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A unique process of fabricating a strained layer Ge,Siy.x on insulator is demonstrated.
Such strained heterostructures are useful in the fabrication of high-mobility transistors. This
technique incorporates well-established silicon processing technology e.g., ion implantation and
thermal oxidation. A dilute GeSi layer is initially formed by implanting Ge™ into a silicon-on-
insulator (SOI) substrate. Thermal oxidation segregates the Ge at the growing oxide interface to
form a distinct Ge,Siy« thin-film with a composition that can be tailored by controlling the
oxidation parameters (e.g. temperature and oxidation ambient). In addition, the film thickness
can be controlled by implantation fluence, which is important since the film forms
pseudomorphically below 2x10'® Ge/cm?. Continued oxidation consumes the underlying Si
leaving the strained GeSi film encapsulated by the two oxide layers, i.e. the top thermal oxide
and the buried oxide. Removal of the thermal oxide by a dilute HF etch completes the process.
Strain relaxation can be achieved by either of two methods. One involves vacancy injection by
ion implantation to introduce sufficient open-volume within the film to compensate for the
compressive strain. The other depends upon the formation of GeO.. If Ge is oxidized in the
absence of Si, it evaporates as GeO(g) resulting in spontaneous relaxation within the strained
film. Conditions under which this occurs have been discussed along with elaborated results of
oxidation kinetics of Ge-ion implanted silicon. Rutherford backscattering spectrometry (RBS),
ion channeling, Raman spectroscopy and scanning electron microscopy (SEM) were used as the

characterization techniques.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

It has been said that, “God gifted silicon to mankind but the Devil gave it an indirect band
gap”. A consequence of the “Devil’s work™ is that Si, the standard material for microelectronic
fabrication, is unsuitable for optoelectronic applications since direct optical transitions of
electronically excited states are forbidden. Although integrated circuits (ICs) are typically
fabricated using a bulk Si wafer, high performance radio frequency (RF) devices, as well as
optical detectors/sensors, require the use of optically-active materials, such as group III-V or II-
VI semiconductors (e.g. GaAs and HgCdTe). Unfortunately, these materials differ from Si in
both their lattice parameter and thermal properties, making monolithic integration of electro-
optical functionality on Si problematic. While silicon-based heterostructures have been targeted
as a means of providing such monolithic integration, the large lattice mismatch between the
different materials makes it difficult to grow such heterostructures without compromising
material quality and/or device performance. The use of a compliant substrate to accommodate
the mismatch strain has been proposed to facilitate the integration of III-V’s and/or II-VI’s on a
single Si-based platform. One promising method of forming a compliant template involves the
use of a very thin-film GeSi on oxide. The use of a very thin film (< 5 nm), coupled with the
viscoelastic property of vitreous oxide, can potentially provide the desired compliancy. In
addition, pseudomorphic Si:Si;.Ge, (x = 0.1-0.2) heterostructures have been shown to exhibit
very useful electrical properties such as a carrier mobility increasing with biaxial compressive-

strain. Pseudomorphic growth, i.e., growth in which the lattice mismatched film adopts the



lattice parameter of the substrate, occurs over a certain thickness that depends upon the degree of
mismatch, as will be discussed later. Strain energy increases with the thickness of the grown
layer until, at a critical thickness, the buildup of strain energy leads to plastic deformation of the
film.

There are different methods of forming a SiGe:Si heterostructure for use in either
bandgap-engineering or materials integration. One method is chemical vapor deposition (CVD),
which has been used to deposit a compositionally-graded SiGe film on silicon [Dohrman et al.,
2006] using an appropriate chemical mixture of SiHs and GeHy to achieve the desired SiGe
concentration.  Another deposition technique involves molecular beam epitaxy (MBE).
However, the difference in the thermal expansion coefficient (TEC) between Si and Ge is a
limiting factor in growing a Ge-rich virtual substrate on silicon by each of these techniques.
Also, since the lattice constant of Ge is ~ 4.2 % larger than that of Si, the composition of SiGe
must be varied gradually during growth on silicon substrate to avoid abrupt changes in the lattice
constant and associated stress. The poor thermal conductivity of the resulting thick film may
limit its use in high-power devices [Isaacson ef al., 2006].

Since both CVD and MBE involve epitaxial growth on a crystalline substrate, it is not
possible to grow single-crystal SiGe directly on a vitreous insulator, as required to form the
growth substrate. To overcome the difficulties there have been a number of attempts to form
SiGe on insulator by techniques that do not involve growth. Separation-by-implanted-oxygen
(SIMOX) is one of them. This method has long been used for making SOI wafers (a cross
sectional illustration of which is given with Figure 1.1), and involves oxygen implantation on a
silicon substrate followed by thermal annealing to form a buried oxide (BOX) layer below a

silicon surface layer. A similar technique is used to make a SiGe:SiO, heterostructure (i.e.,



i SiGe-on-insulator (SGOI)) by implanting oxygen into
Top Si Layer

a thick Si;_,Ge, film grown on a Si substrate [Tang et

Buried Oxide (BOX) .
al., 1990 and Ishikawa et al., 1999]. In both cases the

Ge concentration in the SiGe alloy layer was low.

Si substrate

Similarly, SiGe-SIMOX techniques of fabricating
(Handle wafer)

SGOI by Tang et al. [1990] and also by Fukatsu et al.

Fig. 1.1: Schematic illustration of

the cross section of an SOI wafer. [1998] are summarized as follows: a step-graded

relaxed buffer layer of Si;,Ge, was grown with
composition grading from x = 0 to x = 0.18. O'-ions (ion energies of 25 keV and 200 keV were
chosen by Fukatsu et al. [1998] and Tang et al. [1990] respectively) were then implanted with
high doses (10" to 10"® jons/cm?). Since the 1250 °C annealing temperatures required forming a
continuous buried oxide layer which is much larger than the melting point of Ge (~940 °C) the
fabrication of SGOI by SIMOX cannot be used with a SiGe film with a Ge concentration more
than 30%. Several research groups have adopted an alternate approach to overcome the
limitation mentioned above. The basic idea involves Ge enrichment of the SiGe film by thermal
oxidation for the formation of the SGOI structure [Tezuka et al., 2001] or even GOI [Nakaharai
et al.,2003].

In the present work, a unique technique of fabricating SiGe-on-insulation (SGOI), as well
as Ge-on-insulator (GOI), is investigated. This technique incorporates well-established silicon
processing technology including ion implantation and thermal oxidation. Previously, it has been
shown that Ge is totally rejected during thermal oxidation of Ge -implanted Si [Holland et al.,
1987 and Fathy et al., 1987]. The rejection or segregation of Ge produces a ‘snow-plow’ effect

that causes Ge to accumulate in front of the growing oxide interface to form a Si0O,:GexSi;:Si



heterostructure. The segregated GeSi layer has been shown to be distinct and epitaxially
oriented on the underlying Si substrate. The composition of the Ge-rich layer is determined by
the kinetic competition between the segregation effect during oxidation and interdiffusion of the
Ge-rich layer with the underlying Si substrate, which are controlled by process parameters such
as oxidation temperature and ambient. Furthermore, it has been demonstrated by Holland et al.
[1987] that the oxidation kinetics are enhanced by Ge segregation under certain conditions, i.e.,
during wet (H,O) rather than dry (O;) oxidation.

A variation of the basic process described above is required to form a thin-film GeSi:
SiO, heterostructure. In particular, an SOI rather than a bulk Si wafer must be used as the
starting substrate. The process involves Ge-ion implantation of the superficial Si layer of an SOI
wafer to form a dilute GeSi mixture. This GeSi layer is subsequently enriched by thermal
oxidation, a reaction that consumes Si in the layer. Thermal oxidation is continued until the
GeSi film is encapsulated by the thermal oxide on top and the BOX below. The
thickness/composition of the encapsulated layer can be adjusted by appropriate oxidation
conditions. Finally, the process is completed by chemical etching of the thermal oxide by a dilute
HF solution to yield the desired structure, i.e., GeSi:BOX:Si. Details of this process are
described in subsequent chapters, as well as the characterization of the various process steps
including detailed morphological and microstructural analysis of the GeSi film.

In addition, a detailed investigation of the oxidation kinetics of Ge'-implanted silicon is
described in this thesis; this investigation was done to better understand the effect of Ge
segregation on the oxidation behavior of Si. This phenomenon is interesting not only on its own
merit, but also because it is a critical element in the Ge,Si;., thin film fabrication process. The

kinetics were determined under a variety of oxidation conditions including both wet and dry



ambient, as well as at different temperatures and implantation doses. The results of the kinetic
data were utilized to properly control the composition and thickness of the segregated GeSi
layer, which is necessary since the film remains pseudomorphic only below a critical thickness
given approximately by the equilibrium value predicted by Matthews and Blakeslee [1974].
Compositional and morphological properties as well as the crystallinity of the Ge,Si;., thin films
grown in a silicon-on-insulator (SOI) wafer and in bulk Si have been investigated.

The thesis is organized as follows: first, the introduction of different properties of the
SiGe alloy and SiGe:Si heterostructure and associated strain is given, followed by a description
of the ion beam materials modification and characterization techniques used in the present work.
Thereafter, the kinetic study of thermal oxidation, and the efforts towards synthesizing
pseudomorphic and strain-relaxed Ge,Si;., thin film are discussed. Some additional literature and

characterization techniques are blended with the discussion.
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CHAPTER 2

BACKGROUND STUDY ON GeSi

A review of the physical and electrical properties of Group IV semiconductors, Si and
Ge, and their alloys is given in this chapter. A successful development of a suitable GeSi thin-

film template growth depends upon a thorough understanding of this binary alloy.

2.1 Crystal Structure

Silicon (Si) and germanium (Ge) are elemental semiconductors from Group IV that are
commonly used in digital microelectronics. They both crystallize with a diamond structure with
the space group of Fd3m. The cubic unit cell, as illustrated with Figure 2.1, comprises eight
atoms per unit cell with a coordination number 4 (the number of nearest neighbor atoms). The
loosely-bonded diamond structure has an atomic packing factor of 0.34 (i.e., only 34 % of the

space is occupied by the atoms).

o

a

A

Fig. 2.1 Diamond cubic structure of Si and Ge crystals.

(a) Unit Cell (b) Primitive cell



2.2 Lattice Parameter

The lattice constants of Si and Ge are as; = 5.431 A and ag. = 5.658 A, respectively
[Dismukes ef al., 1964]. The lattice parameters of SiGe alloys are functions of composition and

are empirically given by,
g g = 5431+0.20x+0.027x* (A) ... ... ... 2.1)
which is represented graphically in Figure 2.2.

A simpler approximation method, known as Vegard’s law, assumes a simple

compositional scaling of the lattice parameter [ Denton and Ashcroft, 1991] as follows,
ag . =ag(l=x)+agx ......... (2.2)

An associated lattice mismatch with Si is given by

f=(ag, g —ag)/ag=0042x ... ... ... (2.3)
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Fig. 2.2: Measured change in lattice constant with respect to germanium content in
SiGe. Note the almost linear dependence on composition.



2.3 Band Structure

Better understanding of the physical structure of thin-film SiGe and Si:Si;Ge,

heterostructures is needed if the technology is to be developed as a growth template for lattice
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Fig. 2.3: Change in band gap with respect to germanium content in Si;_.Ge,

mismatched films. Si and Ge are both indirect bandgap semiconductors with band gap minima
of 1.12 eV and 0.66 eV, respectively. The composition-dependent energy gaps of the alloys can
be expressed [Krishnamurthy et al., 1985, Kustov et al., 1983] as:

AEg(indirecty (S11:Gey) = (1.12 — 0.41x + 0.008x%) eV, x<0.85 ... ... ... (2.4)

AEg(indirecty (S11+Gex) = (1.86 — 1.2x) eV, x>0.85 ... ... ... (2.5)
(represented graphically in Figure 2.3). Interestingly, an abrupt change in behavior can be seen
to occur near a Ge concentration of 85 %. This is associated with the transition between the
band structure near the band edges, which becomes more Ge-like at this critical concentration

[Wang and Zheng, 1995]. The conduction band edges in Ge are located at equivalent L points in



the Brillouin zone with a spherodial energy surface oriented along equivalent <111> direction.
In silicon, the conduction band edges are spheroids oriented along equivalent <100> directions in
the Brillouin zone [Kittel, 1976].

A pseudomorphic GeSi thin film on Si produces a heterojunction with valence and
conduction-band discontinuities due to band offsets, which are affected by a number of factors
including mismatch strain and interfacial properties. Conduction band offset is negligible
compared to that of the valance band. Valance band discontinuity, AEy, is responsible mostly for
the band offset and is related to the germanium concentration as follows:

AE,=0.74x (V) ... ... ... (2.5)

AE << AE,

E’, (ée) E, (Ge)

- E — 066 eV = 060 eV
E°, (S)=1.12¢eV i l E, .
oy 1
. AE ,=0.74 eV
AE’ =0.68 eV i ’
Ev,av :
Relaxed Si Strained Ge

Fig. 2.4: Band alignment of GeSi1 heterostructure; E°; and AE’, represent the relaxed materials.

Figure 2.4 illustrates the valence band line-up of pseudomorphically grown Ge on Si. The

average valance band positions in silicon and in germanium are £y 4y = —7.03 eV and Ey oy Ge= —

10



6.35 eV, respectively. The strain related valance band offset can be expressed as [Van de Walle,

1995]:
AE,, =a,~-=a, (26, +&,) oo .. (2.6)

where a, 1s the deformation, g is in-plane strain, and &, is out-of-plane strain. Therefore, it is

evident that the band alignment of SiGe heterostructure is influenced by lattice strain.

2.4 Metallurgical Properties
The binary SiGe system is completely soluble over the entire compositional range as

indicated by the phase diagram (shown

4 1400 in Figure 2.5). Solidus and liquidus

lines are related as a function of

Liquidus line

1200 - 1200

germanium concentration as given

Solidus line

Temperature, °C

below [Stohr and Klemm, 1954)];

1000 1000

Solidus Temperature:

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Si Atomic % of Ge Ge Ty~ (1412 - 738x + 263x%) °C ... (2.7)

. . . . Liquidus T :
Fig. 2.5: Solidus-liquidus curve for Si;,Ge, quidus Temperature

system. T)~ (1412 - 80x - 395x%) °C ... (2.8)

where the melting points of Si and Ge are 1412 °C and 937 °C, respectively. The lower melting

point of Ge restricts temperatures used in thermal processing of samples with high germanium

concentrations.
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2.5 Thermal Expansion Coefficients
Similar to the lattice parameter, matching of thermal expansion is very important in
heterostructural thin film synthesis. The room temperature linear thermal expansion coefficient
(TEC), a, of Si;,Ge, alloy varies with composition as follows [Zhdanova et al., 1967]:
a=(2.6+255x)x10°K"  forx<0.85......... (2.9)
o =(7.53-0.89x) x10° K" forx>0.85......... (2.10)
which is represented graphically in Figure 2.6. The abrupt change in the trend around 85 %
germanium concentrations 1is

similar to the behavior of the

7 0x10° es] energy bang gap, and is also
6.0x10° . believed to be due to the
2 5.0x10° - transition of Si;,Ge, alloy
\% 1 /./.
3 ././. . . .
4.0x10° P 7 from Si-like to Ge-like [Wang
4 ././././ q
340x106"/././'/ T and Zheng, 1995].
2.0x10° " T " T " T " T "
00 02 0.4 06 08 1.0 The temperature
Si xof Si, Ge, Ge

dependence of the TECs of
Fig. 2.6: Thermal expansion co-efficient of Si;.,Ge, Si1,Ge; and HgCdTe are

superimposed with the help of
Nader Elmarhoumi of UNT (personal communication) in Figure 2.7 to compare the
compatibility of these two materials. The TEC of HgCdTe is seen to increase sharply with
temperature between 130 K to 200 K, afterwhich its temperature dependence is very weak

[Rogalski, 2005]. The TEC of pure silicon is well below that of HgCdTe throughout the

temperature range, making it unsuitable for HgCdTe growth despite the attempts of different
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groups. On the bright side, the TEC of Si;_,Ge, alloy with the higher Ge concentrations falls in
close proximity to that of HgCdTe, which might make Ge,Si;, a better substrate for hetero-
epitaxial device integration.

