacial layer and high-« dielectric,

respectively. The shift in threshold voltage by the image charge can be written as
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AV, =3 (6.29)

Cstack i the capacitance of gate stack per unit area, the series equivalent of IL and high-x

dielectric capacitances, Cy.and Chk.

C _ 1 &k 1
Stack 1/C||_ +1/CHK tHK l+ gHKtIL (630)
&tk

Using the above equations, the threshold voltage shift can be found as:

AV, =-tweg ot L ANo (6.31)

N, =—
Notch
gHK gHK gHK WL

where Nnoten i the number of electrons in the notch per unit area and Ny is the total number of
electrons in the notch for a device with lateral dimension of W =8 nmand L =8 nm.

If only one electron is confined in the notch, using a simple electrostatic model, the threshold
voltage shift induced by the electron charge is estimated as 28 mV. The average humber of
electrons in the notch for this device is actually less than 1x<10°, The estimated threshold
voltage shift induced by this charge is in the range of 1x10" V and therefore vanishingly
small. It can be concluded that the notch states and their corresponding confined charge are
not a problem for scaled Ge devices. However, for devices with IL thickness larger than 1.2
nm and operating voltage more than 2 V, the charge and induced threshold voltage shift can

be significant.
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Fig. 6.6. Number of bound states in the 1-D notch as a function of IL thickness and oxide

voltage for high-« dielectric thickness of (a) 4 nm and (b) 2 nm.

69



L] T = T v T ' 0
0.5 High-x Thickness = 4 nm © 10
3
= 1.0 o
v S
S 15t 5
:
:%; 2.0F =
= S
2.5+ =
_30 L 1 ! L 3
0.0 05 1.0 1.5 2.0
IL Thickness [nm]
(a)
T T T T T T 0
.05 High-x Thickness =2 nm . 10
WV
:@: 20
it A
>, 1.0 3 [ 30
W
) 3
S-15F 2
S IS
1
ﬁ 2.0 ..%
% s
S
255k =
-3.0 L——- LW
0.0 0.5 1.0 15 2.0
IL Thickness [nm]
(b)

Fig. 6.7. Number of bound states in the 3-D structure as a function of IL thickness and oxide

voltage for high-« dielectric thickness of (a) 4 nm and (b) 2 nm.
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6.5 Conclusions

The presence of a potential well or notch at the interface of native GeO, and high-« dielectric
and its role as a possible charge trapping site was addressed in this chapter. The number of
qguantum bound states was calculated by solving the Schradinger equation. The model then
was extended to a three-dimensional structure and the average electron occupancy of notch
for various device parameters was calculated. The simulation results reveal that there are no
stable states in the notch for IL thickness less than 1 nm. The threshold voltage shift induced

by the electrons confined in the notch was calculated from simple electrostatics with the

71



conclusion that the threshold voltage shift for an 8-nm node Ge MOSFET is vanishingly small.
However, the shift would be significant for larger devices and when the IL thickness is more
than 1.2 nm. In terms of the samples fabricated in this thesis, the IL thickness is between 1
and 2 nm, thus charge storage in the notch may lead to a threshold voltage shift of the order
6-11 mV.
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Chapter 7 Low-frequency behaviour of Ge-based MOS C-V plots

7.1 Introduction

Capacitance-voltage C-V measurements have been widely employed to characterize Ge gate
stacks. As shown in Fig. 7.1, a low frequency response of the C-V characteristic is apparent
even at high frequency for sample Ge39S1. The capacitance in the strong inversion regime
approaches the oxide capacitance, Co. In Si-based MOS, this phenomenon only happens at
very low frequency [1-3]. This phenomenon is also seen in the C-V characteristics for all
samples considered in chapter 2. This behaviour in Ge-based MOS indicates minority carriers
can be easily generated in the inversion regime. Two mechanisms have been suggested to
describe this high rate of minority carrier generation in Ge-based MOS [1, 3, 4]: (a) the
minority carriers are generated in the bulk through thermal generation and then diffuse into
interface by the diffusion process; (b) the minority carriers are directly produced in the
depletion region through thermal generation via mid-gap traps and then drift to the interface
between oxide and semiconductor as shown in Fig. 7.2. Additionally, minority carriers may
be supplied from an external source beyond the gate, e.g., peripheral charge induced by device
processing steps. However, the minority carrier response observed does not vary with area,
therefore excluding any contribution of peripheral or external charge effects [5]. The
mechanism responsible for the low-frequency response behaviour in the samples is now
investigated. Then the measurement of generation lifetime of minority carriers is carried out

to further study this phenomenon.
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Fig. 7.1. The C-V characteristics for sample Ge39S1 shows low frequency response in the

inversion region.

In Fig. 7.1, the minimum of capacitance in inversion could be obtained through:

Thermal
generation  Diffusion
Electron
) Ec
U Es
Oxide . E,
O i Ge
hole

Fig. 7.2. A schematic showing the depletion and neutral regions of a p-type Ge-based MOS

and the two mechanisms for generation of minority carriers.

To study which mechanism is responsible for the low frequency behaviour of C-V

characteristics in the inversion regime for Ge-based MOS, firstly, mathematical expressions
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for the two mechanisms are derived. Calculations are performed to illustrate that the
temperature dependence of the two mechanism is mainly dependent on the intrinsic
concentration n;. Then temperature dependent measurements are employed to obtain
Arrhenius plots with the purpose to identify which mechanism is actually responsible for the
low frequency behaviour. The generation lifetime of minority carriers in Ge is an important
parameter for mechanism (a), thus, it is estimated using the pulsed MOS capacitance technique.
Based on this measurement, the generation lifetime of minority carriers in Ge is used to fit
calculations based on mechanism (a) with experimental data.

7.2 Theory for the two mechanisms

Mathematical expressions for the two mechanisms are derived in this section.

7.2.1 Thermal generation of minority carriers through mid-gap defects in the
depletion region

Using the continuity equations, for an applied small ac signal on MQOS, the variation of the
current density Jn is given by the number of electrons generated minus the number of electrons
recombining with holes; this variation U, is provided by generation and recombination of
electrons in the depletion region [6], thus:

19, _y, (7.1)
q Ox

Then:
aJ, =qU, ox (7.2)

A detailed band diagram at the surface of a p-type Ge is shown in Fig. 7.3. The potential ¢(x)
= ¢(x=0) - ¢p(x=00) is defined as the amount of band bending at position x, where x=0 is at the
Ge surface and (x=) is the intrinsic potential in the bulk of Ge. The boundary conditions are
¢(x=00) =0 in the bulk of Ge and ¢(0)= ¢s at the surface.
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Fig. 7.3. The band diagram of n-type MOS in the inversion regime.
For a MOS structure in inversion, the potential is given by [6]:
2
X 7.3
o= 6s[1- @)
where
¢s — qNsubV\/2 (74)
285
where Nsyb is the acceptor concentration, ece is the permittivity of Ge.
Differentiate Eq. (7.3) and then:
0p(x) _ 2, XL (7.5)
OX W )W
Then:
2¢(x) = 24, 1- X | L ox (76)
U ow)w
The ac current at x = 0 entering the surface by drift, when x= 0 following equation can be
obtained:
N, W
04(0) = og, = Tosw™ 5y (7.7)
gGe

Nsub is the doping concentration, W is depletion width and ece is the permittivity of Ge.

