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Abstract

As complementary metal-oxide-semiconductor field-effect transistors (MOSFETs)
scale, strained Si and SiGe technology have received more attention as a means of
enhancing performance via improved carrier mobility. One of the biggest challenges for
strained Si and SiGe technology is Si-Ge interdiffusion during thermal processing.

Two different aspects of Si-Ge interdiffusion are explored in this work. The first
part of this work demonstrates that Si-Ge interdiffusion and ion implantation damage
during the fabrication of strained Si MOSFETs have significant impact on electron
mobility and thus device performance. Long channel n-MOSFETs with different thermal
processing and implant conditions were fabricated on both CZ Si wafers and strained
Si/relaxed SipgGep, heterostructures. In order to avoid scattering by ionized dopant
impurities, neutral Si and Ge were implanted into the channel at six different doses
ranging from 4 x 10'” ecm™ to 1 x 10" atoms/cm’. It is shown that the mobility
enhancement factor is degraded by RTA and ion implantation. For each RTA condition,
there is a threshold implantation dose, above which the strained Si mobility starts to
degrade significantly. The degradation is larger for devices with higher thermal budgets
or implantation doses. Si-Ge interdiffusion at the strained Si/relaxed SipsGey, interface
was found to be the major mobility degradation mechanism for devices with higher
thermal budget, while for devices with lower thermal budget, residual ion implantation

damage in the strained Si channel is considered to be the key degradation mechanism.



Two-dimensional simulations are performed to generate as-implanted damage profiles of
30-nm scale MOSFETs. By comparing the 2D damage profiles with those generated by
Si blanket implants, it is shown that 30-nm p-MOSFETs are more likely to suffer from
mobility degradation than n-MOSFETs.

The second part of this work, which is the main focus of this thesis, systematically
investigated the Si-Ge interdiffusivity in epitaxial strained Si/Si1.yGey/strained Si/relaxed
Si1.4Gey and strained Si/relaxed SiiyGey heterostructures for Ge fractions between 0 and
0.56 over the temperature range of 770 — 920 °C. Based on the interdiffusivity extracted
from experiments, an analytic model was established for interdiffusion simulation. To the
best of our knowledge, this work is the most complete study of Si-Ge interdiffusion and
modeling to date.

Boltzmann-Matano analysis was applied to extract interdiffusivity from the
diffused Ge profiles of strained Si/relaxed Siy.xoGexo heterostructures. A model for the
interdiffusivity suitable for use in the process simulator TSUPREM-4 was formulated. Si-
Ge interdiffusivity was found to increase by 2.2X for every 10% increase in Ge fraction
for interdiffusion under relaxed strain. Significantly enhanced Si-Ge interdiffusion was
observed in Sii.yGey layers under biaxial compressive strain. Si-Ge interdiffusivity was
found to increase by 4.4X for every 0.42% increase in the magnitude of compressive
strain, which is equivalent to 10% decrease in the substrate Ge fraction Xo. These results
were incorporated into an interdiffusion model that successfully predicts the
interdiffusion of various SiGe heterostructures. Examples of the impact of interdiffusion

on device design and process integration issues were given.
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CHAPTER 1 Introduction

Semiconductor devices have been the basis for the electronics industry for several
decades, and the silicon metal oxide semiconductor field effect transistor (Si MOSFET)
is the most important of such devices. The continued scaling and the performance
improvement of Si CMOS are behind the advancement of many electronic products, such
as computers, cell phones, etc. However, physical limitations and processing difficulties
are making MOSFET scaling more difficult. Many “technology boosters” have been
proposed to extract more performance from scaled CMOS, such as the use of high-k gate
dielectric materials, metal gate, multi-gate design, vertical structure, and ultra-thin body
silicon-on-insulator (SOI). Another option to enhance the performance of CMOS is to
use high mobility channel materials such as strained Si, SiGe, Ge and compound
semiconductors. Strained Si is the first high mobility channel material that is widely used
in industry. SiGe and Ge channel materials offer the potential for even higher mobility,
and are now actively being researched for the next generation of enhanced mobility
MOSFETs.