Stress associated with the lattice mismatch can lead to the formation and propagation of
dislocations in heterostructures. It also changes the band alignments. Such dislocations can be

electrically active within the heterostructure, resulting in degradation of its properties.
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Fig. 2.7: Temperature dependent thermal expansion coefficients of Si,Ge;., and HgCdTe.
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2.6 Strained-layer Semiconductor

2.6.1 Introduction

The strain associate with the lattice mismatch is usually accommodated elastically below

SiGe Strained SiGe Biaxial Strain

Q%@ :@
| J

Fig. 2.8: Schematic illustration of strain associated with lattice parameter mismatch in Si:SiGe
heterostructure.

Si

a critical thickness by biaxial strain within the layer [Dodson and Tsao, 1989], as is
schematically illustrated with Figure 2.8. Beyond the critical thickness, the strain energy is
sufficient to promote plastic relaxation through production of misfit dislocations as illustrated in
Figure 2.9. Such misfits can generate threading dislocations that penetrate through the entire
film. Such defects will generally deleteriously affect the operation of any electro-optical devices
fabricated within the heterostructure. The control of this mechanism of strain relaxation, i.e.,
dislocation formation, is crucial to the integration of dissimilar materials, and is the object of the
present study.

Matthews and Blakeslee [1974] established a model describing the mechanism of misfit

dislocation development to attain stability or equilibrium between lattice mismatched layers.
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The model predicts a critical thickness for a

Relaxed SiGe

strained film that marks the thermodynamic

onset of misfit dislocation formation. The

critical thickness given by Matthews and

T Blakeslee [1974] is considered carefully
during the course of this dissertation
especially in experimental design and

Relaxed Si relaxation study.

Fig. 2.9: Schematic of misfit dislocation.

2.6.2 Critical Thickness for Strained-layer Stability

If the film cannot provide enough energy for the formation of misfit dislocations then the
lattice mismatch between the film and substrate is accommodated within the film by elastic strain
by either biaxial tension or compression. The associated critical thickness, relating to the
maximum elastic stress that can be thermodynamically accommodated within the film, is derived
according to Matthew and Blakeslee [1974] as follows. First, it is a function of lattice mismatch
and can be calculated by considering strain relaxation by dislocation formation only as described
by Dodson and Tsao [1989]. If the crystals forming both film and substrate are isotropic with
equal elastic constants, the force exerted by misfit strain is given by [Hull, 1995]:

P _26(+y)

| bhscosA ... ...... (2.11)
1-v)

Furthermore, the tension in the dislocation line is given by [Hull, 1995]:

2
F, =L(l—vcos2 a{l+ln2j ......... (2.12)
4z(l1-v) h
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where G is the shear modulus, v is Poisson’s ratio, b is the size of the Burgers vector, /4 is the
thickness of the strained layer, A is the angle between the slip direction and the direction
perpendicular to the film plane, « is the angle between the Burgers vector and the dislocation
direction, and ¢ is the strain. The strain is maximum when it equals half of the lattice mismatch
f. This gives the stability condition for determining the elastic limit of a strained film and is
expressed as follows [Paul, 2004]:

Fe(max)
Fpg=2 (2.13)

which corresponds to the critical thickness [Paul, 2004],

2
b Uoveosa)fy ) (2.14)
27f (1+vcosA) b

This critical thickness for stable and relaxed Si;_,Ge, layers on silicon is graphically represented
in Figure 2.10 as a function of germanium concentration. The Burgers vector (the slip distance

of one side compared to other side after completing dislocation movement) magnitude, b, is

taken as %/5 where a is the lattice parameter of silicon; f is the lattice mismatch given by

0.042x; and o =A= 60°. In Figure 2.10, the solid black line represents the equilibrium values of
the Matthews and Blakeslee [1974] model for the critical thickness as a function of germanium
concentration for a Ge,Si;.,/Si heterostructure (graphical representation of Equation 2.14). The
red line (and symbols) represents the experimental observations by Douglas J. Paul [2004]
during molecular beam epitaxy (MBE) growth of Ge,Si;, on Si (100) at 550 °C. The
superimposed graph (Figure 2.10) is generated to demonstrate that pseudomorphic layers could
be grown well above the equilibrium critical thickness predicted by Matthews and Blakeslee

[1974] as demonstrated by different research groups [Hull, 1995, Paul, 2004]. Robert Hull
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[1995] related the discrepancy between theory and low temperature experimental observation of
critical thickness to the kinetic barrier associated with the relaxation process. The regime
between the theoretically calculated thickness and the experimental observations is usually
known as the metastable regime. Due to the initial sluggishness of relaxation, a strained layer
can be grown slightly thicker than the critical value without onset of dislocation formation as
demonstrated by different research groups [Paul, 2004, Dodson and Tsao, 1989]. It is evident
from the plot (in Figure 2.10) that a 1.8 nm Ge strained layer is stable but can grow
pseudomorphically below 5 nm. Our study will be limited to the metastable range where films

are pseudomorphic.
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Fig. 2.10: Graphical representation of Matthews and Blakeslee [1974] critical thickness of
pseudomorphic Si;—,Ge, layers as a function of germanium fraction (solid black line) comparing
to experimental values of Douglas J. Paul [Paul, 2004] (given by red line and symbols) .
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CHAPTER 3

TECHNIQUES FOR MATERIALS MODIFICATION AND CHARACTERIZATION

3.1 Ion Beam Characterization and Materials Modification

As discussed in Chapter 1, the growth of bulk SiGe [Usami et al, 2002] and
heteroepitaxial SiGe thin films on silicon is technically very challenging. Alternatively, a novel
approach of forming thin GeSi films on Si is reported in this thesis. In this work Ge-ions were
implanted into either bulk Si or SOI followed by thermal oxidation. Since this method is not a
growth technique, per say, it does not involve island formation and therefore yields a very
uniform and smooth GeSi film. A parametric study was done using different ion fluences, as
well as oxidation conditions to segregate the Ge. Different processing and characterization

techniques were used in this study, which will be discussed in this chapter.

3.1.1 Ion Implantation

Ion implantation involves uniformly irradiating a solid sample with either elemental or
molecular ions to introduce lattice defects or impurities. As such, it is a rather easy and precise
way of doping semiconductors [Franssila, 2004] and is also applied as a surface treatment
technique in enhancing corrosion resistance and other metallurgical processes [Hirvonen and
Clayton, 1983]. The basic implantation process in crystalline materials is shown schematically in
Figure 3.1[Williams and Poate, 1984]. The bombarding ion goes through a series of collisions

involving both nuclear and electronic interactions until it finally comes to a rest within the solid.
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The affected volume within the solid in which atomic displacements and mixing occur is
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Fig. 3.1: Schematic illustration of ion implantation
basics.
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known as the collision cascade.
The projected ion range and
cascade size, and therefore damage
and impurity profiles, are functions
of ion energy/species, as well as
the density and composition of the
target. The temperature of the
target increases during irradiation
unless it is actively cooled.
Implantation of heavy ions (e.g.,
Bi" or Ge") into silicon leads to a
crystalline-to-amorphous transition
at low or moderate fluence below
300 °C. Therefore, it is important
to control the sample temperature
during implantation if the ion-
induced damage morphology must
be controlled. The schematic

diagram of the implantation beam-

line is shown in Figure 3.2.
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Fig. 3.2: Schematic diagram of low energy implant line.

The accelerator laboratory in the Physics Department at the University of North Texas
has three ion implantation beam-lines. The low-energy beamline, shown above in Figure 3.2, is
used for implantation of ions over an energy range of 10 to 70 keV, which is suitable for the
present application. A source of negative ions by cesium sputtering (SNICS) was used, which
can generate negative ions of virtually any element having a substantial electron affinity. The
steps in developing an ion beam begin with making the source cathode from either a pure
element of the desired ion or a closely related compound. The details of the choice of materials
and helpful parameters can be found in the National Electrostatic Corporation’s (NEC) SNICS
owner’s manual and the Negative lon Cookbook [Middleton, 1989]. A germanium cathode was
made from commercially-available, pure germanium. According to the Cookbook and the NEC

owner’s manual, a reasonable current, as high as 100 pA, can be extracted from the SNICS.
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After extraction from the ion source, the ions are momentum/charge selected using the
30° magnet with an appropriate power setting, as shown in Figure 3.2. Subsequently, a high-
voltage electrostatic X-Y scanner is used to scan the ions across the sample to achieve uniform
exposure. Dosimetry is achieved using a simple current integration technique. A positive bias
voltage is applied to the sample holder during current integration to ensure collection of
secondary emissions, i.e. negatively-charged sputtered ions and electrons. A positively biased
Faraday Cup is also used for beam setup. This integration scheme yields the implant fluence, D
(ions/cm?), according to the equation 3.1

Ixt 1
= X

D
A gxC

e (B

where, [ is current in amperes, ¢ is time in seconds, A is area in cmz, q is the charge state, and C is
charge of an electron, i.e., 1.6x10™" coulombs.

Implantation fluences generally ranged from 3x10'* to 3x10'® jons/cm? in the present
study, although exact fluence requirements were determined in certain cases. A Monte-Carlo
computer simulation code, the Stopping and Range of Ions in Matter (SRIM)/TRIM (Transport
of Ton in Matter) [Ziegler et al., 1985], was used to estimate parameters such as implantation
energy, projected ion range and vacancy formation during the process (a separate section 7.1.1,
Ion Irradiation, is provided for elaboration). A low current density (less than 1 uA/cmz) is
maintained during ion implantation to limit sample heating, calculated using the following
equation:

Beam Heating: P(Watts) = I (current in milliamps) x V' (beam energy in keV).
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3.1.2 Stopping and Range of lons in Matter

The Stopping and Range of Ions in Matter (SRIM) is a computer code developed by
Ziegler et al. [1985] for simulating the penetration of energetic particles in materials through a
quantum mechanical treatment of the ion-atom interaction. This Monte-Carlo simulation
provides a very good method of estimating ion implantation parameters. The moving atom is by
convention considered an “ion” (whether it is charged or neutral) and the target an “atom”. The
software simulates the slowing down and scattering of an energetic ion through interactions with
the target atoms. Details about the software can be found in the SRIM user manual [Ziegler and
Biersack, 2003] (also available online at www.srim.org). The collision cascade simulation is
achieved by following the ions, which after penetration into the target suffer multiple nuclear and
electronic collisions. The program follows one ion at a time until the associated stopping power
slows the ion to some pre-determined velocity. The equation for stopping power i.e., the energy

loss per unit path length is [Feldman and Mayer, 1986]:

dx E

dE _ 2xZe'NZ, (Ml jln 2mv°
m

where, Z) and Z, are the atomic number of the ions and target atoms respectively, M; and m are
the masses of the ions and atom electrons respectively, and v is the ion velocity, / is the
excitation energy (~10Z, in eV for most elements), N is atomic density in the stopping medium
in cm™, E is ion energy in eV and e is electron charge, which in combination gives stopping
power in eV/cm or more commonly MeV-cm?/gm.

This simulation program provides information with range table as well as graphical
representation of ion penetration, collision cascade and range distribution. lon-induced damage is

represented by the vacancy distribution. Since atomic displacement involve the formation of a

Frenkel defect [Kittel, 2005], i.e., an interstitial-vacancy pair, it is important to realize that the
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vacancy distribution is highly correlated to the interstitial profile. Also, it is important to
understand that SRIM is a simulation routine that only considers ion-atom interactions and does
not include any thermal effects such as defect interactions such as recombination, clustering, etc.
Therefore, residual ion-induced damage in implanted samples can differ substantial from SRIM

simulations. Some of the calculated results are shown graphically in Figure 3.3
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Fig. 3.3: SRIM/TRIM simulation of 70 keV Ge-ion implantation of silicon showing
(a) 1on distribution, (b) vacancy distribution, and (c) lateral ion straggling.

Ion ranges are described here by considering the final ion distribution to be cylindrically
symmetric. The Projected Range is the first moment of the ion distribution, and Straggle,
Skewness and Kurtosis are the second, third and forth moments, respectively. The terms are

defined as follows [Ziegler and Biersack, 2003]:
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) X,
Mean Projected Range, R , =< X >= Zi %\/ h
Straggle, o =< (Ax;,)’ 52

Skewness, 7 =< Ax’ >/ < Ax’ Sz

Kurtosis, =< Ax* >/ < Ax* >*

where x; is the projected range along x axis and is identical for lateral and radial directions.

3.2 Ion Beam Materials Characterization

3.2.1 Rutherford Backscattering Spectrometry (RBS)

At every stage of sample preparation and materials processing, ion beam characterization
was used, especially Rutherford backscattering/channeling spectrometry for measuring the
thickness of the oxide layers, as well as the composition and strain of the Ge,Si;., films. Spectral
simulation using a standard computer code, SIMNRA [Mayer, 1997], was used to determine
parameters such as composition of the Ge,Sij., layers and the oxide thickness from the
parameters used in the simulated spectra to achieve the best fit to the experimental spectra.

Rutherford backscattering spectrometry (RBS) is a nondestructive analytical technique
used in materials characterization [Feldman and Mayer, 1986]. It is a consequence of the
seminal experiment involving scattering of high-energy alphas from a gold foil performed by
Ernest Lord Rutherford in 1911, and, as such, bears his name. Rutherford concluded that alpha
particles are backscattered from a thin gold foil by interaction with the positively-charged
nucleus of a gold atom. Rutherford correctly described the atom as consisting of a tiny positive
nucleus orderly surrounded by negatively charged electrons in contrast to the plum pudding

model of the atom as proposed by J. J Thompson [1904].
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Fig. 3.4: Schematics of elastic collision between an ion and a target atom.

With the development of particle accelerators, RBS became a popular technique for thin
film characterization, where the energy spectrum of elastically backscattered ions is used to
determine the film’s parameters, i.e., composition and thickness. The schematic representation of
an elastic collision is provided in Figure 3.4. The energy of a backscattered ion is determined by
a standard solid-state, surface-barrier detector, which is integrated with standard pulse processing
modules to yield a histogram of the backscattering events.

Both the intensity and energy of the backscattered ions provide information about the
near surface (up to ~0.5 um depth for *He" beam) of materials. The energy of the backscattered
beam is proportional to the incident energy within a proportionality constant, the kinematic
factor, which is characteristic of the target and ion mass. Using conservation of momentum
before and after collision and solving the two-particle central force problem in the lab frame, the

kinematic factor, K, can be derived [Feldman and Mayer, 1986] as Equation 3.4:

1 2
E | ~ M2Sin*6)” + M,Cos® 64
3 | .

where Ey and M, are the incident particle energy and atomic mass, respectively, E; is the

scattered particle energy, M, is the target atomic mass, and @ is the scattering angle. Thus, the
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target mass is easily identified by the scattered ion energy for a specific ion beam and scattering
angle.

Quantitative thin-film analysis can be done using the scattering cross section, which
relates the intensity of the incident and scattered ions. The theoretical expression for the

Rutherford scattering cross section is given by [Feldman and Mayer, 1986]:

2 2
a(E,0)=(d—o-j=l.296(Zlsz ! —2(M'j ...... (3.5)
dQ E, Sin* % M,

where E) is the incident beam energy, € is the scattering angle, Z stands for atomic number and

M for atomic mass with subscripts 1 and 2 representing incident ions and target atoms

respectively. The differential cross section of a given process is defined by a probability, P as,

where, [ is the number of incident particles, N is atomic density and ¢ is the thickness (i.e. N¢ is
areal density or target thickness as atoms/cm?) and JoN#d(2 as the number of interactions with o
as the cross section in cm?/sr. Therefore, if the scattering cross-section is known, the target
thickness can be calculated and vice versa.

The experimental setup for RBS is illustrated in Figure 3.5. As mentioned earlier, the
backscattered particles are detected with a solid-state detector. These detectors are made of a
semi-conducting material and are operated much like a solid state diode under reverse bias. The
applied high voltage generates a thick depletion layer and any charge created by the radiation in
this layer is collected at an electrode. The charge, thereby, collected is proportional to the energy

deposited in the detector and therefore these devices can also yield information about the energy
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of individual particle or photons of radiation. The detectors are made mostly from silicon or

germanium.

Detector

Scattering angle

Pp—- Detector
mplifier -

Chares | Bias Supply
Integrator SCA Rate Meter

Fig. 3.5: Schematics illustrating experimental set up for RBS.