The conductance per unit area can be obtained:

G :ﬂ (7.8)
T ogs
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Recall the SRH generation and recombination rate [7]:

2 (7.9)
_ pn—n,

" r,(n+n)+7z,(p+n)

7p, Tn are lifetimes for electrons and holes in the steady-state regime, respectively; n is electron

concentration, p is the hole concentration, n; is intrinsic concentration of Ge

where
Ntvthan
, = 1 (7.12)
NthUp

And the average thermal velocity of carrier is given by v, =+ 3KT /m’, N;is the density of traps,

and &, and 0, are electrons and holes capture cross sections respectively, m* is an average

effective mass of carriers, k is Boltzmann’s constant and T is absolute temperature.
In the depletion area, p << n; and n << n; and assume zg=1,=1,
So that Eq. (7.9) can be written as:
u=__"N _~M (7.12)
T,+7, 27,
Combine these Egs. (7.2), (7.7), (7.8) and (7.11), then

__ankK_ (7.13)

G
A
where K =/2¢., /AN,

7.3 The diffusion of minority carriers from the semiconductor bulk

In this section, the conductance per unit area for diffusion minority carrier response is derived.
The conductance per unit area for the diffusion of electrons from the germanium substrate is
given by Eq. (7.8).

Using the continuity equation for minority carriers (electrons) [2]:

on_p on_ (n-ng) (7.14)
ot " ox® T,
ng is the equilibrium electron concentration, Ds is the electron diffusion coefficient, t is time
and n is electron concentration. The first term on the right is the diffusion of electrons across
the quasi-neutral region and the second term indicates generation and recombination of

electrons in the quasi-neutral region.
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Assume the time dependence of n is given by:

Nn(x,t) = ng + h(x)exp( jat) (7.15)
w is the angular frequency.
Substitute this equation into Eq. (7.14), then

2
joon=-"4p, LN (7.16)
T OX

n

Based on the boundary condition ON =N, at x=W, and &h =0 when x is infinite large, W

is the depletion width, then solution can be obtained:

R 1/2
s =on, exp{(x _W)(MJ } (7.17)

DnTn

Consider the case where wz, << 1, with this approximation then:

on = &’]W exp _W—_X/z (718)
(DnTn
With Eqg. (7.18), the ac current at x = W, entering the depletion layer by diffusion is given by:
oon D
‘Jn :an_ = = 5nw (7.19)
OX |y L,
where L, is the diffusion length of electrons
Ln = (DnTn )1/2 (720)
The Einstein relation gives:
D = XL (7.21)
q
Substitute this equation into (7.19), thus:
3 [ KT )amdn, (7.22)
" la) L
For this quasi-equilibrium, small-signal case,
N, = Ny BSHX) (7.23)

where g = (kT /q)?
The variation in n is determined by the quasi-fermi level variation. Then:

nB = ni2 / Nsub (7'24)

Recall Eq. (7.15) with Egs. (7.22, 7.23, 7.24), finally the diffusion conductance is:
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2
G, = AL (7.25)
I-n N sub

These previous two sections have provided the equations for the two mechanisms as discussed
above.

7.4 Temperature dependence of the two mechanisms

For mechanism (a), the thermal generation conductance Gy which is given by Eq (7.13) has
an exponential dependence on temperature mainly because of its dependence on n;. The
lifetime 74 is weakly dependent on temperature. For mechanism (b), the diffusion conductance
Gy (Eq (7.13)) also has an exponential dependence on temperature due to ni. The other
parameters Ln, 7, and D, are weakly dependent on temperature.

Recall the equation for the two mechanism Egs. (7.13) and (7.25), where the intrinsic

concentration nj is given by [6]:

E
n, =N,N, exp(— Zk?r] (7.26)

and Ny and N are:

* 3/2
27m, KT 7.97

szz( i j (7.27)

* 3/2
N ZZ[ZMT]ekTJ (7.28)

C h2
Thus:

n? =N, N_exp ) (7.29)

1 \" Cc kT

The temperature dependence of mobility limited by acoustic phonon interaction can be
represented as oo ' [8].
When T=300 K, the bulk mobility of electrons in germanium is approximately 3900 (cm? V!
s*) [8],

U (T)=CT " (739
where C; is a constant. For T = 300K, taking the electron as 3900 (cm? V! s?), gives C; =

5196.2.

The lifetime dependence on temperature based on equation (7.10) is: 7 00TY? [9]
12
7,(T)=C,T* (7.31)

where C; is constant. For T = 300 K, the lifetime is assumed to be 10 ns, thus C, is 5.7 %1078,
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The temperature dependence of L, and D, can be obtained from Egs (7.20) and (7.21). Fig.

7.4 shows a theoretical Arrhenius plot for Gy and Gg.

120 80 40 0 -40

T

2.4 2.8 3.2 3.6 4.0 4.4
T (x10°K™)

Fig. 7.4. The diffusion conductance Gq: takes all parameter temperature dependencies into
account and Gg. denotes the conductance using only the temperature dependence exponential
term of ni. The thermal generation conductance Gg1 takes all temperature dependencies into
account and Ggr2 denotes the conductance using only the temperature dependence exponential

term of n;.

From Fig. 7.4, it can be summarized that both the diffusion conductance Gq4 and generation-
recombination conductance Ggr can be treated as only dependent on temperature through n;,
because other temperature-dependent parameters are very weak compared to it.

An Arrhenius plot displays the logarithm of kinetic constants (log(Karr), ordinate axis) plotted
against inverse temperature (1/T), the Arrhenius equation is given by [10]:

K., = Aexp(— kEfI' J (7.32)

B

Take the natural logarithm of equation (7.32), then:

Iog(Karr): In(A)_kE_fi_ (7'33)
B

Where Ea is activation energy, A is pre-exponential factor, and T is absolute temperature.
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When plotted in the manner described above, the slope of the line will be equal to —Ea / k.
Referring to Egs (7.13) and (7.25), taking the natural logarithm, the only temperature
dependence is from the exponential part of n; then:

For the diffusion conductance Gq:

2
ING, )= In| Halh | _ a_ B (7.34)
LnNsub kBT

where A is a constant.