Apart from applications in MOSFETs, the SiGe and Ge-on-Si platforms are also
attractive for use in a wide variety of electronic and optoelectronic devices. The most
important example is the SiGe heterojunction bipolar transistor (HBT) for
telecommunications, where SiGe is used to increase the operation frequency. Other
examples are in the area of Si based microphotonics, where SiGe and Ge are utilized to
build photodetectors and modulators for high speed telecommunications and on-chip

interconnects. Low concentration SiGe (< 10%) is also used in solar cells to expand the
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absorption spectrum of sunlight to achieve higher efficiency. Figure 1-1 below shows the
number of SiGe papers published in one of the largest electronic device conferences, the
International Electron Devices Meeting (IEDM), since 1999. For each IEDM, there are
about 250 to 300 papers. There is a clear trend of increasing research effort in SiGe and

Ge devices, especially in MOS applications.
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Figure 1-1 The number of papers published in SiGeand Ge area at |[EDM since 1999 for various
devices.

The advantages of using SiGe and Ge are multifold. First, as discussed above, SiGe
and Ge have higher carrier mobility than Si, which provides a way to boost MOSFET
performance. Secondly, Ge is highly compatible with Si compared with all other
semiconductors. As a close relative to Si in the periodic table, Ge is completely miscible
with Si, and Ge in the Si lattice is neutral. Ge has the same diamond lattice structure as Si
with a 4.2% larger lattice constant at 300 K, and can be epitaxially grown on top of Si.

Ge has an indirect bandgap of 0.66 eV at 300 K. These properties provide extra freedom
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for strain and bandgap engineering in SiGe devices for electronic and optical
applications. The last and the most important advantage is that Ge can be integrated using
Si fabrication equipment with relatively few process modifications, which makes SiGe
technology economically favorable compared with other high mobility materials, such as
those in the III-V family.

However, using SiGe and Ge in Si structures does bring some challenges to process
integration. Critical challenges include high quality epitaxial growth, Si-Ge interdiffusion
during thermal processing and implant damage annealing. In this work, the primary focus
is on the issue of Si-Ge interdiffusion including its impact on carrier mobility,

interdiffusivity extraction and modeling and simulation.

1.1 Strained Si and SiGe CMOS Technology
1.1.1 Process-induced Strain and Global Strain by Epitaxy

To date, two different approaches are being used to introduce strain in Si MOSFET
channels to improve transport properties. The first method, which is already to be
implemented in manufacturing, uses process-induced strain, where strain is introduced on
a local scale by fabrication steps. In these techniques, uniaxial strain is most commonly
used. The stressors include high stress nitride liners [1, 2], embedded SiGe source and
drain (e-SiGe) [3] as shown in Figure 1-1, shallow trench isolation (STI) [4] and stress
memorization. The process-induced strain is now widely used in industry, and is the
major performance booster in 90 nm node and beyond. The advantages of this method are
its relatively low-cost, low defect density and the use of uniaxial strain, which provides
more performance improvement for p-MOSFETs than biaxial strain. One character for

process-induced strain is that it depends on device geometry, which makes it work better
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for scaled devices, but at the same time adds complexity to process optimization and

circuit design.

Figure 1-2 Cross section TEM image of an Intel 90 nm node p-MOSFET with SiGe source/drain.
Figure courtesy of Dick James at Chipworks. [5].

The second approach is to introduce global biaxial strain by epitaxial growth of
lattice mismatched layers such as strained Si on top of relaxed SiGe virtual substrate.
This method was used in the discovery and early research on strain engineering for
CMOS applications. Although this method has the disadvantage of higher dislocation
density and higher cost, it has several advantages which are especially suitable for some
types of applications and for research. One advantage is that global strain doesn’t depend
on device geometry, so a large amount of strain with well-known magnitude and
character can be introduced in the channel. This makes it much easier to clarify the
dependence of device performance on strain. Another advantage is that epitaxy allows
bandgap engineering for carrier confinement. Epitaxial structures are also better for the
study of strain, bandgap, and integration issues, as the strain and material properties of

epitaxial structures are uniform in plane, and easier to model than three dimensional (3D)
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process-induced strain. Finally, epitaxially grown heterostructures can be used to
introduce new channel materials such as SiGe and Ge, which offer larger mobility
enhancements than can be obtained with strain in Si alone. Based on these considerations
and available facilities, epitaxial grown heterostructures are used in this work to study
process integration issues of strained Si and SiGe.