The signal from the detector is amplified and analyzed with a multi-channel pulse height
analyzer (PHA). A computer interface module is used to plot counts as a function of channel
number, which represents energy. At near-normal beam incidence the RBS spectral peak can
provide target thin film thickness or the areal density, as atoms/cm’, of a substrate impurity for a
given experimental set up as follows:

2.5

Nt =
I xAQxo(E,0)

where >~ is the net area under the spectral peak, AQ is the detector solid angle in steradians
(sr), which is equal to the detector area divided by the square of the distance between target and

. . . 2
detector, and o is the cross section in cm?/sr.
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The limitations of RBS are mainly two-fold. Elastic backscattering requires that the
target atoms be much heavier than the beam particles. Therefore, only heavier impurities on
lighter substrates are, in general, identifiable. This problem can be partially addressed by a
suitable choice for the incident ion beam. Secondly, the detector resolution limits both depth and
mass resolution. The mass resolution can be improved by using higher ion energy according to
Equation 3.8. The depth resolution can be substantially increased by using a grazing angle of
incidence for the beam achieved by tilting the sample away from the detector as shown with a
SIMNRA simulation (represented in Figure 3.6). Depth resolution and energy resolution are

related by the following equation [Feldman and Mayer, 1986]:

AE = K dE + 1 dk B (3.8)
cos®, dx, cos@, dx,,

where AE is the energy resolution and x is depth resolution, K is the kinematic factor. Incident

and exit angles (&, and 6, respectively) are illustrated in Figure 3.6.

Detector Detector

Sample

@ (®)

Fig. 3.6: Schematic illustration of the relation between beam incident angle and detector
resolution. (a) Normal incident (low resolution) (b) grazing exit (high resolution).
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3.2.2 Ton Channeling
Channeling is a phenomenon that occurs in single-crystal samples when the ion beam is
incident along or near a major crytalographic direction, as shown in Figure 3.7. As such,

correlated, small-angle collisions with the atoms in the atomic rows or planes lead to very regular

Random Direction Planar Direction Axial Direction

Fig. 3.7: Schematic illustration of crystal orientation with respect to the channeling

direction.
oscillations of the ion trajectory within the lattice interstices. As a result, the backscattering
yield for channeled ions is much reduced over that for ions moving randomly within the lattice.
Since any atom displaced from a lattice site into the interstitial space will interact strongly with
channeled ions, ion channeling can be used for structural characterization including profiling of
defects and lattice strain, and lattice-location of impurities (i.e., interstitial or substitutional
impurities).

Changing the alignment of the beam with respect to the channel by tilting the sample,

results in a higher random fraction of the beam, i.e., the portion of the beam that moves as in a

random solid. A critical angle,y,,, is defined to relate to the angular width of the channel. It
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depends on beam energy E, atomic numbers of ion and target atoms, Z; and Z, and atomic

spacing d as follows:

1
. 27,7,¢° /b
/A

where e is the charge of an electron and « expresses the dependence on lattice vibration with

values ranging from 0.8 and 1.2 [Chu ef al., 1978]. The critical angle is usually referred to as the

half angle for channeling.
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Fig. 3.8: Schematics of Ion channeling basics, beam steering and effects of
small angle collisions on backscattering.

The sensitivity of ion channeling with tilt angle is illustrated in Figure 3.8. The target is
scanned through tilt angles from random to the best possible channeling orientation by using a

goniometer. It is clear that the backscattering yield increases as the tilt angle increases from the

31



channeling orientation. Sample manipulation was accomplished using a two-axis goniometer
capable of angular steps of 0.01°, as illustrated in Figure 3.9. Only a few adjustments of

electronic modules are required to the RBS setup for channeling experiments.

Tilt angle

Detector

|
-

Collimators

‘ u I:I::.I:I LN

Goniometer

Rotation angle

Fig. 3.9: Schematic illustration of experiment setup for ion channeling.

While characterizing a single-crystal thin-films or substrates, it is important to emphasize
that Rutherford backscattering spectrometry (RBS) generally refers to random RBS, where
samples are continuously rotated around the beam axis to avoid any ion channeling while

keeping the scattering angle unchanged.

3.2.3 Oxide Thickness Characterization

Rutherford backscattering/channeling spectrometry is used for measuring the thickness of
the grown oxide layers and the composition as well as the strain of the Ge,Si;., films. Spectral
simulation generated by a standard computer code, SIMNRA, is used to determine sample

parameters that yielded a best fit to the experimental data. Parameters, such as composition of
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the Ge,Si,., layers and the oxide thickness, will be determined from the fit parameters used in the
simulated spectrum.

Rutherford backscattering spectrometry (RBS) is not suitable for characterizing light
impurities in a heavier substrate. The choice of RBS in analyzing thin layer of oxide on silicon
poses similar disadvantages. However, RBS in conjunction with ion channeling (RBS/C) can be
used to lower the backscattered yield from the Si substrate to improve the signal-to-noise ratio in
the region of the histogram where scattering from oxygen occurs. This provides the sensitivity

to monitor oxygen within the oxide layer at the surface.

3.2.4 Strain Characterization

Strain in the layer, which arises from the difference in lattice parameters, can be
characterized by the proper use of the ion channeling technique. A strain layer of Si on a SiGe
substrate is schematically illustrated with Figure 3.10. A scan across an axially channeled beam
will not, in general, reveal any difference but a suitable choice of planner channeling (e.g.,
<110> scan in the (100) plane as illustrated with Figure 3.10) is able to resolve differences in the

lattice parameter between strain and unstrained layers as illustrated with Figure 3.10.

A
d;
Y
;. Ge,
‘ \W) Y <+ aSil_xGeX —»

(100)

Fig. 3.10: Schematics of biaxial lattice strain and geometric illustration of strain calculation.
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Characterization of a biaxially-strained film on a crystal substrate using angular scans

across planar channels is shown in
<110> Scan in (100) Plane

' ' ] Figure 3.11. It is clear that the
./f\\ /\ f \ ./'*-\. -
./ - }/ o\/ e, \. _

7 minimum yield, as well as the angular

=] \
E’ 0.6-_..._._.//. / \.\ ./ \\ \\ i
3 f"““\ i | / v eees] width of the channels, is similar for
5 044 | 4 3
g IR,
) | .
“ o021 \\. : .,-/ \'1/. —=— Substrate | both the thin film and the substrates.
hd —e—Film
0.0 — A0 —l i

<110>

However, the biaxial strain in the thin

44.0 44:.5 45:.0 45‘.5
Angle (Degree) .
film leads to a displacement of the

Fig. 3.11: Change in zero angle of
channeling indicates lattice strain. angular location of the minimum yield

(i.e. the zero channel) to smaller

angles. The displacement, 46, of the angular scans can be used to calculate the strain as follows:

Agi Ge —4si 2tan A
Strain = S0~ 21040 N (3.10)
ag 1-tanA@

1

3.3 Raman Spectroscopy

According to classical electrodynamics, an oscillating dipole is a source of
electromagnetic radiation. During the inelastic interaction between light and a molecule the
polarizability of the molecule changes which shifts the oscillation frequency from that of the
input field, and the shifted oscillation act as a source of secondary radiation. The phenomenon
was first observed by an Indian Physicist, Chandrasekhara Venkata Raman, who was awarded
the Nobel Prize in Physics in 1930 for his work on the scattering of light and for the discovery of

the effect named after him.
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3.3.1. Classical Electromagnetic Derivation of Raman Effect
If a light beam with electric field

E()=E,cosmyf ... ... ... (3.11)

is incident on a molecule, the molecule will oscillate and causes momentary polarization. The
polarization produces an instantaneous electric dipole moment. The resulting induced dipole
moment, P is given by,

P(t)y=aE(t) ... ... ... (3.12)
where « is the polarizability of the molecule. o is in general a function of separation between the
atoms, i.e. @ = a(x). If x is the displacement from the equilibrium separation between the atoms

in the molecule, we can expand the polarizability about the equilibrium separation between the

atoms, x, using a Taylor series, i.e.
a(x) = a, +(a—“j X+ e (3.13)
ox ),

where, for a vibration molecule,

x(t) =x,cos@,t ... ...... (3.14)

So,

P(t) = {ao + (6—0{] X, COS a)vt}(E0 cos a)ot)
ox ),

B oa
=a,E,coswyt+| — | x,E,coswytcosm,t
0

1(o0 (o0
=a,E,coswyt +— @ x,E, cos{a)o + o, }t +—| &2 x,E, cos{a)0 -, }t
2\ ox ), ox ),

where the first term correspond to the oscillating dipole responsible for radiating light with the

same frequency as the incident one known as Rayleigh scattering, and the following terms are
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responsible for the Raman scattering. Vibrational interaction causes the frequency shift through
the change in polarizability of the molecules, causing this “new type of secondary radiation” and
showing the Raman effect [Raman and Krishnan, 1928 (a,b,c) Raman, 1929]. The scattering with

frequency (a)o +a)v)is known as anti-Stokes scattering whereas the scattering with frequency
(@, — @, ) is known as Stokes scattering.

It can be inferred from the equation that the rate of change of polarizability with the

Iy e . . oa o
vibration around the equilibrium position cannot be zero, i.e., (a—j # (0 for a vibration to be
X Jo

Raman active. Vibrational spectra of small molecules in gaseous states also exhibit rotational
fine structures. So, rotational transitions also cause Raman effects to some extent, the classical
electromagnetic description of which is as follows:

During the course of rotation, the orientation of the molecule with respect to the electric
field of radiation changes, and therefore, if the molecule is not optically isotropic, (i.e., it exhibits
different polarizability in different directions), then its polarizability will change with time
[Ferraro et al., 1985].

The polarizability of a molecule rotating with time can be expanded as

a(t)=a, +AacosQw,t)+ - (3.16)
where, @, is the rotational angular frequency of the molecule and Aa = ¢ -« is the anisotopic

part of the polarizability [Gupta et al., 1984]. 2w, is given instead of @, because the rate at which
the polarizability changes is twice as great as the rotation due to the fact that a rotation through «

angle will bring the diatomic molecule in a position in which its polarizability is the same as

initially.
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So, a calculation similar to the vibration leads to the molecular dipole moment for

rotation as,

P(t) =[a, + Aacos(2w,t)]E, cosm,t

= P(t)=a,E,cosw,t + lAatEO cos{(@, + 2w, )t} + lAocE0 cos{(w, — 2w, )t}
2 2 e (317)

The first term of this is associated with Rayleigh scattering and following terms are responsible
for anti-Stokes and Stokes scattering, respectively. Now, Aa # 0 is prerequisite for a molecular

rotation to be Raman active. From the relation,Aa = ¢ — ¢, , it can be inferred that spherical

rotors are not Raman active. Before looking for a rotational Raman effect in liquids, it is
worthwhile to note that the frequencies of molecular collisions are more frequent than those of
the rotation. Molecular rotation does not exist in case of solids because of intermolecular
interaction [Gupta et al., 1984, Ferraro et al., 1985].

The simple derivation above is applicable to the case of a diatomic molecule. Most
organic and inorganic molecules are more complicated in nature and, because the field and
dipole moments are vector quantities, the polarizability takes the form of a tensor. The Equation

3.12 (P(t) = aE(t) ) then can be expressed in a matrix form:

f)x a,, axy a,. Ex
]Dy = ayx ayy ayz Ey
P |0n @, e E] (3.18)

where the polarizability matrix represents what is know as the polarizability tensor [Ferraro et
al., 1985]. If any of the components of the tensor change during the vibration, then the vibration

1s said to be the Raman active.
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3.3.2. Vibrational Degree of Freedom and Raman Selection Rule

A molecule consisting of N atoms has 3-N degrees of freedom, which includes six

collective translational and rotational degrees of freedom along and about the 3 coordinate axes,

t

- - <
\

- -N‘_ -> ... Symmetric bending
Symmetric stretching Anti-symmetric stretching .W‘W.

- /. /o

/ (o %)} (o1} (o8}

7

(@_a £0 (@_aj ~0 (6_0!) ~0
ox ), ox ), ox ),

Raman Active Not Raman Active Not Raman Active

Fig. 3.12: Schematics of vibrational Raman selection rule illustrating polarizability

variations in the neighborhood of the equilibrium position and vibrational activities of

a linear molecule like CO,.
respectively. Thus, a typical molecule has 3N—6 normal vibrations. Let us consider a simple
molecule like CO, and examine the Raman selection rule for different vibrational modes. Since a
linear molecules like CO, have no rotation about the molecular axis, the number of independent
normal vibrational modes are 3x3—5= 4. The normal vibrations, which occur along the atomic
bonds, are shown in Figure 3.12. The general forms of dipole moments and polarizability

changes with various normal coordinates are also included in the figure. According to the
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classical electromagnetic derivation for a vibration to be Raman active the polarizability

o e .. . oa .
derivative around the equilibrium position of the molecule cannot be zero, 1.e.,[a—j #0. Itis
X Jo

evident from the figure that for the symmetric stretching mode the (2—0[) # 0, whereas for both
X Jo

: : : : . oa .
anti-symmetric stretching and symmetric degenerate bending modes (8_j =0. From this it
X Jo

can be concluded that the symmetric stretching mode will participate in Raman scattering.
In polyatomic or more complicated molecules we can regard the total molecular
polarizability as made up of contributions from individual bond polarizability that is the

superposition of simple cases [Gupta et al., 1984, Ferraro et al., 1985].

3.3.3 Quantum Mechanical Description

Intense photon fields cause vibrational levels of the target electrons to excite to virtual
states. During de-excitation most of them come back to the same vibrational level, causing
Rayleigh scattering. A few of them come back to different vibrational levels, causing the Raman
effect. Some of them end up in higher vibrational states causing Stokes scattering, and some of
those were already in a higher vibrational states and end up in a lower vibrational state, causing
anti-Stokes scattering as illustrated in Figure 3.13. The Raman effect or Raman shift is
calculated from the difference in the energy levels between initial and final vibrational states as
follows:

1 1 N

incident 2’ scattered
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where Ajncigens and Ascanerea are the frequencies of the incident laser and the scattered beam,

respectively.

Excited states

Virtual states

A
Incident Rayleigh Stokes anti-Stokes
energy
3
2
\ 4 1
Vibrational states
\ 4 O

Fig. 3.13: Schematic illustration of the quantum mechanical source of Raman scattering.

3.3.4 Raman Effect in Crystal and Thin Film

For quantized lattice vibrations, the phonon is the source of Raman effect in crystalline
materials. Phonons are created or destroyed during inelastic scattering between incident photons
and target crystals, whereas, elastic scattering causes Rayleigh scattering. Phonons are created
during Stokes scattering and annihilation of phonons occur during Anti-stokes scattering as
illustrated in Figure 3.14 [Kittel, 2005].

Considering phonon frequencies, the electromagnetic derivation of the induced dipole

moment, P(¢), can be summarized (from Equation 3.12 and Equation 3.14) as follows:
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P(t)=aE() =[a, + a,x(t)]E, cos ot = [ao +a, {xo cos Qt}]EO COS @, ¢
1 1
= P(t) = a,E, cosw,t + Ealono cos(w +Q)t + Ealono cos(w—Q)t ... ... ... (3.20)

where Q is the frequency of the phonon. The first part on the right hand side of the equation
causes Rayleigh scattering. The second and third parts cause anti-Stokes and Stokes scattering,
respectively.

The phonon—
0o — Q

%

Stokes Scattering

photon interaction causes
o
scattering characteristic

of different materials.

For instance, in the SiGe

Anti-stokes Scattering system, the  phonon

associated with Si—Si,
Fig. 3.14: Phonon-photon interaction in crystalline solid.

Si—Ge and Ge—Ge bonds

cause shifts in frequency of different magnitudes.

3.3.5 Instrumentation

The observation of the Raman effect requires illumination of a sample with
monochromatic light and then observation of the scattered radiation at a right angle to the
incident radiation. The original setup used by C.V. Raman and K. S. Krishnan in 1928 was very
simple. They used sunlight as the illuminator and human eyes as the detector [Raman and
Krishnan, 1928 (a,b,c), Raman, 1929]. It is incredible that the Stokes and anti-Stokes radiations,
which are thousands of time less intense than the Rayleigh scattering, were observed with their

experimental setup at that time. The sun is bright, but radiates isotropically over a very broad
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range of wavelengths, which degrades the resolution of the system. Since then, various
improvements in Raman instrumentation have taken place. It was not until 1970, when lasers
became available for sample illumination, that Raman spectroscopy became popular as a
materials characterization technique.