For the thermal generation process conductance Gg:

qn;K E,/2 (7.35)
In(G_)=In ——=— |=B- :
g g) n{ng,/qﬁsJ kT

where B is a constant

These two equations have the same format with the Arrhenius equation, thus the activation
energy Ea for diffusion conductance Gq is the full band gap Eg, and for the thermal generation
process, half the band gap, Eq / 2. The activation energy Ea can be extracted from the slope of
the logarithm of kinetic constants (Karr, ordinate axis) plotted against inverse temperature (1 /
T). By obtaining the slope from the plot, active energy Ea can be derived which can be used

to identify which mechanism is responsible for the generation of minority carriers in inversion.

7.5 Experimental measurement and discussion

The equivalent circuit when the MOS capacitor is in inversion is given [2] by Fig. 7.5.

D
|
C H

0X
= G1 =Gyt G

C.
inv ll
|

Fig. 7.5. The equivalent circuit in strong inversion.

In strong inversion, the inversion capacitance Cin, is much larger than Cp, thus this equivalent

circuit can be converted into [2]:

Co
|
Cox ]
[ |
Cd

Fig. 7.6. Simplified circuit of Fig. 7.5.
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The inversion conductance G, can be obtained from the measured conductance (Gm) and

capacitance (Cn) by Eq. (7.36) when the MOSC is measured in the parallel mode.
Cn
| |
[}

—
G

Fig. 7.7. Measured circuit in parallel mode

The extracted G, based on equivalent circuit (Fig. 7.6) and equivalent circuit employed in the

measurement (Fig. 7.7) is obtained by [2]:

G = (OCOXTO(].'F a)ZTni) (7.36)
| ot + [a)zrm (2'0 - rm)—l]2

where 7, = Cm /Gm and 7, = Cox /Gm
The Arrhenius plots for the three samples examined in this work are shown in Fig. 7.8, Fig.

7.9 and Fig. 7.10.
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Fig. 7.8. Arrhenius plots of the inversion parallel conductance log (G)) plotted versus 1/ T for

sample Gel2S1 measured at different gate voltages. Curve c is obtained based on the

subtraction (b) from (a).
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Fig. 7.9. Arrhenius plots of the inversion parallel conductance log (G)) plotted versus 1/ T for

sample Gel2S2 measured at different gate voltages. Curve c is obtained based on the

subtraction (b) from (a).
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Fig. 7.10. Arrhenius plots of the inversion parallel conductance log (G)) plotted versus 1/ T
for sample Gel2S3 measured at different gate voltages. Curve c is obtained based on the

subtraction (b) from (a).

From the above three figures, it can observed that the extracted activation energy E is about
0.2 eV for curve (a) and 0.13 eV for curve (b) for different samples and is considered
reasonably close to half the band gap of Ge over the low temperature range (20 to 45 °C). The
activation energy is around 0.51 eV which is close to the full band gap of Ge over the higher
temperature range. Although in the low temperature range, the extracted active energy is
smaller than half the band gap (0.33 eV), it is likely that the minority carrier generation
mechanism is due to thermal generation. The small extracted activation energy in low
temperature range is indecipherable. Similarly, over the high temperature range, the
mechanism of minority carrier generation is likely to be the diffusion process as the extracted
activation energy is about, 0.5 eV which is close to the full band gap of Ge. To obtain more
accurate activation energy for the diffusion, following procedure could been utilized. This
subtracts the contribution of depletion layer generation and recombination at higher
temperature and is performed by subtracting the extrapolated values of curve (b) in low
temperature from curve (a) in high temperature, yielding curve (c) without the effect of
thermal generation. As shown in above figures, curve (c) give closer activation to full energy

band gap.
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Thereby, it can be concluded that at room temperature, thermal generation in the depletion
region is responsible for the low frequency response observed in C-V characteristics. As
minority carrier generation lifetime is an important parameter for the thermal generation

process, it will be measured experimentally in the next section.

7.6 Measurement of the generation lifetime

Minority carrier lifetime is an important semiconductor material property. The lifetime of the
average time that excess free electrons (or holes) will “survive” before recombining, or the
average time that electrons will be “missing” before being “re-generated”. The first case is
called the minority carrier recombination lifetime, the latter is called the minority carrier
generation lifetime. In this section, the minority generation lifetime is measured using the deep
deletion method on a Ge MOS capacitor. When an MOS capacitor is pulsed into the deep
depletion state, it returns to the quasi-equilibrium inversion condition as a result of thermal
carrier generation in the bulk and or diffusion from the surface of the device. When an MOS
capacitor is pulsed from accumulation into deep depletion, five generation components
contribute to its return to equilibrium. They are [11-13]:

1) bulk generation in the space charge region (scr) characterized by the generation lifetime,
Tg;

2) lateral scr generation characterized by the surface generation velocity, So;

3) scr generation under the gate characterized by the surface generation velocity, S;

4) quasi-neutral bulk generation characterized by the minority carrier diffusion length, L;

5) back surface generation characterized by the generation velocity, S..

The components 4 and 5 can be ignored by assuming minority carrier diffusion length is
smaller than the thickness of the wafer [12].

The rate of change of the surface layer carrier density, ns is related to the carrier generation in
the scr by

dn, _ in +nS, A +nS (7.37)
A,

dt A '

Where n; is the intrinsic carrier concentration, Ag=z? is the gate area, r is the radius and d is
the diameter of the gate electrode, A=2zrWjy is the area of the lateral portion of the scr,
Wy=W— W+ is the generation region width, W and W are the width of the scr and its final value,
respectively. The major approximation for Eq.(7.37) is that the lateral dimension of scr is the
same as its longitudinal width W.

Eq.(7.37) can be further expressed as:
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an My s (7.38)
dt 7/ ¢

74 is called the effective lifetime.

48,7, )"
- [1+_5fgj (7.39)

where d is the diameter of the gate of the MOS capacitor.
Recalling the MOS structure, oxide field is proportional to the net charge per unit area in the

semiconductor [6]; that is

W(t)
C..[Vs —ws]:q[ns(t)+ jdesub} (7.40)
0

where s is the instantaneous band bending, and Nsu, is the dopant density. x is the distance
from interface between oxide and semiconductor. Coy is the capacitance per unit area of oxide
and Vg is the gate voltage. W(t) is the instantaneous value of depletion layer width. When the
gate bias voltage is unchanged, differentiate with respect to time and then:

dn __ Co (dw, —n,W (t)d—W (7.41)
dt q \ dt dt

Ignoring the potential across inversion layer then the band bending can be obtained:

W (t)

€o€s 0

Neglecting the voltage drop across in the inversion layer and substituting Eq (7.42) into (7.41),
then

an. _ N [14 Secw |V (7.43)
dt Eo&s dt
Recall the familiar relationship between depletion width and capacitance of MOS:
Woge| Lot (7.44)
Cc C,

Substitute Eq (7.44) into (7.43), then:

dns __Cox d [1 1 ]:- Nsubgogs i(&jz (745)

— Nswéobs | =~~~
it C dt\c c, 2c, dtl C

Combine Eqgs (7.38) and (7.45), then:

2
_d(coxj _2n | Co (G 1), CuS (7.46)
dt{ C Nopo | 7,CiLC EoEs

Eq (7.46) is used for the so-called Zerbst plot [13].
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7.6.1 Modified method for measuring the generation lifetime of minority carriers
Recall the Eq (7.37), assume the generation rate outside the depletion region is negligible, so
the second and third terms can be eliminated, which means the depletion region charge is
reduced by carrier generated in the depletion region in terms of physical mechanism.