In terms of mobility for these two methods, Uchida et al. compared the biaxial and
uniaxial strain effects on carrier mobility in bulk and ultra-thin body (UTB) MOSFETs
using externally applied mechanical stress [6]. This work demonstrated that in bulk n-
MOSFETs, electron mobility enhancement is stronger in the order of biaxial tensile,
<100> uniaxial tensile, and <l10> uniaxial tensile strains, and that in bulk p-MOSFETs,
hole mobility enhancement iS stronger in the order of <110> uniaxial compressive, <100>
uniaxial compressive, and biaxial tensile strains. It is also demonstrated that uniaxial
strain is effective to enhance both electron and hole mobility in UTB MOSFETs with Si
thickness down to at least 2.5 nm and that biaxial tensile strain is also effective to
enhance electron mobility in UTB MOSFETs with thickness of Si layer less than 5 nm. It
was shown that subband structure engineering in UTB MOSFETs can cooperate with
strain engineering to further enhance mobility.

Due to reasons stated above, this thesis work focuses on epitaxial heterostructures

with biaxial strain, which are introduced in the next section.

1.1.2 Heterostructure Based Enhanced Mobility MOSFETSs

Biaxial tensile strain is shown to enhance electron mobility up to 1.8X for n-MOS
[7], while biaxial compressive strain together with high Ge concentration in the channel

is shown to enhance hole mobility by up to 10X [8, 9, 10]. Various structures are
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proposed for high mobility channel MOSFETs, examples of which are surface-channel
strained Si MOSFETs, strained Si directly on insulator (SSDOI) [11], dual-channel,
heterostructure on insulator (HOI) [12] and SiGe-on-insulator (SGOI) MOSFETs [13,14].
All of these are based on the epitaxial (epi) growth of Si;xGe/strained Si
heterostructures. In order to understand the epitaxial growth, a strained Si MOSFET,
which is the structure used in the study of ion implantation and thermal processing
impacts on mobility enhancement as discussed in Chapter 2, is taken as an example.

A relaxed Si;xGey layer is used as the virtual substrate of the strained Si MOSFET.
The lattice constant of pure Ge is larger than that of Si by 4.2%. Thus, the Si;<Gex
virtual substrate has a larger lattice constant than the equilibrium lattice constant of Si.
When a thin Si layer is epitaxially grown on a relaxed Si;Gex layer, the lattice of Si
accommodates the larger lattice of the Si;«Gex below. Therefore, tensile stain is
introduced into the Si channel. Figure 1-3 shows the epitaxial heterostructure of strained

Si on a relaxed Si;..Ge, substrate.
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Figure 1-3 The epitaxial heterostructure of strained Si on arelaxed Si;.,Ge, substrate.
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Figure 1-4 shows the structure of a long channel surface strained Si n-MOSFET on
top relaxed SipsGey, virtual substrate. The relaxed SipsGey, layer is epitaxially grown
on a graded relaxed Si;Gey buffer layer, which is capped by a strained Si layer. The
graded Si;.<Gey buffer layer is formed by increasing the Ge content from 0% to 20% over
a thickness of 2 pm. The graded buffer layer is used to reduce the threading dislocation
density in the relaxed SipgGep, cap and the strained Si channel. Utilizing the graded
buffer technology, the threading dislocation density in the relaxed SiysGeo, layer can be
reduced to 10° cm™, which is sufficient for the operation of Si MOSFETs [15]. Without
the buffer layer, the relaxed Si;9sGeo, layer would have a very high threading dislocation

density, on the order of 10°~10'"" cm™.
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Figure 1-4 The structure of along channel surface strained Si n-M OSFET.