A typical Raman spectrometer consists of four major components, as shown in Figure 3.15,
namely:

1. Excitation source (Laser)

2. Sample illumination and collection system (optical setup)

3. Wavelength selector (Monochromator)

4. Detection and processing system (Photomultiplier or CCD and PC)

Photomultiplier

Transducer/ CCD .
G S,,3=slits S, ' Nphﬁer
(2 2%y

Reflected Laser beam
\ A

Lenses  *+,

'< E‘ %x’ ESample
Sl Sy .
Scattered beam = ‘AM

Laser V

Gratings

Figure 3.15: Schematic representation of Raman spectroscopy experimental setup.

The laser produces a quasi-monochromatic light that forms a very narrow band of

frequencies. Lasers also produce this light in a small, concentrated beam that is very intense
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[Ferraro et al., 1985, and AMS Handbook, 1986]. The Photomultiplier tube (PMT) consists of a
photocathode that emits electrons when photons strike it and thus converts photons into electric
signals. The main disadvantage of the PMT is that it can be used in conjunction with the
monochromator to detect photons (different energies) one color at a time. Advancements in
Raman spectroscopy occurred when a charged coupled device (CCD) replaced the
photomultiplier. CCD detectors are a million times more sensitive than the eye and can construct
entire Raman spectra within a fraction of a second by counting all the different colors of photons
simultaneously.

The output of either type of detection system is a plot of scattered-light intensity as a
function of frequency shift (cm™) in which the shift is calculated relative to the laser line
frequency that is assigned as zero.

The choice of laser frequency in thin film characterization depends on the types of films
and substrates. Penetration depths of different laser beams of different wavelengths are
summarized in Table 3.1. Laser light with a wavelength of 488 nm, which is in the visible range,
is most commonly used. It has a reasonable depth of penetration for thin film analysis. Raman
spectroscopic analysis of the synthesized samples was performed at the Surface Enhanced

Raman Spectroscopy (SERS) laboratory at UNT.

Table 3.1: Penetration depth of different laser wavelengths in silicon and germanium.

Laser Wave Length Penetration Depth Penetration Depth

(nm) In Si (nm) In Ge (nm)
633 3000 32

514 762 19.2

488 569 19

457 313 18.7

325 ~10 9-15

244 1-5 ~7
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3.3.6 Strain Calculation of Ge,Si;.,
Considering strain, the wave number (Raman shift) associated with the phonon peaks of

Si—Si, Si—Ge and Ge—Ge within the film are related as follows [Chen et al., 2002]:

oy o =5202-62x—815c cm™ ... ... ... (3.21)
Wgy g =282.5+16x-385¢cm™ ... ... ... (3.22)
Wy o, =400.5+142x-575ccm™ ... ... ... (3.23)

where strain g1s:

aSi - ain—plane aSi - aGexSi],X
E = =
ag;

1

A
Since, the Raman shift is directly related to the strain and the percent relaxation is more

important than the actual strain, the Raman shift can be used in the following way [Buca et al.,

2006, Di et al., 2005]:

Sfully—relaxed exp erimental
x100.

% Relaxation =
@ Sfully—relaxed - Sfully—strained

Standard samples are used for the comparison with the phonon peaks from fully relaxed and

fully strained layers of Ge,Sij..
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CHAPTER 4

THERMAL OXIDATION

4.1 Introduction

Thermal annealing is a critical process used in the manufacturing of integrated circuits
(ICs). In metallurgy, annealing refers to the treatment of solids by slow furnace heating
followed by slow furnace cooling, thereby modifying the solid’s crystal structure. If the
annealing is done above the re-crystallization temperature, new crystals nucleate and grow by the
Oswald ripening process [Wilson, 1975]. Thermal annealing of semiconductors is often used to
activate implanted dopants and anneal ion-induced damage. In addition, thermal processing in
an oxidizing ambient is used to grow a vitreous SiO, layer, which plays a major role in the
fabrication of Si-based integrated circuits (ICs). These oxide layers are notably used as
interlayer insulators, capacitor dielectrics, masking layers for selected-area implantation, and as
the gate dielectric in metal-oxide-semiconductor (MOS) field-effect transistors (FET’s). In fact,

the ability to grow an oxide layer

0,/H,0

on Si with a low density of

Reaction
interface

interfacial defects is a prime reason
that Si enjoys such a preeminent
. position in microelectronics

Ge,Si,,

Thermal oxides, grown at

. . . . high t t i idizi
Fig. 4.1: Schematic illustration of oxidation process. igh temperatures in an oxidizing
ambient, lead to the formation of a

vitreous SiO, layer on Si, as
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indicated in Figure 4.1. Oxide growth occurs by the diffusion of the oxidizing specie (O, in dry
and H,O in wet ambient) through the SiO, network. At the SiO,/Si interface, it reacts with Si to
form SiO; [Frank et al., 1984] as given by the following reactions:

Si (s) + 2H,0 (g) — SiO; (s) + 2H, (g) [Wet Oxidation]

Si (s) + Oz (g) — Si0; (s) [Dry Oxidation]
Either reaction yields a unit increase in the oxide thickness during growth with the consumption
of 0.44 units of the underlying Si substrate. Also, the molar volume mismatch between the Si
and SiO; leads to a compressive strain of approximately 500 MPa in the oxide at the interface
[Holland et al., 1987, Fitch et al., 1989]. This can be relieved by visco-elastic flow within the
vitreous SiO,, and/or by the injection of silicon self-interstitials (I) from the SiO,/Si interface
into the bulk silicon or conversely the flow of the vacancies (V) in the opposite direction [Frank
et al., 1984], as illustrated with the Figure 4.1.
The basic unit of silica is a SiO4 tetrahedral

A formed by Si bonded with four oxygen atoms, as

illustrated in Figure 4.2. Thermally grown oxides

are glassy and exhibit short-range order.

Although the atomistic mechanism of oxidation at

the monolayer level is still actively studied, Deal

Fig. 4.2: lllustration of silica

structure and Grove [1965] successfully modeled the

kinetic equations of thermal oxidation using
macroscopic chemical rate equations and Fick’s
law of diffusion [Fick, 1855]. The general equations of thermal oxidation of silicon are

elaborated in the following section.
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4.2 Deal and Grove Oxidation Model

While, the growth kinetics and mechanisms of Si oxidation have been extensively studied
[Holland ef al., 1987, Fathy et al., 1987, Kobeda and Frene, 1988, Legoues et al., 1989 (a,b), and
Deal and Grove, 1965], the Deal and Grove [1965] model continues to provide the most
commonly used method for determining oxidation kinetics in Si. Their model assumes that
oxidation occurs by three simple steps including (a) transport of oxidants (O, and/or H,O) in
gaseous phase to the silicon surface where they are absorbed, (b) diffusion through the growing
oxide to the SiO,/Si interface, and (c) react with Si to form the SiO,. The following discusses

these steps and how they lead to a description of the kinetics of thermal oxidation.

Fig. 4.3: Schematic illustrating model for silicon oxidation.

(a) Gas phase transport:
The transport of oxidant from the ambient to the surface of the solid is given by
J,=h(C =C,)... ... 41)
where J; is the gas phase flux of oxidant from gaseous phase to solid surface vicinity, 4 is the
gas-phase transport coefficient, and C; and C are the concentration of the oxidant at the outer

surface of oxide and in the gas phase in the vicinity of the surface, respectfully. When J; = 0, the

49



concentration Cy = C, where C is the equilibrium concentration of oxidants in the absence of
transport through the surface. Cs (as shown in the Figure 4.3) is concentration of oxidants in gas
phase.
(b) Diffusion through oxides:

Normal Fickian diffusion [Fick, 1855] of the oxidant occurs within the oxide, yielding a

flux given by

where D is the effective diffusion coefficient, x is the thickness of the growing oxide layer, and,

oC . . ) ) ) ) )
8_ is the concentration gradient of oxidants across the oxide layer, and C; is the concentration
X

of oxidant near the silicon-oxide interface.
(c) Interfacial reaction:

The flux associated with the interfacial reaction is given simply by

where k& is the reaction rate constant of a first order flux relation. Complete reaction of all
oxidants arriving at the interface is assumed.

At steady state (when J; # 0), the relationship between these three fluxes is given by

= h(c’ —co)zD(COT_CI)zkc1 ......... (4.4)

By solving C; and Cy (the detail of which is provided in the appendix) the flux of the process can

be written as,
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J=J,=J,=J=

Now, the growth rate of oxide film, dx ;€N be describe by the following equation,

dc J
—_— = . 4.6
d N (46)

where N is the number of oxidant molecules associated with the unit volume of the oxide film.

ik kc%[

:E:1+%+%

The solution requires that the above equation must be integrated with following boundary
condition: at t = 0, x = x; ( 1.e., x; 1s the thickness of the pre-existing oxide layer and oxidation
starts with the diffusion of oxidants through the oxide layer to be consumed at the silicon-oxide

interface). Integration yields

*

where B =

=~ 1s the linear rate
N

constant. Further simplification leads to

x.” + Ax
x2+Ax:B(z‘+;]

S +Ax=B(t+7)... ... ... (4.10)
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2
x,” + Ax, . o e . L
where T =7, which corresponds to a shift in time co-ordinate due to a pre-existing

oxide layer at + = 0. Now, if only the positive solution of the above quadratic equation is
considered (since there can be no negative oxide layer thickness), we can write the oxide

thickness as a function of oxidation time as:

— A+ A* +4B(t+7)

X =

2
A t+71
== 1 S 4.11
=X ) + Ve ( )
4B
—

E 3 CG Cs :.: a‘a:a:

G ! S

o, C o, O

I o ':

H,0 H,0 o

Gas i Gas 3

Fig. 4.4: Oxidation model illustrating two extreme cases; (a) linear (b) parabolic.

Consider the following two limiting cases of Equation 4.11:
(1) During the early stages of oxidation, i.e., << A%B and% << 1, This situation, shown

schematically in Figure 4.4(a), leads the Equation 4.11 to the following simplified rate equation,
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Thus, the relationship between oxide thickness, x, and oxidation time, ¢, reduces to a linear

relation for growth of thin oxides. The combined constant, %, which does not depend upon

oxidant diffusivity, is commonly referred to as the /inear rate constant. In the linear regime, the
oxidation kinetics is not limited by oxidant diffusion through the oxide but rather by the reaction

kinetics at the oxide/Si interface.

(2) At longer oxidation times, i.e., ¢ >> A%B and also ¢ >>r, where % >>1, which makes

Ci= 0. This situation, which is shown schematically in Figure 4.4 (b), leads to the following,

Y
Al ¢
xX=—
2| 4°
4B
=>x"=Bt . .. (4.13)

Thus, the general relation between oxide thickness, x, and oxidation time, ¢, reduces to a
parabolic relation. The constant B depends upon the oxidant diffusivity and is referred to as
parabolic rate constant. In the parabolic regime, the oxidation kinetics is limited by oxidant
diffusion through the oxide, as is expected for thicker oxides.

Thus, two different regimes of growth are generally identified [Sze, 1983]; a linear

regime where ¢ << A?/4B, which leads to the relation x = %(f-l-f) and a parabolic regime
when ¢ >> 4?/4B, which gives x’ = Bt. In the linear regime, the oxide growth is limited by the
Si0,/Si interface kinetics while in the parabolic regime, the growth rate is controlled by the

diffusion of the oxidant through the oxide. The activation energy on the diffusion rate constant,

B, is dependent upon the oxidation conditions, i.e., dry, wet or steam oxidation. The interfacial
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rate constant % has activation energy similar to the energy required for breaking Si—Si bonds

and is the same for both dry and wet conditions.
In the absence of a pre-existing oxide, Equation 4.10 can be simplified with considering

the various limiting cases. Thus, the rate for 7 =0 reduces to

2
X"+ Ax=Bt  witht—0,x—0

This is an important relationship since it suggests a method for experimentally determining the

various constants such as 4 and B. A simple x vs. % plot of the experiment data yields B as the

slope and —A4 as the x-intercept (Y-axis interface).
Both oxidant diffusion and the interfacial reaction are thermally activated processes

which can be expressed by a simple Arrhenius relationship [IUPAC Goldbook definition, 1997]

Eu
; - RT
givenas B = 4e

where, E, is the activation energy, A, the pre-factor, R is the gas constant and 7 is the

temperature. So, the activation energy of the associated process can be evaluated from the

Arrhenius type plot of ln(%) as a function of inverse temperature (1/7) of the process. This

method will be used later to determine the activation energy of the interfacial reaction.
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4.3 Thermal Oxidation of Ge-ion Implanted Silicon

4.3.1. Introduction

Development of high-performance devices fabricated using novel devices/materials such
as SiGe Heterostructure Bipolar Transistor (HBT) [Dunn et al., 2003] in Strained-Silicon-on-
Insulator (SSOI) depends, in part, on a better understanding of oxidation kinetics, especially in
SiGe alloys. The dependence of the kinetics on Ge concentration, oxidation ambient and
temperature are crucial in developing processes to yield the desired oxide thickness with a low-
defect-density interface for enhanced carrier mobility and low power consumption.

Several authors have reported the dependency of the oxidation rates on impurity levels.
For example, a rate enhancement was noted [Holland ef al., 1987, Ho and Plummer, 1979,
Gotzlich et al., 1980] for thermal oxidation of heavily doped, P, Sb, Ge, while a decrease
[Josquin, 1980] in oxidation rates due to the presence of nitrogen was observed. Tételin ef al.
[1998] considered low temperature atomic-oxygen assisted oxidation of SiGe. Although
different groups have reported on the thermal oxidation of highly doped silicon [Colonna et al.,
2003] and epitaxially grown SiGe [Garrido et al., 1999, Spadafora et al., 2003, Olsen et al.,
2004], the mechanism for the kinetic enhancement in Ge-ion implanted silicon is not yet fully
resolved. For instance, LeGoues ef al. [1989] seem to attribute strain at the Si/SO, interface as
the source of the kinetic enhancement although their analysis could not account for the
differences between wet and dry oxidation.

It has previously been demonstrated [Holland et al, 1987, Fathy et al., 1987] that
implanted Ge in Si is totally rejected during oxidation by the growing oxide. This segregation of

the Ge produces a “snow-plow” effect that forms an enriched Ge layer at the Si/SiO; interface
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and enhances the oxidation kinetics in wet O, [Holland et al., 1987, Fathy et al., 1987, Terrasi et
al., 2002] and possibly in dry O,, although there is some disagreement [LeGoues et al., 1989,
Spadafora et al., 1999 and Spadafora et al., 2003]. The action of this segregated Ge on oxidation
kinetics is similar to other segregated impurities in that it affects only the interfacial rate
constant. However, it differs in that the dependence of the interfacial kinetics on the Ge-ion
concentration is a step-function: below a critical concentration of Ge at the oxide/Si interface no
enhancement is observed, while at or above this critical concentration (~80 % Ge), the interfacial
reaction is increased by a fluence-independent factor [Holland ef al, 1987]. Kinetic
enhancement and Ge accumulation at the oxide interface under wet ambient conditions at higher
fluences have been reported by other groups as well [Tételin et al., 1998, LeGoues et al., 1989].
Nevertheless, the mechanism responsible for kinetic enhancement demands further clarification
for both dry and wet conditions.