Then Eq (7.37) can be simplified as:

an, _ 1\ (7.47)
dt 27 °

Where 73=21, 7 is the lifetime of hole and electron (assume their lifetime are same)

The final scr width W; can be expressed based on Eq. (7.47):

W, =g = -1 (7.48)
Cf Cox
Substitute Egs. (7.44) and (7.48) into Eq (7.47), then:
an, _an gy _w, )= L1 (7.49)
dt 27, Y20, |C G
Combine the Eqgs (7.47) and (7.49), then
2
_Nsub(W)gogs E ﬁ :806‘sqni l_i (7,50)
2c, dtl C 2r, |\C C,

Eq (7.50) is a differential equation for the time dependence of C, separation of variables for
with C=C, at t=0 yields the solution

AR |
14+ So s pn| C cc |t Lt (7.51)
C, C; 1 C C; T

where T=27(Ns/n;)

This model is based on the assumption of ignoring the scr generation under the gate
characterized by the surface generation velocity S, as well the lateral scr generation
characterized by the surface generation velocity Sp. The lateral scr generation characterized
by the surface generation velocity So can be neglected for well-passivated interfaces [12]. For
scr generation under the gate characterized by the surface generation velocity S, This
component can also be neglected if the MOS capacitor is initially biased into strong inversion
and then pulsed into deep depletion rather than pulsing from accumulation into deep depletion
[15]. The reason is if MOS capacitor is initially biased into accumulation, then go to deep
depletion and surface generation proceeds at a maximum rate during the early portion of

capacitance transient response. Alternatively, initially biased into inversion, results in
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shielding from the bulk and the scr generation under the gate characterized by the surface

generation velocity S can be small.
7.6.2 Experimental measurement and discussion

7.6.2.1 First group of measurements

The first group of measurement is applied to n-type MOS capacitors of 0.5mm diameter dot
size on sample Gel2S3 (n-type). The sample was initially biased into inversion with different
positive biased voltages of — 2 V and then pulsed into deep depletion with —3V, -4V and —
5 V pulses. The transient MOS capacitance versus time is recorded using 0.002 s sampling

rate as the capacitor returns from non-equilibrium deep depletion into equilibrium inversion.

0.2 T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

t (s)

Fig. 7.11. For 0.5 mm diameter gate MOS capacitor sample Ge12S3, C-t transient response
from deep depletion into inversion when a pulse with different voltage amplitude is applied to
the gate. The capacitor was initially biased into inversion and then pulsed using — 3V, -4V
and — 5 V voltage steps, into deep depletion respectively.

The differences for time for the MOS capacitor return from deep depletion into inversion is
due to the different gate step voltage applied. Consequently, it takes more time to return into

inversion from deep depletion. Eq. (7.51) is now used to fit the experiment data.
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Fig. 7.12. Lifetime z = 21ns for — 3 V pulsed into deep depletion for sample Ge12S3 with 0.5

mm dot.
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Fig. 7.13. Lifetime z = 30 ns for — 4 V pulsed into deep depletion for sample Ge12S3 with 0.5

mm dot.
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Fig. 7.14. Lifetime z = 30 ns for - 5 V pulsed into deep depletion for sample Ge12S3 with 0.5

mm dot.
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These three results all use the same lifetime of z = 30 ns in the theoretical equation. So lifetime
estimated is 30 ns. In addition, the three figures show that the simulation line does not fit well
with the experimental data. However, the total relaxation time from deep depletion to
inversion matches with experimental data. The reason can be explained: if the lifetime of
carrier is not a constant but changes with time possible due to a non-uniform distribution of
defects in the depletion region. However, in the calculation, the parameter of lifetime is taken
as a constant.

By rewriting Eq. (7.50) in term of C and Cy, then:

dc_c'|, ¢ (752)

dt TC, |  C,

According to this equation, the measurement of slope at any value of C will obtain the time
constant T which is a function of lifetime. Based on this equation, the instantaneous lifetime

versus time can be plotted.
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Fig. 7.15. Corresponding to Fig. 7.12, Fig. 7.13 and Fig. 7.14, the instantaneous lifetime versus
time (sample Ge12S3 with 0.05 mm).

From Fig. 7.15, it can be observed that the measured lifetime is between 100 ns and 10 ns. So
the measured lifetime is not constant. At the beginning, usually the lifetime is larger than later

values in Fig. 7.15. This may be due to a surface generation contribution at the beginning.
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This may explain why the experiment data does not fit well with the theory data in Fig. 7.12,
Fig. 7.13 and Fig. 7.14. The average generation lifetime time is about 15 ns.

7.6.2.2 Second group of measurements

The 1 mm diameter dot MOS capacitor for sample Ge12S3 was used. The sample was again

initially biased into inversion and then pulsed into deep depletion with different step voltages
of —3Vand-4V.

1.1 - —=— Experimetal
= Simulation

“—

C/IC

: —
01 02 03 04 05 06 07 08
t(s)

Fig. 7.16. Lifetime z = 150 ns with when — 3 V pulse voltage applied for sample Ge12S3 with
1mm dot.
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Fig. 7.17. Lifetime = = 150 ns for — 4 V pulse voltage applied for sample Ge12S3 with 1mm
dot.

These two results use the same lifetime z = 150 ns in the theoretical equation. Compared to
the first group measurement with 0.5 mm diameter gate used, the lifetime is larger by about

one order of magnitude. The following figure also confirms this result.
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Fig. 7.18. Corresponding to Fig. 7.16 and Fig. 7.17, the instantaneous lifetime versus time.

Based on Fig. 7.15 and Fig. 7.18, the generation lifetime of minority carriers is 150 ns for a 1
mm diameter gate MOS capacitor and 30 ns for a 0.5 mm diameter gate MOS capacitor. The
difference in lifetime for the two kinds of different diameter gate could be due to the differing
contributions of scr generation under the gate characterized by the surface generation velocity
S. Although the initially biased from inversion, it still cannot eliminate the surface generation
velocity S. So the instantaneous lifetime versus time plot shows a higher lifetime at the early
stage, afterwards it will become smaller due to the disappearance of surface generation.
Measured after this early stage, the lifetime is of the order 10 ns.