In the past few years, in order to obtain higher hole mobility enhancement and
scalability, more structures have been proposed using compressive, Ge-rich SiGe and/or

on-insulator structures. Heterostructure on insulator (HOI) structures have been proposed
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by Aberg et al. HOI uses strained Si layer as the electron channel and compressively
stained SiGe as the hole channel (see Figure 1-5 (a)). The entire heterostructure is about
100 A thick and is on insulator for scalability. The structure that holds the record high
hole mobility enhancement is a bulk dual-channel MOSFET with Ge fraction y = 1.0 and
xo = 0.5 [10] as shown in Figure 1-5 (b).

One major process integration issue for these high Ge structures is that Si-Ge
interdiffusion at Si/SiGe or Si/Ge interfaces causes mobility degradation due to loss of
bandgap confinement, higher alloy scattering and poor interface quality due to
interdiffusion. The interdiffusion can also be a problem for next generations of nanometer
scale MOSFETs using embedded S/D (shown in Figure 1-2), where higher Ge fraction
SiGe is used in the S/D regions at shorter channel length. Si-Ge interdiffusion behavior

and modeling is the major focus of this thesis, which is addressed in Chapter 3 and 4.
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Figure 1-5 Structures of (a) heterostructure on insulator (HOI) and (b) heterostructure on bulk (also
called “dual-channel”) MOSFETSs.

1.1.3 Mobility Enhancement
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The main advantage of strained Si and SiGe MOSFETs is the enhancement in the
carrier mobility and thus the current drive over unstrained Si MOSFETs. J. Welser first
reported 1.8X electron mobility enhancement in strained Si n-MOSFETs [16, 17]. K.
Rim et al. reported a 1.8X enhancement in hole mobility in strained Si p-MOSFETSs on
Sip.71Geg 29 substrates over those on SiggoGeg 1o substrates [18]. A 75% enhancement in
electron mobility over the universal mobility of unstrained Si n-MOSFETs and an
increased transconductance were seen in deep submicron in strained Si n-MOSFETs [7].
Several research groups have obtained similar enhancement factors for electron mobility.
Figure 1-6 shows the electron mobility of a strained Si MOSFET fabricated by K. Rim et
al and the universal mobility of an unstrained Si MOSFET by Takagi et al. at room
temperature and 77 K [7,19]. Electron mobility is enhanced over the temperature range

from 77 to 300 K.
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Figure 1-6 Effective electron mobility of unstrained S MOSFETsin ref [19] (red lines) and strained
Si MOSFETsin ref [7] (black lines) at 300K and 77 K.
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Figure 1-7 shows the electron mobility enhancement factors vs. Ge fraction in biaxial
strained Si MOSFETs measured by different research groups [20,21,22,23]. At room
temperature and in the normal MOSFET operating Ees range, electron mobility is
dominated by phonon scattering. Peak electron mobility enhancements measured in
uniformly doped devices saturate near a mobility enhancement factor of 1.8 for strained
Si with substrate Ge content above 20%. This agrees with calculations of the impact of
strain on the phonon-limited MOS electron mobility [24].

While biaxial strained Si n-MOSFETs display electron mobility enhancements over a
wide Eg range, the hole mobility in biaxial strained Si p-MOSFETs is improved
primarily at low Ee (< 1 MV/ecm). The enhancement ratio r approaches 1 at Eg ~ 1
MV/cm for p-MOSFETs with substrate Ge fractions below 30%, as shown by Rim’s data
[25] in Figure 1-8. A better approach to achieve higher hole mobility is to use uniaxial
strain (as shown in Figure 1-2), or higher Ge fraction under compressive strain in dual-
channel structures (as shown by the data of Lee [10], Leitz [8], and Jung [9] in Figure 1-
8). The record high hole enhancement factor was obtained by M. L. Lee, et al. from 4 nm

strained Si/ 12 nm compressive Ge on relaxed SipsGeg s [10], as seen in Figure 1-8.
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Figure 1-8 Comparison of hole mobility ratios in strained Si and dual-channel p-MOSFETSs as a
function of vertical effective field, E«. Figure courtesy of |. Aberg. Thecitationsfor Lee, Leitz, Jung,
Ghani, Rim and Takagi arereferences 10, 8, 9, 3, 25 and 19 respectively.