Results are presented relating to the oxidation of Ge-ion implanted Si during both wet
and dry conditions, and the role of Ge in enhancing the oxidation kinetics. One of the focuses of

this work was on the oxidation behavior for dry conditions, where ambiguous results have been
reported [LeGoues et al., 1989, Spadafora et al., 2003]. The interfacial rate constant % was
determined for different conditions to establish the effect of interfacial Ge on oxidation kinetics.
Rutherford backscattering spectrometry (RBS) was used to characterize the SiO, and the

composition of the Ge,Si;., layers to determine the oxidation kinetics and to monitor changes in

the distribution and interfacial concentration of the implanted Ge during oxidation.
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4.3.2 Experimental Procedure

In the present work, p-type Si (100) wafers with resistivities in the range of 5-15 Q-cm
were used. Some samples were prepared using singly-charged *Ge" ions at 80 keV with a
fluence of 2x10'® jons/cm®. Low-current densities (less than 1 pA/cm?) were maintained to
avoid target heating during implantations. A region was masked to retain virgin Si for
comparison. To examine the fluence dependent effects some samples were also prepared by
implanting Ge-ions with the energy of 70 keV with fluences ranging from 5x10'* ions/cm® to
2.4x10' ions/cm®. Oxidation was done in a standard quartz-tube furnace in either a dry O,
ambient or wet conditions (where O; is bubbled through deionized (DI) water held at 95 °C). All
samples were cleaned in a dilute HF solution (1:1 = 48% HF: DI water) and rinsed afterwards in
DI water. Oxidations were done between 900 — 1100 °C for different time cycles. RBS
measurements were used to determine the oxide thickness and the distribution of the implanted
germanium. Measurements were done on both implanted and unimplanted (virgin) regions of
the same sample to ensure an accurate comparison of the effects of oxidation. RBS data were
acquired using 1.5 MeV He" ions with a solid-state, surface-barrier detector, positioned at 135 to
detect backscattered He' ions.  High-depth resolution RBS was used for determining the
compositional change in Ge,Si;., layer. A computer program, SIMNRA-version 6.2, was used to
simulate the RBS spectra for various experimental conditions [Mayer, 1997, Mayer, 1999]. The
composition and thickness of the Ge,Si;., layers were determined from the simulation parameters
that yielded the best fit to the actual spectral data.

Since no effect i1s expected unless the interfacial Ge concentration is above a critical
value, samples were specifically prepared with a high surface concentration. This is important

for dry O, conditions were the interfacial reaction is the rate-limiting step for only a short period,
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i.e., for very thin oxide layers. If the critical Ge concentration is not present during this time,
then no effect is expected. The following multi-step method of sample preparation was used.
As-implanted samples were initially oxidized at 1050 °C for 1 hour to completely segregate the
implanted Ge into a layer at the oxide interface. The oxide layer was then carefully removed by
wet etching in a dilute HF-bath. The etched sample was then evaluated to determine the
composition of the segregated layer. High-depth resolution RBS determined the layer (now at
the surface) to be Sip;Geps. These samples were then used in the experiments to determine the
dry oxidation kinetics. Due to the trend of down-sizing of electronic devices, the linear regime

for growth of thin oxides was a focus of the present study.

4.3.3 Results and Discussion

The oxidation kinetics were determined using RBS to monitor the thickness of the oxide
layer as a function of oxidation conditions. RBS spectra from virgin and Ge-ion implanted
samples after wet oxidation at 900 °C for 1 hour are compared in Figure 4.5. The position of the
arrows for Si and O refers to the respective backscattering energy from these elements at the
surface. Comparison of the scattering yield from the surface oxide indicates that it is much
thicker in the implanted region than in virgin Si. This clearly demonstrates the enhancement of
the oxidation kinetics by the presence of Ge. Also, the position of the scattering peak from Ge
(located ahead of the Si scattering edge) is consistent with the Ge at the oxide/Si interface
indicating that the implanted Ge has been segregated at the interface during oxide growth. This
is seen more clearly in Figure 4.5 by movement of the Ge profile with continuing oxidation (e.g.,
5 min to 60 min). Clearly, this is the result of nearly complete segregation of Ge into the

underlying Si during oxidation.
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Fig. 4.5: RBS spectra from a virgin Si and Ge+-implanted samples comparing the
oxide thickness grown during wet oxidation at 900 °C/ 1 hr. A thicker oxide is
clearly seen on the implanted sample. An implanted sample, oxidized for only 5
min, is also shown to demonstrate how the Ge peak tracks the location of the
Si0,/Si interface as the oxidation proceeds [Hossain et al., 2005] (Reproduced
with the permission from Elsevier).

4.3.3.1 Oxidation Kinetics vs. Fluence

The dependence of the oxidation rate on implanted fluence is shown in Figure 4.6. The
figure shows that the oxidation rate is substantially affected by the Ge-ion implantation over the
entire fluence range investigated. This is not in complete agreement with the initial reports
[Holland et al., 1987, Fathy et al., 1987] of the fluence effect, which claimed that the oxidation
rate was essentially constant beyond a critical fluence, corresponding to about one monolayer of
Ge. The new data clearly demonstrates that there is nearly an exponential dependence on the

implanted fluence of Ge (as indicated by the linear dependence of the oxidation rate on fluence

on the semi-log graph.).
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Fig. 4.6: Implantation fluence vs. oxide thickness in Si (100) implanted with 70 keV Ge-
ion after wet oxidation at 900 °C for 30 min [Hossain et al., 2007] (Reproduced with the
permission from Elsevier).

Furthermore, the fluence range was chosen to span the critical thickness of the segregated
Ge layer for dislocation formation. Below the critical thickness (corresponding to a fluence of
~1x10' jons/cm?), the Ge:Si layer forms commensurately, i.e., pscudomorphically, with the
underlying Si substrate. Since the lattice parameter of Ge is about 4 % larger than Si, the
segregated layer becomes highly strained. M. Chisholm of Oak Ridge National Laboratory
(personal communication, 2002) showed that the segregated Ge films form pseudomorphically
beyond this critical thickness due possibly to the effects of the overlying oxide layer.
Nonetheless, he observed the onset of plastic deformation and relaxation beyond germanium
fluence of ~2x10'® jons/cm?. It was interesting to investigate this phenomenon above and below
the critical thickness for the onset of strain relief to determine the role of strain in oxidation
enhancement. However, the results in Figure 4.6 clearly indicate that the oxidation rate increases
with fluence in a rather smooth manner through this critical point indicating that lattice strain

does not play a role in this effect, in contrast to claims by LeGoues ef al.. [1989].
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4.3.3.2 Effects of Ge on Dry Oxidation

It should be noted that 900 °C dry oxidation of an as-implanted Si sample produced
similar snow plowing of Ge but no enhancement of the oxidation rate. This is consistent with
earlier results reported by Holland et al. [Holland et al., 1987, Fathy et al., 1987] where the

absence of an enhancement was attributed to a Ge interfacial concentration lower than the critical

value needed to “turn-on” the enhancement.
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Fig. 4.7: RBS spectra of (100) Si (prepared with a high surface concentration of Ge) after
dry oxidation at 900°, 1000° and 1100 °C for 1 hr. “Snow-plowing” of the Ge is clearly
seen in each spectrum indicating no incorporation of the Ge within the thermal oxide at
any temperature [Hossain ef al., 2005] (Reproduced with the permission from Elsevier).

Dry oxidation was further investigated in this work to determine whether or not the
absence of enhancement is due to the low Ge concentration at the interface or is related to a more
fundamental oxidation issue (e.g., the nature of the oxidant, O, for dry and H,O for wet
conditions). To this end, samples were specially prepared for the dry oxidation experiments to

have a 30 % Ge concentration at the surface (as described earlier in the experimental section).
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The following describes the method used for preparing these samples. Samples were implanted
and then oxidized in a dry O, ambient at different temperatures for 1 hour. RBS spectra from
these samples are shown in Figure 4.7. Similar to the results in Figure 4.5, the location of the Ge
peak is not fixed but is correlated to the location of the oxide/Si interface. The peak shifts to
lower energy (i.e., to deeper within the sample) as the oxide thickness increases. Next, the
composition of the segregated Ge layer after dry oxidization was determined using high-depth
resolution RBS measurements. The spectral results from the samples after the removal of the

oxides by HF solution are shown in Figure 4.8. These results show that the composition
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Fig.4.8: High depth resolution RBS spectra of samples previously shown in Figure 4.7.
Prior to analysis, the oxide layer was removed in HF to facilitate the resolution of the Ge;.
1, composition and the diffusion profile of Ge [Hossain et al., 2005] (Reproduced with
the permission from Elsevier)

of the segregated layer after an hour of dry oxidation (initially Sip;Gey3) became more Ge rich at
the low oxidation temperatures. The Ge content in the layer increased to 80 % after 900 °C

oxidation, and 34 % after oxidation at 1000 °C. The 1100 °C results indicate that the segregated
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layer is quite diffused and no longer distinct. Therefore, samples were prepared using the 1050
°C for investigation of the effects of Ge on the kinetics of dry oxidation. This preparation
ensures that a high Ge concentration is present so that the effect during the linear growth regime
could be studied.

The kinetics of dry oxidation were determined at the three different temperatures for both
implanted and virgin Si samples. The results are given in Table 4.1 expressed as the best-fit

parameters to the Deal and Grove model [Deal and Grove, 1965]. Comparison of the linear rate

constant % and the diffusion rate constant B for implanted and virgin samples at each

temperature, clearly shows that the oxidation kinetics are enhanced at both 900 °C and 1000 °C
(but not at 1100 °C). In each case, the enhancement is the result of an increase in the linear rate
constant due to the presence of Ge at the interface at or above a critical concentration (~80 % Ge
within a monolayer). This onset corresponds to the concentration at which the film becomes
more Ge-like. The results are similar to those previously reported for steam or wet oxidation, and
clearly show that the effect is present for dry conditions and may derive from a common
mechanism.

Table 4.1: Rate constants for oxidation of virgin and implanted silicon in dry ambient,
x* + Ax = B(t+ 7). (B/A' is the modified linear rate constant for implanted Si)

Oxidation B (um*/h) A(um) | A" (um) | B/A (um/h) | B/ A'(um/h)
Temperature, °C
900 0.0042 0.1287 0.0293 0.0326 0.1433
1000 0.0114 0.0874 0.0509 0.1304 0.2240
1100 0.0359 0.0743 0.0743 0.4832 0.4832

4.3.3.3 Effects of Ge during Wet Oxidation
The RBS spectra in Figure 4.9 provide a comparison of the composition of the

segregated Ge,Si;., layers in wet oxidized samples at different temperatures. The spectra were
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acquired using a scattering geometry chosen to maximize the depth resolution of the
measurements (as explained in the experimental section). A best-fit simulated spectrum is
shown for each of the different experimental conditions. The sample wet oxidized at 900 °C
results in the formation of an almost pure (~100 %) Ge film while the composition of the film

decreases to only 30 % in the sample oxidized at 1050 °C.

Oxidized at 900 C in Wet Oxygen Oxidized at 1050 C in Wet Oxygen
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Fig. 4.9: Comparison of RBS spectra acquired from Ge'-implanted Si after oxidation at
900°C and 1050°C. Compositions are determined by best-fit to simulated spectra shown

for each spectral condition [Hossain et al., 2007] (Reproduced with the permission from
Elsevier).

Figure 4.10 shows the relative kinetic behavior of Ge-implanted silicon with respect to
virgin silicon during thermal oxidation at different temperatures in wet ambient in samples
implanted with germanium fluence of 2x10'® jons/cm®. Rate enhancement was observed during
wet oxidation over the temperature ranging 900 °C to 1000 “C. The absence of an effect at higher
temperatures can be attributed to the lower Ge concentration in the segregated GeSi film. On the
graph oxide thicknesses, x, is plotted as a function of #x (¢ is the oxidation time). Best-linear-fit

trend lines are used to extract the Deal and Grove model [Deal and Grove, 1965] parameters. The
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linear and parabolic rate constants obtained from the model are presented in Table 4.2 (The

similar parameters for dry oxidation have already been introduced in Table 4.1).
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Fig. 4.10: Wet oxidation kinetics of Ge -implanted and virgin Si.

Table 4.2: Rate constants for oxidation of virgin and implanted silicon in wet
ambient; x> + Ax = B(t +r) (B/A’ is the modified linear rate constant for implanted Si).

Oxidation B (um*h) | A(um) | A'(um) | B/A (umh) | B/A'(um/h)
Temperature, °C
900 0.1620 0.5082 | 0.1868 0.3188 0.8672
950 0.2300 0.3549 | 0.1576 0.6481 1.4689
1000 0.3131 0.2615 | 0.1298 1.1973 2.4122

The rate constants summarized in Table 4.1 and 4.2 have been then used to calculate the
activation energy of the various processes under different oxidation conditions, i.e., wet vs. dry.
The results are summarized in the following figures. The uncertainties of the figures are related

to RBS results and the best-fit SIMNRA simulations, and are within + 5 %.
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Fig. 4.11: Arrhenius plots of parabolic rate constants
of virgin Si (100) for dry and wet ambient.
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Fig. 4.12: Arrhenius plots of linear rate constants of

virgin Si (100) for dry and wet ambient.

Figure 4.11 shows that the
parabolic rate constant falls with
inverse temperature during thermal
oxidation of virgin silicon as
described by the Deal and Grove
model. The slopes indicate the
activation energies for dry and wet
oxidations as 1.43 eV and 0.81 eV
The

respectively. corresponding

results reported by Deal and Grove

[1965] were 1.23 eV for dry
oxidation and 0.78 eV wet
condition. The activation energies

for diffusion of O, and H,O in fused
silica are 1.18 eV and 0.78 eV
respectively [Ghandhi, 1983]. Our
results agree favorably with the
diffusion of oxygen and H,O in
silica, and confirm that the parabolic
related to the

rate constant is

diffusion of oxidants through the

growing oxide layer. Figure 4.12 shows that logarithm of linear rate constant (/n(B/A)) also falls

with inverse temperature (1/7) at a slope of 40 kcal/mol (1.71 eV) for wet oxidation of virgin
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silicon. The corresponding slope for dry oxidation is 43 kcal/mol (1.81 eV). The results are, on
average, in a close agreement with the energy required to break a Si—Si bond (42.2 kcal/mol)
[Hess and Deal, 1977, Pauling, 1967]. This suggests that the rate limiting process associated
with the interfacial oxidation reaction is simply bond breaking. An Arrhenius plot for wet
oxidation is presented in Figure 4.13, which compares results for implanted and virgin Si. The

results clearly indicate a decrease in the linear rate constant in the implanted sample.
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Fig. 4.13: Arrhenius plots of linear rate constants of Ge-ion-implanted and virgin
Si (100) for wet oxidation.

Activation energies of linear rate constants under dry conditions are shown in Fig. 4.14.
The slope of the /n(B/4) vs. 1/T data yields a value of 27.5 kcal/mol (1.16 eV) (using a linear fit
with £10 % standard deviation). The result is in good agreement with the Ge—Ge bond energy

[Average bond-dissociation energy for Ge—Si is 36 kcal/mol (1.52 eV) and Ge—Ge is 33
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kcal/mol (1.39 eV) (extracted from the standard state enthalpy of formation (AHpeg) value)]

[Speight, 2005].
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Fig. 4.14: Arrhenius plots versus temperature from which activation energies for both virgin and
implanted silicon are derived by using the respective Deal and Grove model parameters achieved
after dry oxidation [Hossain et al., 2007] (Reproduced with the permission from Elsevier).

Comparative Arrhenius plots for implanted silicon in both dry and wet oxidation
conditions are represented in Figure 4.15. On average they resolve almost the similar amount of
activation energy, which in a close agreement with the energy required to break the Ge—Ge
bonds. As depicted in Figure 4.12, the interfacial rate constant is similar during both dry and wet
oxidation. Both results in similar slopes, i.e., require same amount of energy to activate the
oxidation reaction. Thus, it can be concluded from these experimental results that Ge-implanted
silicon oxidizes with a similar interfacial mechanism in both dry and wet atmospheres and
requires almost the same activation energy, which is related to the Ge—Ge bond energy. Of

course, oxidation occurs faster during wet rather than dry oxidation of Ge-ion implanted silicon
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similar to that found in the virgin one. This is however related to higher equilibrium

concentration of H,O that that of O, in the oxide [Deal and Grove, 1965].