The generation lifetime of minority carriers can be used to fit mechanism (a) with the
experimental data. Fig. 7.19 shows the fits between calculations of capacitance in inversion
with experimental data taken from sample Gel12S3. The calculation of capacitance is based
on the equivalent circuit of Fig. 7.5, at room temperature; G, is just the conductance of thermal
generation process as discussed before. Fig. 7.19 shows the thermal generation of minority

carriers could indeed lead to the low frequency response for the CV plots, at room temperature.
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Fig. 7.19. The calculation of capacitance in the inversion region fits with experimental data of
sample Ge12S3. Extracted doping concentration Nsy = 10'® cm™, and Cp = 0.8<107 F / cm?,
Cinv = 4.5 F / cm?, mobility of hole is taken as 1200 cm? s V-2,

7.7 Conclusion

In conclusion, by measuring the ac conductance in strong inversion as a function of
temperature, the extraction of activation energies indicates the thermal generation process
represented by the parameter, G is responsible for the low-frequency behaviour apparent in
MOS capacitors measured at room temperature. The minority carrier generation life time is
an important parameter used to model the thermal generation in depletion region for Ge-base
MOS.
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Chapter 8 Models for frequency dispersion in accumulation

8.1 Introduction

This chapter will investigate another critical issue related to Ge-based device. That is, it has
been widely observed there is frequency dispersion in the accumulation regime of C-V plots
for Ge-based and I11-V MOS device [1-4]. Such frequency dispersion can be attributed to
exchanging carriers between conduction band states and oxide traps through the tunnelling
process [1], as shown in Fig. 8.1. Oxide traps refer to the traps located within the oxide layer.
When the MOS capacitor is in accumulation, the Fermi level locates near or above the
conduction band of the semiconductor; such traps are also called ‘bulk-oxide border traps’ [1].
Moreover, these traps are usually associated with long characteristic time constants, thus also
are treated as ‘slow traps’ based on this electrical property. In this chapter, the term ‘oxide
traps’ is used throughout the chapter. These oxide traps could degrade the mobility of carriers
and lead to threshold voltage instability [5, 6]. Therefore, it is vital to characterize oxide traps
in Ge-based MOS devices.

XN:tox X :O

A

Oxide

Tunneling process
+— >

XX X errens XXX _
/ Fermi-level

X X
XX

Fig. 8.1. Band diagram of an n-type Ge-based MOS when it is biased in accumulation. The
Fermi-level is above the conduction band, and electrons are exchanged between oxide traps

and conduction band states though the tunnelling process.
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In this chapter, a distributed oxide traps model proposed by Yuan et al [1] is employed to
study the frequency dispersion of C-V characteristics in accumulation regime for Ge-based
MOS capacitors. Firstly, Yuan oxide trap model for Ge-based MOS will be described briefly.
Then the oxide traps are evaluated based on Yuan’s model. In addition, another phenomenon
related to such frequency dispersion will be investigated, that is, the observation that frequency

dispersion becomes pronounced as the gate voltage increases further into accumulation.

8.2 Model description

The frequency dispersion in the accumulation regime for Ge-based MOS has been attributed
to the exchange of mobile carriers between oxide traps and conduction band states through the
tunnelling process [1]. A sophisticated model has been proposed to explain this frequency
dispersion in accumulation by Yuan et al [1]. The oxide traps are continuously distributed
over the oxide depth with the equivalent circuit for this distribution of oxide as shown in Fig.
8.2. In this equivalent circuit, the oxide capacitance with thickness to is divided into an
number N of segments with branches of AY(Xn) connected at different depths.

I I

| P Oxide < |

I I
gox/AX gox/AX gox/AX gox/AX E‘oxlAX (c:o)(/AX . CD

cate— o =~ A b A Substrate
x=0
Aar()
AY ox(Xn) B
A\fi(lxN) - |-

Fig. 8.2. Equivalent circuit for bulk-oxide traps distributed over the depth of the oxide layer

for an n-type MOS capacitor in accumulation.

Following Yuan’s model [1], the time constant for charge exchange between oxide traps and
the conduction band based on the tunnelling process to the depth x» can be expressed as:

7(x, )= for,e™™ (8.1)

where 1o is the time constant of the oxide traps over the interface between oxide and Ge

o =(nov,)” ©2
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Here, ns is the carrier density at the semiconductor surface, o is the trap cross-section, and vi
is the carrier thermal velocity.

The total incremental admittance at x, is given by:

q°N,, In(1+ ja)roez"x")

2kX
T,

AY, (X,) = AX (8.3)

where ¢ is electron charge Ny is the oxide trap density per volume per energy (cm3J?) at x,
and at the Fermi energy E;, « is the attenuation coefficient of tunnelling in cm™,
This can be expressed as:

K(E)=2m" (EZ —E)/n (8.4)

m’” is the effective electron mass in the oxide, the tunnelling barrier decided by the conduction
band edges of the oxide (Ec™), the trap energy (E), and the reduced plank constant 7.

The equivalent admittance at position x, by looking into the semiconductor in Fig. 8.2, the
recursive nature of the distributed circuit gives the admittance of the next position Xn+1

1
Yn+l = Ath (Xn) + ﬁ (85)

joe, Y,

where &ox iS the oxide permittivity; initial condition Y1(x=0) = jwCp; where Cp is the

accumulation capacitance when the capacitor is in accumulation.

8.2.1 Dependence of depth probing with frequency

The relationship between the depth probed within the oxide layer and the time constant of
oxide traps can be found from Eq (8.1). The depth probed is proportional to the time constant
of a trap. The oxide traps located deeper within the layer have long time constants and can
only follow lower frequency small ac signals. In this study, the maximum depth can be probed
when the frequency is down to 100 Hz. The depth can be obtained through Eq (8.6) converted
from Eq (8.1). Only oxide traps residing between the interface and maximum depth probed

contribute to the frequency dispersion in accumulation.
Xiax = i In i (86)
2k \ or,

8.3 Results and discussion

Fig. 8.3, Fig. 8.4 and Fig. 8.5 show the C-V characteristics of sample Ge39S1, Ge39S2 and
Ge39S3 at room temperature when they are measured in the parallel measurement mode,
respectively. It can be observed that there is frequency dispersion in accumulation for all three
samples. In addition, another phenomenon associated with this frequency dispersion can be

observed in Fig. 8.3, Fig. 8.4 and Fig. 8.5, that is, the frequency dispersion becomes stronger
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when gate voltage increases; especially when as the MOS approaches strong accumulation,
the frequency dispersion become extreme high as shown in Fig. 8.3 and Fig. 8.4. A similar
phenomenon has been reported [7] when capacitors with significant leakage current is
measured in the series measurement mode. The sample Ge39S1 measured in series
measurement mode is shown in Fig. 8.6.