Theoretical study shows that biaxial tensile strain in the Si layers grown on

relaxed Si;.xGey splits the 6-fold degeneracy in the Si conduction band [26, 27] as shown
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in Figure 1-9. The 2-fold degenerate valleys with smaller in-plane mass A, are
preferentially populated. Intervalley phonon scattering and the effective mass of
electrons for in-plane transport are reduced, which improves the electron mobility at low
and intermediate Egr. At high Eef, however, there are controversies about why the
electron mobility is enhanced by strain, since the electron confinement by the inversion-
potential at the SiO,-Si interface lifts the 6-fold degeneracy by an amount similar in

magnitude to the strain effect [28].
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Figure 1-9 Conduction band energy splitting in strained Si.

1.2 Direction and Organization of Thesis

As enhancing the mobility has become an important technology booster for 90 nm
node and beyond, it is important to understand the impact of processing factors such as
ion implantation and thermal annealing on the mobility enhancement. Si-Ge
interdiffusion during thermal processing is one of the major integration issues for SiGe

high mobility devices, which is still not well understood. The motivation of this thesis is
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to address these issues by investigating the process integration and process physics of ion
implantation and Si-Ge interdiffusion in enhanced mobility MOSFETs.

The first part of this work demonstrated that Si-Ge interdiffusion and ion
implantation damage during the fabrication of strained Si n-MOSFETs have significant
impact on electron mobility and thus device performance, which is discussed in Chapter
2. The second part of this work, which is also the major part, was a systematic
investigation of the Si-Ge interdiffusion behavior in epitaxial strained Si/Si;.yGey/strained
Si/relaxed Si;Geyx and strained Si/relaxed Sii.xGey heterostructures for Ge fractions
between 0 and 0.56 over the temperature range of 770 — 920 °C. An analytical model for
interdiffusion simulation is established based on experiments. The interdiffusion study is
discussed in Chapter 3 and Chapter 4 in detail. Chapter 5 provides a summary and

suggestions for future work.

1.3 Chapter Summary

In this chapter, strained Si, SiGe and Ge enhanced mobility MOSFETs were
introduced. Process-introduced strain and global strain by epitaxy were discussed,
followed by the description of various heterostructures for enhanced mobility MOSFETSs
and the Si-Ge interdiffusion issue in the fabrication of these devices. Mobility
enhancement from these structures was then discussed. Finally, the motivation and

organization of this thesis was presented.
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CHAPTER 2 Impact of Thermal Processing and Ion
| mplantation on the Mobility Enhancement in Srained
S n-MOSFETs

In strained Si MOSFETs, strained Si layers are epitaxially grown on relaxed SiGe
virtual substrates. In terms of material properties such as defect density and thermal and
mechanical compatibility, relaxed SiGe virtual substrates are not as good as bulk Si
substrates. The heterostructures are generally more susceptible to thermal processing
because the strained Si layer may begin to relax to its equilibrium state during thermal
processing, if the thickness is above the critical thickness [29]. Some processing steps
such as thermal processing, ion implantation and reactive ion etching (RIE) play
important roles in strain relaxation. The latter two steps can introduce defects into the
substrates which can degrade the carrier mobility [30]. Ion implantation may also assist
strain relaxation by introducing ion implantation damage into the lattice. These effects
will result in the loss of mobility enhancement. Therefore, understanding the influence of
processing steps on the mobility is important for SiGe technology.

In this chapter, a study of the impact of thermal processing and ion implantation on
mobility enhancement in strained Si n-MOSFETs is presented. Section 2.1 contains an
introduction to Si/SiGe processing. Section 2.2 describes the experimental design and
device fabrication performed in this work. Section 2.3 discusses the -electrical
characteristics and Medici simulations. Section 2.4 describes the mobility
characterization and mobility dependence on processing conditions. Section 2.5

discusses the materials analysis and the mechanisms of mobility degradation during
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processing. Section 2.6 presents the impact on technology and Section 2.7 summarizes

this chapter.