4.3.3.4 Simulation of Ge Profiles during Oxidation

Lastly, Figure 4.16 and 4.17 present the results of computer simulation of the Ge
segregation process during oxidation. The simulation uses an as-implanted profile generated by
another simulation routine, SRIM [Ziegler et al., 1985]. The oxidation process is simulated
using intrinsic rates from the Deal and Grove model (i.e., no attempt was made to model the
kinetic enhancement). The details of the program are given by O. W. Holland [1989]. The
simulation data in Figure 4.16 give the interfacial concentration of Ge as a function of the oxide
thickness. This is shown for three different oxidation temperatures. Initially there is no Ge at

the interface since the as-implanted profile is peaked below the surface. As the oxidation process
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progresses, the interfacial Ge concentration increases to a maximum value. At 920 °C, a nearly
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Fig. 4.16: Computer simulation of dry oxidation
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pure Ge layer is formed at ~0.06
microns, which persists over the entire
simulated growth process. This result
strongly suggests that dry oxidation at
this temperature should produce a high-
concentration of Ge at the interface, as
was observed experimentally. At 1000
°C, the Ge concentration peaks at ~0.1
microns but decreases for thicker oxides
interdiffusion with the Si

due the

substrate, while the concentration
remains relatively low at 1100 °C for all
oxidation times. The 1000 °C results
indicate that it is possible to achieve
high Ge concentrations at the interface
for short periods of time. Again, this is
consistent with the experimental results
that showed the kinetics to be enhanced
at this temperature. Moreover, computer
simulation data for the wet oxidation

process are presented in Figure 4.17. It

is evident from the simulations for wet



oxidation between 1000 °C-1100 °C that the Ge concentration falls well below 100 %, consistent

with experimental observation.

4.3.4. Conclusions

Both dry and wet oxidation rates were enhanced over their intrinsic values in Ge-ion
implanted Si at both 900 °C and 1000 °C. The snow plowing of Ge during dry oxidation was
shown to be similar to that reported under wet conditions. Furthermore, it was determined from
the measurement of kinetic parameters that the enhancement was the result of a modified
interfacial reaction. Computer simulation of the segregation process indicated that it is possible
to achieve a high interfacial concentration of Ge at either 920 °C or 1000 °C during dry
oxidation. This suggests that enhanced oxidation rates could be achieved under appropriate
conditions. A systematic study, covering thermal oxidation over a wide range of Ge-ion fluences
also reveals that kinetic enhancement is due to changes in interfacial reactions associated with
the lower Ge—Ge binding energy. Highly Ge-rich layer formation at the reaction interface,
related to the oxidation condition, plays an important role in rate enhancement. Oxide growth
rate enhancement over virgin silicon can be achieved by proper tuning of fluence and oxidation

conditions.
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CHAPTER 5

METHODOLOGY OF SYNTHESIZING THIN-FILM GeSi: EXPERIMENTAL METHOD
AND INITIAL CONSIDERATIONS

5.1 Experimental Method and Sample Preparation

Commercially available silicon-on-insulator (SOI) wafers were used in the present study.
They were supplied by MEMC Electronic Materials Inc. with the following specifications: size-
100 mm * 5 mm; orientation-type- (100) CZ; device silicon thickness- 1899 A, uniformity- 24
A, dopant- B (p-type), resistivity- 10-20 Q-cm; and BOX thickness- 3704 A. The device side
was polished and passivated with a 490 A oxide layer. Some properties were unspecified, e.g.,
BOX thickness uniformity, surface roughness, dislocation density, BOX defects (pipe defects),
HF defects, and surface metals, which can be important parameters [Chediak et al., 2002] for
certain applications. The processing steps involved in the synthesis of a thin GeSi film are
schematically illustrated in Figure 5.1. The wafers were initially treated with a dilute HF
solution to remove the protective layer or native oxides, and then implanted with 70 keV Ge-
ions. SRIM/TRIM simulations were done prior to implantation to determine various parameters
(e.g. ion range). Fluences ranging from 1x10" to 2x10'” jons/cm” were chosen in accordance
with the targeted GeySijx film thicknesses. Implantation initially produces a very dilute GeSi
solution within the implanted volume with a peak concentration at the projected ion range.

Subsequently, the dilute GeSi solution is processed by thermal oxidation to form a highly
enriched GeSi layer on the underlying buried oxide, i.e., BOX. Oxidation was done in a standard
quartz-tube under either dry O, conditions or wet conditions achieved by bubbling O, gas
through deionized water at ~95 °C. The oxidation kinetics, previously discussed, were used to

determine the necessary oxidation conditions to achieve this enrichment. Since the device Si
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75

was vendor specified as ~1899 A, an oxide thickness of ~4200 A is required to consume all of
the Si so that only a pure Ge film is left on top of the BOX, (since 0.44 nm of Si is consume for
every nanometer of Si0O,). Kinetic data of the thermal oxidation of Ge-implanted Si (100) at
900 °C in wet ambient is shown in Figure 5.2 with a fitted curve (using the Deal and Grove
These oxidation conditions were considered optimal since both simulation and
experimental data, as discussed in Chapter 4, indicated that wet thermal oxidation at 900 °C

yields a nearly 100 % Ge film at the reaction interface. The circled data points, corresponding to




this targeted oxide thickness, indicate that 92 min. oxidation is required to remove all of the Si
from the top layer. At different stages of sample preparation and analysis, dilute HF solution

(1:1 = DI water: 48 % HF) was used to etch off this surface oxides to expose the segregated

Ge,Sip film.
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Fig. 5.2: Kinetic data of the thermal oxidation of Ge -implanted Si (100) at 900 °C in wet
ambient expressed as a function of both t/x and t.

5.2 Process Monitoring and Control

At different stages of sample preparation and thin film synthesis ion beam

characterization techniques were used for process monitoring.

5.2.1 Crystallinity of the Ge-rich Layer

The crystallinity of the segregated Ge-rich layer was investigated by the ion channeling
technique. Channeled vs. random spectra are compared along both <100> and <110> axial
directions after thermal oxidation of Ge-ion implanted silicon. The oxide layer was however

removed with a dilute HF treatment before channeling analysis. Figure 5.3 shows the spectra
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from a sample prepared by implanting a bulk Si wafer to yield about a 5 nm Ge layer after

oxidation. The germanium fluence for this sample was 2x10'® jons/cm®. A significant drop
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Fig. 5.3: (a) Random and ion-channeled RBS spectra of GeySi; thin film on Si,
the baseline of which is magnified with (b) to show difference in channeling yield.
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(70—80 %) in the aligned yield from the substrate, i.e., channeling minima, ymin of 20-30 %,
indicates that the crystallinity of the substrate is good. However, the difference in the aligned and
random Ge yield is not nearly so large. This could indicate that the segregated Ge film is quite
defective, although this is not consistent with inspection by electron microscopy that showed the
layer to be a defect-free, single crystal. Alternatively, the first several monolayers of a single-
crystal target are largely visible to the ion beam during channeling due to surface reconstruction
and thermal vibrations [Chu et al., 1978]. Therefore, the channeling yield from very thin films is
not expected to be as reduced as in a bulk crystal. To more clearly distinguish the difference in
backscattered yield from Ge-rich layer, the scale in Figure 5.3 () is magnified and the results
shown in Figure 5.3(b). It is somewhat disappointing that the channeling minima, 7y, iS not

lower than ~95 %.
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Fig. 5.4: Random and ion-channeled RBS spectra of a thicker Ge,Sijx thin film along
simulated results illustrating a crystalline and aligned Gey.95Sig o5 film-on-SOI.
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However, a thicker film was synthesized by implanting Ge at a higher fluence, i.e.,
2x10" jons/cm’, into SIMOX type SOI to better understand the previous channeling results.
Channeling results along <100> from this sample are compared in Figure 5.4 to the random
yield- both experimental and simulated using the computer code SIMNRA [Mayer, 1997]. It can
be seen that the simulation has resolved a Ge-rich layer of Gej9sSip s with the thickness of 31
nm on SOI. A channeling minimum, ¥ min, 0f 0.29 is observed from the GeSi film indicating that
the segregated thin film is of very good crystalline quality.

The quality of as-received SIMOX wafers was also examined to determine its quality and
to confirm the vendor’s specifications. RBS spectra from such samples are shown in Figure 5.5
for wafers received from one of the vendors. As it was mentioned earlier, during the process of
SOI preparation by the SIMOX method, O -implanted silicon is annealed at about 1250 °C in an
argon atmosphere with about 5 % oxygen for several hours. A thick layer of silicon dioxide is

formed during this process, in addition to the development of a buried oxide (BOX).
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Fig. 5.5: RBS spectrum along with simulation on a SIMOX type SOI wafer as-
received from a vendor (University Wafers).
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As seen in Figure 5.5, the as-received SOI has a thick layer of thermal oxide (~7000 A)
as a top layer. Thus, the samples were cleaned and etched using a diluted HF solution [1:1 =48
% HF: DI (deionized) water] followed by rinsing with DI water to remove any impurities and/or
surface oxides. The samples were then analyzed to examine the quality of the device silicon, as

well as the buried oxide (BOX) interface. Channeled vs. random RBS spectra of SOI wafer
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Fig. 5.6: Random vs. channeled RBS spectra of SOI wafers; (a) and (b) represents two
different vendors.
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from two different vendors are shown with Figure 5.6 (a) and (b). Figure 5.6 (a) represents
sample from University Wafers, and Figure 5.6 (b) represent SIMOX from MEMC Electronic
Materials Inc. supplied to Motorola Inc. The spectra indicate that, the device layer is of a much
higher quality in the MEMC material since the channeling minimum, ymin , of this layer is ~7 %,
which is lower than in the other vendor’s wafer, Also, the interfacial region between the device
layer and the BOX is much more distinct in the MEMC material. This is seen from comparison
of the scattering yield from the regions near the front and back oxide interfaces. It is clear the
increase in the scattering yield (between Si and SiO,) occurs much more rapidly in the MEMC
samples. This indicates that the two interfaces in the wafers from University Wafers are either
very rough or not distinct. As a result the SIMOX supplied by MEMC Inc. was chosen as the

substrate for our present study.
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CHAPTER 6

THIN FILM SEGREGATION

6.1 Results and Discussion

While the process of fabricating a thin GeSi film on SiO, is simple in theory, it can be a
very difficult process to control. In particular, the removal of Si from the device layer by
oxidation is a simple process; it must be controlled precisely to ensure that all of the Si is
removed without overdriving the process leading to damage of the almost pure Ge film.

A step-by-step segregation routine has been established to achieve a reproducible and
controllable process for producing a GeSi thin film on insulator (GOI) wafer. As discussed in

the previous chapter, the kinetic data indicates that wet oxidation at 900 “C for an hour and thirty
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Fig. 6.1: (@) RBS and a simulated spectrum of Ge-rich thin film on insulator with 10-20 nm
of device Si in-between (b) illustration of process steps to facilitate a better understanding
of the experimental and simulated spectrum.
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minutes is required to consume all of the Si within the device layer. Thus, samples were
analyzed by Rutherford backscattering spectroscopy (RBS) at frequent intervals during the
oxidation cycle starting with an oxidation time of 1 hr and 25 min. Thereafter, samples were
oxidized using a slightly longer thermal cycle, i.e., a few minutes, and then analyzed. Results
from some of the analyzed sample will be discussed.

A spectrum and SIMNRA [Mayer, 1997] simulation are shown in Figure 6.1 from a
sample that was oxidized for 1 hr and 25 min. Prior to analysis the thermally-grown oxide was
removed by dilute HF solution (represented by the peeled off thermal oxide in Fig 6.1(b)). The
best-fit simulation spectrum indicated that the area under the Ge peak corresponded to 1.3x10'
ions/cm®. However, there remains about 10 nm of Si in the device layer underneath the Ge. This

is seen from the scattering peak from this Si layer located near the scattering from the front of the

Energy, keV Energy, keV
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
T T T T T T T 1000 T T T % T T T T
Handle Si 0 Device Si Ge
3000 —+—RBS Data | /
— Simulation
2000 - )
= G = 5004 —=— RBS Data 4
2 Device Si ¢ 2 —— Simulation
P e e S e jA >
11000
‘ A ] ik
0 T T T 0

s ¢ T T T
200 400 600 H 200 400 600

Channel Number Channel Number

Fig. 6.2: RBS and simulated spectra of Ge-rich thin film on insulator with ~3nm of device Si
in-between.

Figure 6.2 represents a sample which was oxidized for 1 hr and 30 min. Best-fit
simulation shows a pure layer of Ge thin film was formed during the segregation process. The

magnified section of the spectrum, however, shows that about 3 nm of Si remains behind the Ge
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layer. This silicon with tensile stress (as it is suggested by the results of Raman spectroscopy,
which are discussed separately) can be a good source of strain silicon-on-insulator (SSOI).
Keeping that topic aside for future study, the objective of the present work is to consume the

device silicon as thermal oxide to achieve Ge-on-insulator (GOI).
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Fig. 6.3: RBS and simulated spectra of Ge-rich thin film on insulator without any sign of
device Si in-between.

Figure 6.3 represents another sample with a few additional minutes in the oxidation
furnace. RBS data does not indicate any evidence of having device silicon. Simulated spectra
show a very good fit with a germanium thin film of 2.6 nm in thickness on insulator.

Some samples were oxidized a little longer and the effects were explored. Figure 6.4
represents a sample which was oxidized a few minutes longer than the sample, represented by

Figure 6.3. It can be inferred from the spectrum that much of the germanium has disappeared
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during exposure to the oxidizing ambient. GeO; is not stable, and in the presence of silicon

(from the device layer) dissociates as indicated by the following reaction:

GeO, + Si — Si0, + Ge

GeO; has a similar structure with that of SiO, with a boiling point of 1200 °C. If no silicon is
present then GeO, can undergo the following reactions:

1/2GeO, +1/2Ge(s) >GeO(s) ->GeO(g)
which accounts for the loss of Ge when it is exposed to the oxidizing ambient in the absence of a
Si underlayer.

The process will be more apparent with the experiments and discussion
mentioned in the following chapters.

The critical thickness for a stable Ge-rich layer is ~2 nm according to the Matthews-

Blakeslee’s [1974] equilibrium model. Thus, the film synthesized from Ge-ion implanted SOI at
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Fig. 6.4: RBS and simulated spectra of Ge-rich thin film on insulator which had the same

initial dose as the sample with Figure 6.1-6.4. Significant Ge evaporation was noticed as GeO.

a dose of 1.3x10'® ions/cm” slightly exceeds the stable region. As a part of the study for the
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formation of pseudomorphic and relaxed GeSi:Si heterostructures, GOI was prepared with the
germanium film thickness near the stable region using a Ge implantation fluence of 2x10'°
ions/cm®. RBS spectra are shown in Figure 6.5 at different stages in the fabrication process. The
as-oxidized spectrum in the figure indicates that germanium was completely harvested and made
a sandwich layer between oxides. A sample at the identical stage of the fabrication process was
analyzed with cross sectional scanning electron microscopy (SEM) and the results are discussed

separately.
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Fig. 6.5: RBS spectrum as analyzed at different stages of SGOI/GOI fabrication.

Best-fit SIMNRA [Mayer, 1997] simulation is separately shown with the RBS spectrum
of the HF treated sample with Figure 6.6. Simulation showed that the Ge thin film was 4.2 nm in

thickness without any evidence of residual silicon. The experimental conditions used for the
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simulation were as follows: beam 4He,

energy 1.503 MeV, beam incident angle 10°, exit angle
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Fig. 6.6: RBS and simulated spectra of Ge-rich thin film on insulator with no sign of device Si
in-between; initial dose was 2x 10'® jons/cm?.

film.

55°, scattering angle 135" and detector resolution was 6 keV. RBS resolution with such a
situation is better than 2 nm for pure silicon as if it stays as device silicon behind the germanium

The process steps thereby lead to the fabrication of Ge,Sij., on insulator, the strain

relaxation and morphology of which films are discussed with the subsequent chapters.
6.2 Reference

Matthews, J. W., Blakeslee, A. E., J. Cryst. Growth (Netherlands), 27 (1974) 118

Mayer, M., SIMNRA User's Guide, Report IPP 9/113, Max-Planck-Institut fiir Plasmaphysik,
Garching, Germany (1997)
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CHAPTER 7

STRAIN RELAXATION

7.1 Theoretical Consideration

The relaxation of strained layer has been studied by different groups [Moran et al., 1999,
Moran et al., 2000, and Hobart ef al., 2000]. Relaxation, in general, occurs plastically by surface
roughening or the generation of misfit dislocations, which can lead to the formation of threading
segments that penetrate to the free surface. Since threading dislocations, which originate from
the misfits and penetrate through the film, can significantly degrade the opto-electrical properties
of the material, research has focused on managing mismatch strain without dislocation
generation. A. F. Vyatkin [2006] provided a summery of other groups’ efforts including
Matthews and Blakeslee’s model [Matthews and Blakeslee, 1974] and described the role of point
defects in SiGe thin film relaxation. According to Matthews and Blakeslee [1974], threading
dislocation glide is affected by interactions of point defects with the dislocation core motion,
which can inhibit glide. Point defects can also increase the probability of dislocation climb over
glide, since climb requires either the addition or removal of atoms at the edge of the dislocation.
Therefore, stress relaxation may occur through the formation of misfit dislocations but without
the formation of threading dislocations.