T=23°C
6 _|
1.6x10 frequency dispersion becomes more

.. aggressive as voltage increase
1.4x10° 4 frequency disperion 9 g

——100
—— 500

1.00k
—— 2.00k

5.00k
——10.0k

20.0k
——50.0k
—— 100k
—— 200k
T T T T T T T 500k
0 1 2 3— 1.00M
f(Hz)

Capacitance (F/cm?)

Gate voltage (V)

Fig. 8.3. The C-V characteristics of MOS sample Ge39S1 at room temperature (parallel
measurement mode).
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Fig. 8.4. The C-V characteristics of MOS sample Ge39S2 at room temperature (parallel
measurement mode).
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Fig. 8.5. The C-V characteristics of MOS sample Ge39S3 at room temperature (parallel
measurement mode).
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Fig. 8.6. The C-V characteristics of MOS sample Ge39S1 at room temperature (series
measurement mode).

As shown in Fig. 8.6, when the capacitor is measured in series mode, the frequency dispersion
also remains strong when gate voltage increases. As discussed before, leakage current may be
responsible for this phenomenon when measured in series measurement mode as shown in
Fig. 8.6. In addition, the leakage current may also be responsible for this phenomenon when
MOS is measured in parallel measurement mode as shown in Fig. 8.3, Fig. 8.4 and Fig. 8.5.

To identify if this dispersion is caused by leakage current, a three-element circuit model of a
MOS capacitor in accumulation with series resistance and leakage current [8] is explored, as
illustrated in Fig. 8.7 (a); Cox is Oxide capacitance, G, represents the conductance which is
associated with the leakage current through the oxide and Rs refers to the series resistance of
the bulk semiconductor and contacts. Regarding the measurement mode: parallel
measurement mode means the MOS capacitor is represented by a capacitance Cn, and
conductance Gmp in parallel connection as shown in Fig. 8.7 (b); series parallel measurement
mode means the MOS capacitor is represented by a capacitance Cms and resistance Rus in series

connection, as shown in Fig. 8.7 (c).
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(a) (b) (c)
Fig. 8.7. (a) Equivalent circuit for MOS capacitor in accumulation; (b) parallel measurement

mode; (c) series measurement mode.

For the three circuits shown in Fig. 8.7, the impedance can be obtained respectively based on
Eqgs (8.7), (8.8) and (8.9) where Z, is the impedance of circuit as shown in Fig. 8.7 (a), and
the measured impedance Z, in parallel mode ( Fig. 8.7 (b)) and Zys in series mode (Fig. 8.7

(©):

-1 iR @.7)
Cox Ja) + GIn
Z, = - 8.8)
Cmp Ja)+Gmp
st = 1 + Rms (8'9)
Crlo

Next, based on these circuits, the effects of the series resistance and leakage current on C-V

characteristics are explored respectively.
When the MOS is measured in parallel mode, the following equation is satisfied:

Za — Zmp (8.10)

Comparing the real and imaginary parts of Z, and Zmp,, measured capacitance in parallel mode

can be obtained:

2RsGIn + RszGIi + a)zcozx R52 (8.11)
Cmp =Cq 1- 2 2R2 B2
(1+RG, ) +w’C:R

oX" 'S
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Similarly, for series measurement mode, comparing the real and imaginary parts of Z, and Zs,
and the measured capacitance in series mode can be obtained:
G 8.12

Cms = Co)([l"' Cz—la)zJ ( : )
The theoretical capacitance for both parallel and series measurement mode have now been
obtained. Nest the influence of leakage current on the capacitance will be explored. Both
equations (8.11) and (8.12) contain the leakage current conductance Gi. The current-voltage
(1-V) measurement is shown in Fig. 8.8 for sample GeW39S1. Two dots of MOS sample are
measured, and the area of the capacitor is 4.9%10* cm? (0.25 mm diameter dot).

0.0 0.5 1.0 15 2.0 2.5 3.0
v, (V)

Fig. 8.8. I-V plot for MOS capacitor from sample Ge39S1 for 0.25mm diameter dot.

From Fig. 8.7 (a), it can be observed that the leakage current flows through Gi, and Rs.
Moreover, this circuit can be converted to the equivalent circuit as shown in Fig. 8.9 of where
Rln =1/G|n.
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Rs

Fig. 8.9. The equivalent circuit derived from that of Fig. 8.7 (a).

The small signal leakage current is represented by gate voltage across resistance Rin+Rs. The
value of Rin+ Rs can be extracted from the AVy. / Algc based on the (I-V) characteristic, as
shown in Fig. 8.10.

1011

—u— AV /Al
g dc

! T T T T T T T T T T T 1

0.0 0.5 1.0 15 2.0 2.5 3.0
v, (V)

Fig. 8.10. Extracted Rint+ Rs based on I-V characterization for MOS capacitor of sample
Ge39S1.
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Rs is expected to be constant as gate voltage changes. From Fig. 8.10, it can be observed,
Rin+Rs decreases as gate voltage increases. Therefore, it can be assumed that the decrease of
Rin+Rs is attributed to decrease of Rin. Thus, it is reasonable to assume Ry, >> Rs, because the

main change in Rin+Rs is associated with Ryp.

8.3.1 Theoretical capacitance for parallel measurement mode

Eq (8.11) for the theoretical measured capacitance in parallel mode can be transformed into

the following form:

1
C.=C, (8.13)
P ((1+ R.G, ) +»*C? sz

ox s
The parameter Gi, is extracted from Fig. 8.10 for sample Ge39S1. The oxide capacitance Cox
obtained from Fig. 8.3 for sample Ge39S1 is 1.02x<10° F/cm? at 2 kHz. Fig. 8.11 shows
theoretical plots of the capacitance using Eq (8.13), with series resistance Rs 40.7 Q to explore
its effect [8]. However, because the series resistance Rs is a fixed value thus the induced
frequency dispersion should not change with gate voltage. As shown in Fig. 8.11, the
calculated frequency dispersion caused by series resistance indeed does not significantly
change with gate voltage. Therefore, it can be concluded that the frequency dispersion in
accumulation of Fig. 8.3, Fig. 8.4 and Fig. 8.5 is not mainly attributed to series resistance,
because these frequency dispersion becomes stronger when gate voltage increases. In addition,
although the leakage current is taken into account in this calculation, there is no effect from it
as shown in Fig. 8.11. Thus, the phenomenon that frequency dispersion in accumulation
becomes stronger when gate voltage increases is not caused by leakage current when the MOS

is measured in parallel measurement mode.
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Fig. 8.11. Calculated capacitance using equation (8.13), in parallel mode with different series

resistance 40.7 Q when MOS is measured in parallel measurement mode.