2.1 Introduction to the Processing of Si/SiGe

2.1.1 Critical Thicknessand Strain Relaxation in Strained Si/Si;..Ge,

When a thin crystalline film is grown on a crystalline substrate with a different
equilibrium lattice constant, strain is introduced into the thin film. As long as the film is
thin enough, it will adopt the in-plane lattice constant of the substrate. The strain can be
released by breaking some of the deformed bonds, creating dislocations in the crystal
structure of the film. For this to happen, the film needs to be thicker than the critical
thickness t.i;, above which it is energetically favorable for dislocations to be present in
the film [29]. In theory, a film with thickness less than t.;; can be subjected to unlimited
thermal exposure without any relaxation of the strain by misfit dislocation formation.
The interdiffusion of the components of the alloy (Si and Ge) can also lead to strain
relaxation by a change in composition of the structure, which will be addressed in
Chapters 3 and 4. The concept of the critical thickness is important for device
fabrication, in which devices are exposed to thermal processing often at high
temperatures.  Maintaining the strain is the key to obtaining the performance
improvement in strained Si MOSFETs.

Houghton studied the critical thickness of strained Si; \Gex on unstrained Si, which is
a good starting point for estimating the critical thickness of strained Si on unstrained Si;.

xGex [31]. Figure 2-1 shows the calculated kinetically limited critical thickness for
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strained Si;.xGey/Si at various temperatures and Ge fractions. For example, the

equilibrium critical thickness for strained Sig3Ge2/Si is about 120 A.
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Figure 2-1 Calculated kinetically limited critical thickness for strained Si,.,GeJ/Si at various growth
temperatures from D. Houghton [31]. Metastable strained layers that are thicker than the critical
thickness predicted by the Matthews and Blakeslee theory [29] can be achieved by low temperature
epitaxial growth.

Samavedam et al. used the Matthews-Blakeslee (MB) energy minimization criterion
[29] to calculate the strained Si critical thickness as a function of Ge fraction in the
underlying uniform relaxed SiGe layer [32]. The calculated t was found to be about
205 A for a strained Si layer on Sigp3Geg,. In the experiments performed in that work,
etch pit density (EPD) measurements were used to characterize the misfit dislocation
density. Misfit dislocations were present for Si cap thicknesses above 110 A which were
grown at 700 °C on a SipgGep, substrate with a threading dislocation density of
10°~10%cm?. The Sip3Gep, substrates used in this work have comparable dislocation

density. Currie et al. studied the channel thickness dependence of electron mobility in
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strained Si MOSFETs on SipgGey, virtual substrate with a threading dislocation density
of ~10°/cm?, and found that strained Si layers thinner than 120 A are fully strained [22].
Therefore, the critical thickness of the strained Si/SiygGeg, in this work is estimated to be
about 110~120 A.

When the thickness of a strained Si layer is above t.;, the effective stress makes it
favorable for misfit dislocations to be present in the crystal structure. It is necessary to
overcome an initial energy to nucleate a dislocation. Thermal processing can provide
energy for dislocations to nucleate and later propagate. Particles and defects at a
heterointerface can act as dislocation nucleation centers. Each dislocation line relieves a
certain amount of strain proportional to the length of the misfit dislocation segment. The
density of misfit dislocations can be measured by selective etching of the strained Si

surface. The presence of misfit dislocations indicates the strained Si is not fully strained.

2.1.2 Strain Relaxation and Thermal Stability of Strained Si,,Ge/S

Strained Si;xGey on relaxed Si substrates has been extensively studied due to its
importance in many device structures such as the heterojunction bipolar transistor. The
strained Si;.xGey/Si system is discussed here as it is a good analogy to the strained Si/Si;.
xGey system. It provides a useful reference since the latter system is not as fully studied.
Thermal stability and strain relaxation in the strained Si layer are problems in the
processing of strained Si, since the mobility enhancement depends on the strain in the Si
layer and its stability. Two problems in the strained Si;.xGex /Si system are discussed

first.