To facilitate the present discussion, the previously shown graph (Figure 2.10) comparing
the critical thickness as a function of germanium concentration in the Ge,Si;.,/Si system is
repeated in Figure 7.1, where the black line with square symbol represents of the Matthews and
Blakeslee equilibrium model and the red line with circular symbol represents the trend of

experimental results of Douglas J. Paul [2004] in growing Ge,Si;,, on Si(100) at 550 °C by
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molecular beam epitaxy (MBE). The regime above the theoretically calculated and the

experimental determined thickness is usually known as metastable regime. Robert Hull [1995]
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Fig. 7.1: Graphical representation of Matthews and Blakeslee’s critical thickness
of  pseudomorphic Si;—Ge, layers as a function of germanium fraction
comparing to experimental results.

proposed that the discrepancy between theory and the low temperature experimental observation
of critical thickness is related to the kinetic barrier associated with relaxation. Even though the
measurement in some instance depends on the limits for detecting a low density of dislocations,

the extent of the metastable regime depends mostly on the following regions:
i. Growth temperature: a lower growth temperature can lead to sluggish relaxation

kinetics since the relaxation is a thermally activated process with required energy >>

kT.

ii. Growth rate: a higher growth rate can delay relaxation since the sample spends less

time at higher temperature.
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iii. Strain: misfit dislocation initiation and propagation rate usually increases with
increasing strain.

iv. Interface orientation: smothers difference means wider regime.

v. Peierls barrier [Peierls, 1940] or Peierls-Nabarro stress [Nabarro, 1947], which is the
activation energy required for moving a dislocation in an otherwise perfect crystal

[Hull and Bacon, 2001]: The resistance to dislocation movement is related to inter-

atomic barrier height i.e., the force between the atoms in the dislocation core. Si

happens to have a relatively higher Peierls barrier and, as a consequence, the higher
the Ge concentration in Ge,Si;., the lower the resistance for dislocation movement.

As in any thermally activated process, dislocation motion must overcome an energy
barrier to be active. The effective stress, which is the difference between lattice mismatch stress
and restoring stress from the created misfit dislocation, is the driving energy for the process of
energy accommodation. Dodson and Tsao [1987] demonstrated that the formation of a coherent
metastable strain layer can be explained simply by a standard description of dislocation
dynamics. In any event, the effective stress is the driving force for misfit dislocation
development and motion. For a thickness up to the critical value, the effective stress is negative
and, above this value, the increasing effective stress makes dislocation formation energetically
more favorable. Due to an initial sluggishness of the relaxation kinetics, a slightly thicker
strained layer can coexist as demonstrated by different research groups [Paul, 2004, Dodson and
Tsao, 1987], the example of which is illustrated with Figure 7.1 as well.

The 4 % lattice mismatch between Si and Ge is accommodated in heteroepitaxial growth
by biaxial strain in the Ge film, which is equivalent to about 8 % of volume change as calculated

below (Calculation parameters are illustrated with Figure 7.2.):
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V= alzaz, where a) is the in-plane (strained) lattice parameter and a, is the out-of-plane lattice
constant of Ge, so that AV/Aa=2 a; a; = AV =2 a; a)Aa.
Now, volume strain is AV/V=2 a; a,Aa / a12a2= 2Aa/ a; =2 x 0.04 = 0.08, = 8 %,

where Aa = | a; — a, | and the Si-Ge lattice mismatch = | a; — a» |/ a; = 0.04.

GeSi Strained GeSi
v v v

. T
=) -
v \! e

Si Side View (out of plane)

Fig. 7.2: Schematics of strain associated with lattice parameter in GeSi:Si heterostructure
illustrating change in in-plane and out-of-plane lattice parameter.

Thus, the introduction of ~8 % vacancy concentration is required to fully relax a 4 % biaxially
strained germanium layer. Some of the relaxation techniques are introduced before explaining

the integrated partial relaxation phenomenon observed during the fabrication process.

7.1.1 Ion Irradiation
The injection of vacancies into a film by ion irradiation is a well-understood
phenomenon. During ion radiation or ion implantation the energetic ion collides with the host

atoms and, if any collision transfers enough energy above the corresponding displacement
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energy, a vacancy (an empty lattice site left behind when a recoil atom leaves its original
position) is formed. All displacement does not create vacancies because some of those
(statistically about 30 %) are recovered by replacement collision. Vacancy productions are

associated with sputtering, interstitials creation, and transferring the atoms to the next layer (for
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out of the film. Ge in a Si:Ge:Si0O, heterostructure

by 80 keV Ge-ions

Fig. 7.3: Schematics and simulated results of ion irradiation.

the present substrate materials, sinking into the buried oxide layer).

Preliminary investigations demonstrated that the introduction of vacancies within the
device layer after initial oxidation could lead to the formation of an almost completely relaxed
GeSi film on Si0,. The injection of vacancies was done by high-energy implantations with Ge-
ions with a range well within the BOX. Just as oxidation results in the transport of Ge by
segregation, it appears that the ion-induced vacancies were similarly transported by the growing
oxide interface. Thus, after oxidation under optimal conditions to remove all of the Si from the
device layer, both the Ge and ion-injected vacancies remained. The vacancies appeared to

provide the necessary open volume within the film to fully relax the elastic strain.
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The process of ion-induced relaxation is illustrated in Figure 7.3. Of course, the critical
part of the relaxation process is the use of a SOI substrate, which not only allows the Ge-rich
film but also the injected vacancies to be transported to the buried oxide interface during thermal
oxidation of the superficial Si layer. Relaxation of the segregated film is then achieved by
injection of vacancies to provide sufficient open volume within the lattice to accommodate the
compressive strain. Vacancy injection is demonstrated schematically in Fig. 7.3(a), which shows
the interaction of an ion with a target atom resulting in the formation of a vacancy. Simulation
of the ion-atom interaction in solids was done with the SRIM computer code. The simulated
structure is shown in Fig. 7.3(b). As discussed earlier, this code tracks the interstitial transport in
the solid within ion cascades, and as such can be used to determine the vacancy injection rate.
Simulation results showing the excessive vacancies within a Ge film within Si:Ge:SiO,
heterostructure is shown in Figure 7.3(b). The data denoted as Ge atoms gives the depth
dependent change in the atomic density of Ge. It can be seen that there is substantial loss of Ge
from the film (i.e., vacancy injection) through out the film with a greater loss near the interfacial
boundary. It is this injection of open volume that provides the driving force for a compressively
strained layer to relax. The critical dose necessary for full relaxation of strained Ge-layer, x
(ions/cm?), is therefore given as:

x = 8 %x film thickness (ions/cm?) x % vacancy/ion.

7.1.2 Sputtering
An alternative method of achieving relaxation in highly strained thin-films involves
sputtering, a type of etching technique where the atoms from the surface or near-surface are

sputtered out by transfer of momentum from the ion. Sputtering is a purely physical mechanism
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unlike chemical processes. The various parameters that controls sputtering rate are the radio
frequency (RF) power, the distance between the electrodes, sputtering pressure etc. It does not
require ultrahigh vacuum and thin film thickness can be well controlled.

Sputtering can occur during ion implantation as well. During collision if a target atom is
given energy greater than the surface binding energy (SBE) of that target, the atom may be
sputtered (provided the leaving atom still retains the energy normal to the surface greater than
the SBE). Heat of sublimation is commonly used to estimate the surface binding energy (SBE) of
an atom to a surface and is known only for a few materials. Typical values are: 4.46 eV for Ni,
3.52 eV for Cu, 3.91 eV for Pd, 2.97 eV for Ag, 5.86 eV for Pt and 3.80 eV for Au [Ziegler et

al., 1985].

P —— A Sputtering, especially RF

sputtering can be used to etch almost all

Ar Plasma type of materials like  metal,

AI'JED\ Sguttered atom semiconductors, and insulators. This is a
. 4

Cathode quick and cost effect way of introducing

A1r~:I

point defects at or near the surface. It

Vacuum \
Pump requires only 1x10° to 1x10™ Torr

_ ' _ ' pressure to create and maintain plasma
Fig. 7.4: Schematics of sputtering basics.
for sputtering. Argon (Ar) is the mostly
used gas for making plasma to knock out target atoms for introducing point defects. A schematic
of the sputtering system with its essential components is illustrated with Figure 7.4. For a

compressively strained thin film of a mono layer to a few mono layers of thickness, sputtering

can be used effectively as a method to induce relaxation of mismatch strain. As the mechanism
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is illustrated with the 1-D example (in Figure 7.5) in which a strained, closed-packed row of
atoms is sputtered and a single vacancy is injected. Only slight atomic rearrangements are

required thereafter to relax the atomic row.

v

0000 o000
Sputtering

Strained Relaxed

Fig. 7.5: One dimensional illustration of strain relaxation by sputtering.

7.2 Results and Discussion

Figure 7.6 represents the results of the Raman spectroscopy, which was used to
characterize the strain in the thin film. A monochromatic laser with 488 nm in wavelength was
used to excite the samples. There are four Raman active modes are present in Ge,Si;.,/Si system,

namely (i) Ge—Ge mode (i1) Si—Ge mode and (iii) Si—Si mode from SiGe, and (iv) Si—Si mode
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500 Ge-OI(900C-1.55h-HF) Ge-OI(900C-1.55h-HF)
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700 ‘

i
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Fig. 7.6: Raman spectra of SGOI and GOI layers along with those of bulk Ge and Si.
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from the substrate. As is seen from the spectra, the close proximity of the Ge—Ge peak to the
bulk Ge peak indicates partial relaxation of the film. A strain calculation by using the equation,

given earlier as @, , = 282.5+16x —385¢ cm™ [Chen et al., 2002], yields a value of less than

1 % indicating substantial relaxation. Additionally, the 1.5 cm™ Raman shift towards the relaxed
state of the specific sample which was kept a few minutes longer in the oxidation furnace
indicates that the relaxation process is an integrated part of the fabrication process. Before
getting into the discussion on relaxation processes, the other important feature that the spectra
resolved was the existence of Raman modes of Si—Ge and Si—Si from thin films. The
disappearance of Si—Ge and Si—Si modes in some samples (as revealed in Figure 7.6) at some
stage of thin film synthesis indicates that a pure Ge layer on insulator (GOI) was formed. A
similar disappearance of the Si—Ge and Si—Si modes in Raman spectrum was noticed by the
Takagi group in Japan [Nakaharai et al., 2003] during the final stages of fabricating GOI by a
Ge-condensation technique. The details of the stages have already been discussed in Chapter 6,
along with RBS data and SIMNRA simulations.

Two different mechanisms to account for the spontaneous relaxation of the Ge film
during segregation (i.e., as observed by Raman spectroscopy) are discussed in the following.
These include (i) the evaporation of Ge atoms, and (if) compliant substrate: Si (device)-SiO,
(BOX) interface roughness in SIMOX.

(7) The evaporation of Ge atoms

During oxidation of the implanted SOI, snow-plowed Ge enriches in concentration within
a very small volume with its surface exposed to the oxidant. This may encourage the formation
of GeO, which is volatile. At the later stages of oxidation, when little or no Si is present within

the reaction volume, the reactions
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%GeOg + %Ge(s) —GeO(s) = GeO(g) instead of GeO, + Si — Si0O, + Ge

will lead to the loss of germanium from the film. The activation energy or the enthalpy of the

reaction GeO(s) — GeO(g) is 62 kcal/mol [Pauleau and Remy, 1975], which is only favorable

when the Si supply is insufficient. The phenomenon is illustrated schematically with Figure 7.7.

o, Ge
0, /
Thermal oxide 0)
2
GeOT «— — GeO1
o, BOX 0,
Si

Fig. 7.7: Illustration of Ge-evaporation.

The Ge-rich layer is magnified for
illustration  purpose but the
exposed area, which depends on
the thickness of the Ge,Sij., is on
the  order of  nanometers.
Evaporated Ge atoms leave enough
free spaces to the thin film for

relaxation.

In order to gain evidence to

support the Ge-evaporation phenomenon, a series of experiments were performed by oxidizing

the exposed Ge-rich Ge,Si,., thin films. To distinguish or to ensure that the Ge loss is not related

to the oxide loss during HF treatment, the oxidized samples are analyzed before such etching.

The results are presented with the Figures 7.8 to 7.11. The ROI (region of interest) integral

(2—p) of Ge-peak was shown to be reduced significantly during oxidation of the exposed Ge-rich

layer. The loss of Ge was noticed at a temperature as low as 800 “C. A similar observation was

made by Ishikawa et al. [1999] during their investigation into the fabrication of SiGe-on-

insulator by the SIMOX technique. Noticing the effect of Ge loss during thermal oxidation from

the exposed Ge-rich layer Di ef al. [2005] used a Si cap layer before stating the Ge condensation

process (as SOI/Si/SiGe/Si1 sandwiches). However, Ge can still be lost even when the surface or
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capping oxide is not removed. Little or no Ge is lost during oxidation as long as the surface

oxide layer remains intact (if oxidation does not persist beyond the critical point where all of the

Si within the device layer is consumed). Beyond this point, Ge loss is observed. This is
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Fig: 7.8 (a): Sample: Ge-implanted on SOI with doses 1x10'® ions/cm?, then wet oxidized
at 900 °C for 45 min +HF treated. After RBS analysis, sample is wet oxidized for 3 min at
800 °C and analyzed again; (b) is for the same figure with (@) with base line magnified.
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Fig. 7.9: (a): Sample: Ge-implated on SOI with doses 1x10'° ions/cm®, then wet oxidized
at 900 °C for 45 min + HF treated. After RBS analysis, sample is wet oxidized for 4 min at
900 °C and analyzed again; (b) is for the same figure with (a) with base line magnified.

demonstrated with the RBS results in Figure 7.11. This figure is identical to Figure 6.4 and is

repeated here to demonstrate the loss of Ge that occurs beyond the critical point. It is clear that
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most, if not all, of the Ge can be lost due to formation of GeO(g) during oxidation. At the same

time, the amount of exposure during oxidation can be utilized as beneficial tool for stimulating

thin film relaxation through Ge loss rather than formation of misfit dislocations.
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Fig. 7.10: Sample implanted on SOI with 5x10'° Ge ions/cm?, is then wet oxidized at 900 °C
for 45 min + HF treated. After RBS analysis, sample is wet oxidized for 3 min at 900 °C.
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Fig. 7.11: RBS and simulated spectra demonstrating a significant Ge evaporation as noticed
during over oxidation even with cap oxide layer on (same as Figure 6.4).
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(i) Compliant substrate and interface roughness

In SIMOX, the Si/BOX interface is rough and acts as a better compliant substrate for
relaxed Ge,Si., thin films without forming dislocations. As different groups [Moran et al., 1999,
Yamanaka et al., 2006] demonstrated a rough growth surface promoting strain relaxation without
dislocation deformation, Yamanaka et a/ [2006] demonstrated the formation of a strained-relaxed
SiGe thin film by growing on a previously ion irradiated silicon. Si-ion implantation may
promote relaxation of the MBE-grown film by injection of point defects into the growth substrate
and/or by roughening of its surface (due to sputtering). The rough interface of SIMOX type SOI
makes the Ge,Si;., thin films relax by partial strain accommodation by plastic deformation at the
interface. The morphological evidence will be revealed with the cross sectional microscopy, the
results of which are discussed in the following chapter. The effect of substrate roughening and
film relaxation was demonstrated by different groups (Eaglesham and Hull, [1995] with Ge/Si
epitaxy, and Peale et al. [1995] with f-FeSi,/Si epitaxy). The presence of higher surface
roughness and dislocation densities than Unibond [Chediak ef al., 2002] makes SIMOX a better

starting material for the present study of fabricating partially strain-relaxed Ge,Si;.,-on-insulator.
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CHAPTER 8

MORPHOLOGY OF THE THIN GeSi FILM

8.1 General Microscopy Principles
Imaging is necessary to study the morphology and structure of synthesized thin films.
The choice of an imaging technique is limited by the required resolution. Rayleigh criterion of

light microscope defines the resolution, 6, as follows [ Williams and Carter, 1996];

where A is wavelength of the radiation, u is the refractive index of the view medium and f is the
collection of the magnifying lens. For a specific experimental setup x and f remains the same,
so the resolution, the smallest distance between two points that can be resolved, is proportional
to the wave length of the radiation. The wavelength of visible light varies between 400 to 700
nm, which limits the resolution of optical microscopy to the hundreds of nanometer range (e.g.,
300 nm resolution for green light with the wavelength of 550 nm). On the other hand, high-
energy electrons can have a very narrow wavelength. Based on de Broglie’s concept of wave

particle duality, the wavelength, 4, can be related with the particle’s momentum, p, as follows;

A= (8.2)

where /4 is Plank’s constant. An electron accelerated by an electrostatic potential, V, gains

kinetic energy equal to the potential energy as; eV = m,*/2, and momentum, p, given by;

where m, is the rest mass of the electron and v is the velocity. The electron wavelength thereby

changes with accelerating voltage as,
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Equation 8.4 and 8.1 infer that higher resolution can be achieved by applying higher accelerating
voltage. However, the exact relationship between wavelength and electron energy can differ
because the accelerated electron velocity reaches the relativistic region at higher potential drop.
After performing appropriate transformation by considering the relativistic rest mass of the

electron, the momentum expression turns into the following form:

For instance, an electron beam of 100 keV has a wavelength of 0.0037 nm, which makes electron
microscopy superior to optical microscopy in materials characterization. In addition to optical
observation of the thin film, scanning electron microscopy (SEM) was used in the present study.