8.3.2 Theoretical capacitance for series measurement mode

The capacitance measured in series measurement mode can however be influenced by the
leakage current, which is denoted by Gi.. At a given frequency, when the gate voltage
increases, the oxide leakage current also increases, therefore in Eq (8.12), the leakage current
conductance G, is dependent on gate voltage. Fig. 8.12 shows the calculation based on Eq
(8.12) for the capacitance in accumulation when measured in series measurement mode. The
oxide capacitance is 1.02x10° F/cm? for sample Ge39S1. The G, as a function of gate voltage

is also extracted from Fig. 8.10.
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Fig. 8.12. Calculated capacitance when MOS is measured in series measurement mode

From Fig. 8.12, it can be observed that the effect of the leakage current is to cause the apparent
measured capacitance to increase as the gate voltage increases over the low frequency range
from 100 to 500 Hz. However, when the frequency is higher than 1 kHz, the apparent increase
of capacitance with gate voltage is not observed. This is because at sufficiently high frequency,
the denominator of the second term, namely 1+Giy/(Coxw)?, in equation (8.12) becomes very
large compared to the numerator as the square of Gy, the second term is quite small, and then
measured capacitance approaches oxide capacitance at high frequency. However, this

phenomenon only happens for series rather than the parallel measurement mode.

To conclude, the leakage current may explain the phenomenon in the series measurement
mode. However, the series resistance is not the reason for frequency dispersion in
accumulation when MOS is measured in the parallel mode, because frequency dispersion
induced by series resistance does not change as gate voltage increases. The possible reason
for such phenomenon when MOS is measured in parallel measurement is investigated in the

next section.

8.3.3 Distribution of oxide traps

The most likely reason for the dispersion phenomenon is related to the distribution of oxide
trap concentration. The distribution of oxide trap concentration could vary over both oxide
depth and energy level. At different gate voltages, the Fermi level changes and hence the trap
occupation could vary. If there is a higher concentration as the Fermi level is shifted by

increasing gate voltage, the frequency dispersion becomes stronger. A distribution of oxide
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trap concentration with Fermi-energy level is shown in Fig. 8.13. In this model, the oxide trap
concentration with depth is assumed to be constant. The oxide trap concentration changes with
the energy level which is determined by the gate voltage. The calculation of frequency
dispersion based on a non-uniform distribution of oxide traps has been obtained and shown in
Fig. 8.14. It should be noted that in this calculation, the oxide trap concentration over the
oxide depth is assumed to be constant at a certain energy level. The oxide trap concentration
only changes with the energy level. The change of oxide trap concentration over oxide depth
will be discussed later. In this section the relationship between frequency dispersion and the
distribution of oxide trap concentration alone is considered. The profile of oxide trap
concentration with the gate voltage can be given by simply assuming the increase of oxide
trap concentration is proportional to gate voltage as shown Fig. 8.13. Because this calculation
is used to shows relationship between frequency dispersion and oxide traps concentration, a

simple linear profile of oxide traps concentration is considered.

2.0x10% -

1.5x10% 1

1.0x10%° 1

5.0x10" -

Concentration of oxide traps (cm™eV™)

T T T T T T T
14 16 18 20 22 24 26 28 30
Gate voltage (V)

Fig. 8.13. The profile of concentration of oxide traps over the gate voltage.
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Fig. 8.14. The C-V characteristic which uses the non-uniform distribution of oxide traps with

gate voltage.

Model parameters used are: Cox=1.05>105F /cm?, tii geo2=4.7 NM, ¢ilceo2= 6>8.85x<10* F/cm?,
Cs=4.2>x10°F/cm, 70=10"1s, x is calculated based on a band-offset between Ge and GeO, of
0.80 eV.

It can be observed that as the Fermi level approaches higher energy levels with higher oxide
traps concentration following increasing gate voltage, the frequency dispersion becomes
stronger as shown in Fig. 8.14. The distribution of oxide trap concentration with gate voltage
has an impact on the frequency dispersion. This could explain why the frequency dispersion
becomes stronger as gate voltage increases. Thus, the non-uniform distribution of oxide trap
concentration over energy level can be responsible for the reason why frequency dispersion

becomes stronger when gate voltage increases.

8.3.4 Model fit with experimental data
The distributed bulk-oxide trap model is employed to fit C-V plots in accumulation for samples
Ge39S1, Ge39S2 and Ge39S3. The model parameters is given in Table 8.1.

Table 8.1. Parameters used in calculation [1, 9].

Cox 70 K Cs Ehk,HO2

Ge39S1  1.02x10°F /cm? 3.47x10°cm™ (based
on a band-offset

10  between Ge and 4.2x<100 6>8.85x104

S GeO;, of 0.80 eV and  5F/cm Flcm?
Ge39S3  0.9>10°°F fcm? electron effective

Ge39S2 1.2x10°°F /cm?

mass m"=0.56mo)
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The capacitance is measured at two different gate voltages, and the oxide trap concentration
Net is used to fit with experiment data.

1.3x10°° 1
i
1.2x107° - = Experimental
Calculation
E | ]
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Vg = 25 V th=7xlolgcm-3ev-1
9.0x1.0"7 A e e
10° 10* 10° 10°
Frequency (Hz)

Fig. 8.15. The model and experimental data fit when gate voltage is 2.5 V and 3 V for sample
Ge39S1.
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Fig. 8.16. The model and experimental data fit when gate voltage is 2 V and 1.5 V for sample
Ge39S2.
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Fig. 8.17. The model and experimental data fit when gate voltage is 3 V and 2.5 V for sample
Ge39S3.

The results show a good match is over some range of the frequency, the oxide traps can
successfully explain the frequency dispersion in strong accumulation. At low frequency and
high frequency there is a difference between theoretical and experimental data. As discussed,
the oxide traps could vary over both oxide depth and energy level. At a given gate voltage, a
constant oxide concentration is given to fit model and experimental. However, the oxide
concentration could vary over depth. Thus there is some disagreement between model and

experimental data.

8.3.5 Instrument errors

A further possibility for frequency dispersion in accumulation lies in the ability of the LCR
meter to accurately measure the capacitance. If the oxide leakage becomes too large, the
dissipation factor can be used to check the accuracy of the measurement, using measured

capacitance Gn and conductance Gnm. An approximation for the instrumentation error in the

presence of high leakage is given by the formula 0.1><(%l+ V1+D? ) where p = real(z,) [10].
imag(Z,,)

The maximum of D is 1.4 over the frequency and gate voltage range in parallel measurement
mode (Fig. 8.18). The error is found to be no more than 0.3%. Therefore, the frequency

dispersion in accumulation is not caused by instrument error.
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Fig. 8.18. Estimated D factor over the gate voltage and frequency range in parallel

measurement mode.

8.4 Conclusion

Yuan’s model has been employed to study the frequency dispersion in accumulation for
samples Ge39S1, Ge39S2 and Ge39S3. The stronger frequency dispersion with increasing
gate voltage has been analyzed and discussed. Possible reasons have been considered and
discussed. Model results indicate that a non-uniform distribution of oxide traps rather than
leakage current is the most likely explanation for the stronger frequency dispersion. The result
also suggests the necessity for further developing high-quality gate dielectrics with low border

trap concentration for improving the stability of Ge-based MOSFETS.
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Chapter 9 Conclusions and future work

9.1 Experimental conclusion

In this thesis, electrical characterization has been used to obtain key MOS parameters from
Ge-MOS gate stacks, namely interface state densities and oxide traps. This section will
present the conclusion of these results.

Table 9.1 Summary of first sample group Gel2S with different thickness HfO2 deposited by

ALD using O-plasma as oxidant with Al,Os as protection layer:

Samples HfO, oxide thickness | Interface states density | Oxide traps (Vg = 3
(mid-gap) V)

Gel2S1 3.5nm 4.1<10* eV-tem? 9.2x10% cm¥ V!

Gel2S2 7nm 3.9x%10%? eV-icm? 810 cm®%V1!

Gel2S3 14 nm 2.6x<10%2 eV1cm? 7.8x<10% cm¥ V!

Table 9.2 Summary of second sample group Ge39 comprising gate stacks with different

thickness HfO2 deposited by ALD using O-plasma as oxidant:

Samples HfO, oxide Interface density states | Oxide traps
thickness

Ge39S1 3.5nm 4.9x%10%? eV-icm? 11x<10%° cm3eV?

Ge39S2 7 nm 4.7x<10%? eV-icm? 12x10%° cm3eV?

Ge39S3 14 nm 2.9x<10% eV1cm? 9.5x10% cm® V!

Ge39S4 3.5nm 2.7<10% eVl cm? 11.6x10% cm® V!

(S-passivation

with Al203)

Both tables show that the interface state density is slightly different and of the order
10?2 eVv-tcm? for all thicknesses of high-x oxide for the first group of samples with Al,O3 as
the protecting layer. The results demonstrate that the thickness of high-x oxide has no
significant effect on the interface states density. Therefore the interface quality is mainly
decided by the interfacial layer rather than hafnia thickness. It also shows that the oxide trap
concentrations are of the order 10'® eVt cm? for all thicknesses of high-x oxide for the first
group of samples. This indicates that the thickness of high-x oxide has a significant effect on

the interface state density.

Comparison of samples Gel2S and Ge39S, shows that the interface states density is of the

same order of magnitude which indicates that both methods have same level of ability to
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passivate the interfacial layer. In addition, the oxide trap densities are slightly different and of

the order of 10'° cm® V1. Both methods yield similar values of oxide traps.

9.2 Summary

Continuously scaling of Si MOSFETS has been limited due to high leakage current through
the MOS gate which is caused by the need for an ever thinner oxide layer. To overcome this
scaling problem, high-x dielectric is introduced to replace the SiO, oxide and allow further
scaling of MOSFETSs. With the purpose to increase the speed of circuit and drive current, an
alternative MOSFET channel material with high carrier mobility should be incorporated. Ge,
as a material candidate in same group with Si exhibits higher electron and hole mobility has
been proposed. High-x on Ge can be a competitive solution to achieve two goals. However,
the unstable Ge native oxide GeO- between high-x and Ge has been one of major problem for
Ge channel MOSFETS.

Two methods in this work are used to fabricate high-x on Ge MOS. Al,O; formed in MBE is
employed as a layer to protect the GeO.. Sulphur-passivation is a possible solution to passivate
the interface. This work explores several issues related to high-x on Ge gate.

Firstly, several conventional interface states measurement method are investigated in terms of
Ge-based MOS. The low-high frequency method fails in measurement of interface state
density in Ge-based MOS, because the extraction of Cs from the C-V plot at 1 MHz. has been
affected by interface states with high characteristic frequency. Terman’s method suffers from
the same problem. In addition, Terman’s method measures both slow traps and interface states.
The presence of slow traps will over-estimate the extracted interface state density. The
conductance method is preferable but low temperature is required to sense interface states near
band edges in both n- and p-type Ge-based MOS.

Secondly, the presence of a potential well or notch at the interface of native GeO- and high-«
dielectric and its role as a possible charge trapping site was addressed in this work. The number
of quantum bound states was calculated by solving the Schré&dinger equation. The model was
then extended to three-dimensions and the average electron occupancy of notch for various
device parameters was calculated. The simulation results reveal that there are no stable states
in the notch for IL thickness less than 1 nm. The threshold voltage shift induced by the
electrons confined in the notch was calculated from simple electrostatics with the conclusion
that the threshold voltage shift for an 8-nm node Ge MOSFET is vanishingly small. However,
the shift would be significant for larger devices and when the IL thickness is more than 1.2
nm.

Thirdly, the low-frequency behaviour of Ge-based MOS was investigated. By measuring ac
conductance in strong inversion as a function of temperature, the extraction of activation

energies indicates the thermal generation process represented by the parameter, Gy is
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responsible for the low-frequency behaviour apparent in MOS capacitors measured at room
temperature. The minority carrier generation lifetime is an important parameter used to model
the thermal generation in depletion region for Ge-base MOS.

Finally, the frequency dispersion in accumulation region for samples is studied based on
Yuan’s model. Model results indicate that a non-uniform distribution of oxide traps rather than
leakage current is the most likely explanation for the stronger frequency dispersion. The result
also suggests the necessity for further developing high-quality gate dielectrics with low oxide
traps concentration for improving the stability of Ge-based MOSFETS.

9.3 Future work

This thesis investigates, demonstrates, and examines various issues related to Ge-based
MOSFETSs with high-x dielectric for future CMOS development. In order to realize the full
performance advantage in applying Ge into deeply scaled MOSFETSs devices, further research
is worthwhile studying in the following areas:

The high-quality interface between high-x and Ge is still vital to achieve a high performance
MOSFETs. In this work, two kinds of methods have been employed to achieve 101> cm?eV?!
interface state density and similar oxide traps. Lower interface density still should be obtained
by employing different methods to further improve performance of the Ge-based MOSFETS.
Although the minority carrier generation rate has been studied here, through the use of
temperature measurements, the extracted activation energy is not as expected, namely half of
the band gap. A further explanation for this phenomenon should be explored to understand the
minority carrier generation in these structures.

This work is based on MOS capacitors. Methods of interface passivation developed in this
work should be employed in the fabrication of complete MOSFET to study the features of the

device for future application.
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