For a better understanding, a brief description of SEM is given in the following.

8.1.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a characterization technique where a high-energy
electron beam is scanned across the surface to produce a high-resolution image of the sample
surface. In case of a typical SEM, electrons emitted from a cathode filament are extracted and

accelerated with an energy ranging from a few keV to 100 keV. The electrons are then focused
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into a beam with a spot size of a few nanometers and scanned in a raster fashion across the area
of interest on the sample surface. Electrons interact with sample surface though scattering
events. Low energy (<50 eV) secondary electrons generated from the sample are collected and
detected by a scintillator-photomultiplier which converts the electron energy into light then back
into electrical signal to produce an ordinary SEM digital image. The detector is positively biased
to attract the low energy secondary electrons. Since a steeper surface will emit a higher number
of secondary electrons, a SEM image has three dimensional effects with a very high resolution (1
nm or less are possible).

During beam-sample interactions some electrons elastically scatter backward or reflect
and are detected with an Everhart-Thornley detector [Everhart and Thornley, 1960]. The
energies of the backscattered electrons are usually high and are sensitive to the atomic number of
the target elements. Images are generated in the similar fashion with the aid of a scintillator.
Bright areas in the image represent the location of heavier elements. An annular type detector
can be used to improve the resolution by detecting electrons scattered through larger angles. The
detector is negatively biased which repels low energy secondary electrons thereby only
backscattered electrons are detected. Goldstein et al. [2003] provides a good reference for
further study on SEM.

Even though the resolution is somewhat limited compared to transmission electron
microscopy (TEM) (which is a competitive technique of thin film analysis), SEM possesses a
number of advantages. Sample preparation for the SEM is relatively easy, which reduces the
overall sample analysis time significantly. SEM can also be used to image a comparatively large
area of the sample for compositional and morphological variation. Even though TEM has some

advantages, it poses some specific disadvantages, e.g., sample preparation is especially a tedious
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process which makes this TEM analysis very time consuming. Moreover, sample preparation,
including thinning, can destroy or change the structural properties of the sample to be analyzed.
Since a tiny part of a system is used and magnified to analyze in the nanoscale, the outcome of
the analysis might not represent the entire sample. Nevertheless, the merit of a characterization
technique depends upon specific applications and requirements as determined by the research
project. SEM sample analysis was performed at the Samuel Roberts Noble Electron Microscopy

Laboratory of the University of Oklahoma.

8.2 Results and Discussion

Microscopic analysis was performed with the help of Homer L. Dodge Department of
Physics and Astronomy of the University of Oklahoma. In general, the samples analyzed could
be divided into two categories, e.g., a highly-enriched Ge-rich film on SiO, layer either (i)
exposed by HF etching or (i7) with the thermal oxide cap. Category (i) samples were used to
investigate the surface morphology and compositional distribution, whereas type (i) samples
were cleaved for cross-sectional analysis.

Figure 8.1 represents a sample with type (i) with Ge,Si; (x =1) exposed so that the
surface morphology of the Ge-rich layer is revealed. From the plane-view SEM image, it can be
inferred that the surface of the synthesized Ge layer is very smooth. A side-by-side comparison
of the compositional-sensitive, backscattered electron images indicates no compositional
variations. Therefore, the surface morphology is consistent with a smooth thin-film without

compositional variations.
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) (b) Backscattered EM Image
(a) Ordinary SEM Image (Composition sensitive)
Remarks: No compositional variation

Fig. 8.1: Plane-view SEM images of the Ge-rich layer.

Figure 8.2 shows cross-sectional images from a type (i7) sample, where the SiO,/Ge,Si;.,/Si0,/Si

interfaces are visible. Magnified, cross-sectional SEM images of the interfacial region are also

Ge-rich film

Out side th 1
Out side the sample ELss sa.mp =

1210),¢

Si substrate Si substrate

ERECK a0kx

Ordinary SEM Image Backscattered EM Image (BEM)
(Composition sensitive)

Fig. 8.2: Cross sectional SEM images showing Si0,/Ge,Si;.,/Si0, /Si interfaces. BEM image
shows that Ge is harvested at the thermal oxide-BOX interface by thermal oxidation.
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shown in Figure 8.3. Each SEM image is accompanied by a composition-sensitive backscattered
electron microscopy (BEM) image. The last set of images was resolved with higher
magnification. Each of the cross-sectional SEM images indicates that the various interfaces are

atomically sharp and planar.

Brighter: Ge-rich

Grown Thermal Oxide Grown Thermal Oxide

Ordinary SEM Image Backscattered EM Image
(Composition sensitive)

Fig. 8.3: Cross sectional SEM images showing Si0,/Ge,S1,.,/S10; interfaces with higher
magnification. Brighter line at thermal oxide-BOX interface represents Ge-rich layer.

Lastly, the undulation of the segregated thin film is investigated in Figure 8.4, where
magnified cross sectional SEM is presented. This waviness is related to the BOX uniformity at
the interface (between the top silicon layer and the buried oxide of SOI), at which the Ge,Sij.,
thin film is segregated. In the figure, a slightly exaggerated zigzag line is superimposed on the
image to delineate these undulations within the Ge film. This interfacial roughness of SIMOX

has some positive effects on the thin film relaxation (the detail of which is discussed already in

107



the previous chapter) but at the same time limits the thinness to which a continuous Ge-on-

insulator can be attained.

Interface boundary at which Ge segregates
(A line is drawn on top of cross-sectional
SEM image to clarify the uneven interface)

P — L

(b) Schematic illustration of interface
region

(a) Ordinary SEM image

Fig. 8.4: Illustration of undulating (due to interfacial roughness of SIMOX.) continuous
Ge film at the thermal oxide-BOX interface.
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CHAPTER 9

CONCLUSIONS

Results of an investigation into the thermal oxidation of Ge-implanted Si were presented
in this thesis. Not only are the results significant in their own right, but they serve as the basis
for development of a unique process of synthesizing a thin Ge,Si;., film on SiO, for use as a
compliant substrate for growing lattice mismatched films.

Thermal oxidation of a Ge-implanted Si wafer was shown to segregate the Ge at the
growing interface into a distinct layer. This layer was commensurate with the underlying Si and
formed pseudomorphically for an ion fluence < 2x10'® jons/cm? after which it relaxed by the
formation of misfit dislocations. The composition of this GeSi layer depended upon the
oxidation conditions ranging from nearly 100 % Ge for wet oxidation at 900 °C to 30 % Ge at
1050 °C. The presence of a high concentration of Ge at the growing interface was shown to
significantly enhance the oxidation kinetics. In particular, this occurred only if the concentration
of Ge was above ~80 %, but it also was shown to depend upon the thickness of the segregated
film. This phenomenon was investigated over an implantation fluence ranging to 2x10"
ions/cm?, and the oxidation kinetics were shown to increase over the entire fluence range. Thus,
it was clearly demonstrated that the strain state of the segregated film was not related to the
enhancement effect. Also, the enhancement in the growth kinetics was shown to be a result of an
increase in the reaction kinetics at the growth interface, which was correlated to the Ge—Ge bond
energy. While it was readily shown that the enhancement occurred during wet oxidation,

oxidation under dry conditions was, for the first time, demonstrated. The activation energy of
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the interfacial reaction was measured under both wet and dry conditions and shown to be the

same, indicating a common mechanism for enhanced oxidation.

L.

iii.

.

VI

The oxidation results are summarized as follows:
Implanted Ge in Si is totally rejected by the growing thermal oxides during both dry
and wet oxidation conditions.
The concentration of the Ge-rich layer at the interface depends on the kinetic
competition between the growth of oxides and the diffusion of Ge into silicon.
At or above a critical concentration (~80 % Ge within a monolayer), the interfacial
reaction is increased by a fluence-independent factor. This corresponds to the
concentration at which the film becomes more Ge-like.
Interfacial oxidation reaction was modified by the presence of Ge and was enhanced
due to the weaker Ge—Ge and Ge—Si bonds than that of Si—Si.
Oxidation of Ge'-implanted silicon can also be modeled as “Deal and Grove” and can
be used for computer simulation.
Ge segregation produces a “snow-plow” effect that forms an enriched Ge layer at the
Si/Si0; interface and enhances the oxidation kinetics in wet and in dry ambient under
appropriate conditions.

A methodology for forming a compliant substrate based upon a thin Ge film on a visco-

elastic oxide was also presented. The process steps involve the oxidation of a Ge-ion implanted

SOI wafer formed by a SIMOX technique followed by thermal oxidation. Application of these

steps was shown to result in the desired heterostructure, i.e. Ge/Si0,/Si. Process sensitivity was

identified near the point during oxidation where all of the Si within the device layer of the SOI is
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consumed. Without any underlying Si, the encapsulated Ge layer can be volatilized by the
following reaction:

GeO; + Si — Si0; + Ge, followed by %GeOz + %Ge —GeO (s)

Solid germanium monoxide (GeO(s)) is volatile and is easily evaporated in its gaseous form
(GeO(g)). It was shown that this effect could be beneficial since Ge loss may be responsible for
strain relaxation within the film. Alternatively, it was suggested that the relaxation could also
happen due to surface roughening. Such roughening can, sometimes, lead to the formation of
pinholes within the film at longer oxidation times.

Thus, a process was demonstrated for forming a partially relaxed Ge film on oxide for
consideration as a compliant substrate. More work is needed to better understand the relaxation
process, as well as the film roughening. However, the process is sufficiently developed to

provide wafers to evaluate its potential as a compliant substrate.
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APPENDIX

DEAL AND GROVE OXIDATION MODEL
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During oxidation of silicon, oxidants (O, and/or H,O) are transported in the gaseous

phase to the silicon surface where they

are absorbed and diffuse through the
growing oxide layer to meet fresh

silicon. The process (as illustrated

with Figure Al) involves the three

distinct steps [Deal and Grove, 1965]

represented by the following flux

equations:

(a) Gas phase transport:

where J; is the gas phase flux of oxidant from gaseous phase to solid surface vicinity, 4 is the
gas-phase transport coefficient, Cy and Cs are the concentration of the oxidant at the outer
surface of oxide and in the gas phase respectfully. At J; = 0, Cy = C* where C" is the

equilibrium concentration of oxidants in absence of their transport through the surface.

(b) Diffusion through oxides:

which is Fick’s law [Fick, 1855] with an effective diffusion coefficient D. The thickness of the

growing oxide layer is expressed by x, the concentration gradient of oxidants across the oxide
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oC . e : o . .
layer by . (assuming steady state diffusion and a linear gradient in the oxidant concentration),
X

and the concentration of oxidant near the silicon-oxide interface is given by C;.

(c) Reaction rate at the oxide-silicon interface:

where £ is the reaction rate constant of a first order flux relation. Complete reaction of all
oxidants arriving at the interface is assumed.

At steady state (and (when J; # 0), the flux through the sample is expressed as

:h@ﬂ{w=DE£iﬁ—

X
To relate the oxidation rate from the flux of oxidant from the ambient, we need to solve for
C() and C 1.

Starting from J; = J5, i.e., from the Equation (A.4)

h(c*_co):Dw
X
sc-c,=2c-2c
xh xh
:QQ=QQ+Q—€
xh xh
xh xh
:>C1 :CO +BCO—BC ......... (AS)

Now, putting this value of C; into the second part, i.e. J, = J; we get,
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(C‘)_CO_)/C)}IC )Zlcj h h
D k(C +22¢, —x—cj
X D D
= —hC, +hC" = kC, + k"hc —%c

=C (h+k+@jzc*(h+ﬁj
D D

s 155
=C,=C" C'| ——~L=—|...... .. (A.6)
ks RN 1k R
Similarly we get,
. 1
C,=C|———F— ... ... ... (A7)

In a diffusion controlled process when %x —0,C; > 0and Cy —C" and the flux of the process

can be written as,

dx_J
dt N

where N is the number of oxidant molecule associated with unit volume of oxide film.

& kC7
1k

= dx+ k7 dv + K/ v = kC/ dt oo (A.10)
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To get the solution, the above equation must be integrated with following boundary condition:
Att =0, x = x; (1i.e., x; s the thickness of the pre-existing oxide layer and oxidation starts with

the diffusion of oxidants through the oxide layer to be consumed at the silicon-oxide interface)

= [k b= [

0

= x> + 2D(% + %)x = 2Dc%vt +x”+ 2D(%C + %}({
Let, 2D(% + %)E A and ZDC%\, =B

=X+ Ax=Bt+x” + Ax,... ... ... (A.11)
X2 —X X—X
= L=t A.12
B B/ A ( )
where, B = is the parabolic rate constant and B_ ¢ = Ck is the linear rate
A N(y +y) N
k= /h
constant.
=x’ +Ax:B[t+ % +Axi}
=>x’+Ax=B(t+7)... ... ... (A.13)

Ax.

2
letting T = 7, which is the shift in time coordinate in oxidation kinetics due to the pre-

existing oxide layer.
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Now, taking only the positive solution (since there is no possibility of having negative
oxide layer thickness) of the above quadratic equation we can write the oxide thickness as a

function of oxidation time as:

—A+JA* +4B(t+7) 4 . JA® +4B(t+7)

=X = =
2 2 2

=_£+\/w Z\/(A—2+B(t+T)J—£
2 4 4 2

J(A_(lwa_)jjﬁé\/(leé
4 A? 2 2 A? 2

A

Al (4> +4B@+7) 4B Al || 4gTEFD

eIt |y ) e i et il e
o

Now, lets consider two limiting cases:

During the early stages of oxidation with smaller oxidation time, i.e., ¢ << A where
g y stag 4B

% << 1 (the situation is schematically illustrated with Figure A2(a)) the Equation (A.14)

reduces to;
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So, the general relation between oxide thickness, x, and oxidation time, ¢, reduces to a linear

relation. The combined constant % can thereby be referred as /inear rate constant.

For longer oxidation times, i.e., ¢ >> A%B and also ¢ >> 7, where % >>1, (the

situation is schematically illustrated with Figure A2 (b)),

—_—

G o
0. Ok
H,0 o
Gas

—

J

Fig. A2: Oxidation model illustrating two extreme cases; (a) linear (b) parabolic.

)
~Al_t
T2 A
Vs
=>x"=Bt....... (A.16)

So, the general relation between oxide thickness, x, and oxidation time, ¢, reduces to a parabolic

relation. The constant B can thereby be referred as parabolic rate constant.
Reference

Deal, B.E., Grove, A. S., J. Appl. Phys. 36 (1965) 3770

Fick, A., Phil. Mag. 10 (1855) 30

118