-36 -



The thermal stability of Si;\Gey films has been studied by Houghton et al. [31] and
Matthews and Blakeslee [29] as previously mentioned (see Figure 2-1). There has been
some study of ion implantation effects and relaxation in the strained Si; Ge,/Si system.
Hull et al. found significantly enhanced strain relaxation during annealing of Si/strained
Si;.xGey/Si heterostructures via point-defects introduced by ion implantation of boron and
arsenic [33]. This enhanced strain relaxation is the result of the increased nucleation sites
introduced by ion implantation. Misar et al. studied the annealing of Si/strained Si;.
«Gey/Si after phosphorus implantation and suggested that the permanent dislocation loops
resulting from the implantation cause strain relaxation [30]. Hollander et al., using H+
and He+ implants into Si; \Gey/Si(100) heterostructures, showed implanted samples to
have much denser, irregular misfit dislocations than unimplanted samples, causing the
SiyxGey to relax [34].

2.1.3 Background on Processing I nfluence on Mobility Enhancement in
Strained S

Currie et al. have studied the effects of strain, well implantation, thermal budget and
channel thickness on the mobility of strained Si MOSFETs [22]. In that work, 13 keV
boron and 45 keV phosphorous were implanted into the Strained Si/Sip;Geos
heterostructure to a dose of 1x10'* cm™ prior to MOSFET processing. It should be noted
that this is a relatively low implant dose. After a 1000 °C 1 sec rapid thermal anneal
(RTA), the measured mobility enhancement was the same for implanted and unimplanted
devices. These results are consistent with the results of this work, in which an
implantation dose as low as 1x10'? cm™ has no effect on the mobility enhancement (see

details in section 2.4).
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Currie’s study on the thermal budget effect was conducted on NMOS and PMOS on
strained Si/Sip7Geps heterostructures without ion implantation. The RTAs were
performed at 1000 °C and 950 °C for times ranging from 1 to 30 sec. The results indicate
that the mobility enhancement factor for strained Si n-MOSFETs is reduced from 1.7 to

1.2X for an RTA of 1000 °C for 30 sec.
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Figure 2-2 Comparison between the effective mobility data of Rim and Nayfeh for strained Si n-
MOSFETson SiggGey, substrate and unstrained control devices[7], [35].

Experimental work published so far has given some evidence of the potential
influence of processing on the mobility in the strained Si MOSFETSs using conventional
fabrication processes. Different enhancement factors have been reported by Rim et al.
and Nayfeh et al. for strained n-MOSFETs on SipgGeg, substrate [7,35]. Figure 2-2
shows that at Eg =1 MV/cm, the mobility of Rim’s strained Si devices is higher than
Nayfeh’s by 20%. There are some differences between these two process flows. One is
the thermal budget. In Rim’s study, the gate oxide was grown at 800 °C and source/drain

implant annealing was 2 min at 650 °C and 15 sec at 850 °C. In Nayfeh’s process flow,
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gate oxide was grown at 800 °C and RTA was performed at 1000 °C for 1 sec. Another
difference is that Rim’s devices were in-situ doped while Nayfeh’s were doped by ion
implantation. It is possible that the higher thermal budget and ion implantation damage
introduced some mobility degradation in Nayfeh’s devices.

Even in the same process, Nayfeh et al. showed that the strained Si N-MOSFETs
with highest boron implantation dose 7 x 10" cm™ (equivalent doping 6 x 10" em™)
have lower electron mobility enhancement than devices with low doses [37]. There are
two possible reasons for this mobility degradation. One is related to defect formation and
strain relaxation due to implantation-induced lattice damage; the other is higher Coulomb
scattering due to higher dopant concentration. To investigate the impact of implantation-
induced damage on mobility, a long channel strained/bulk Si n-MOSFET process was
designed in this work. Neutral Si and Ge were implanted into the channel to introduce
damage. The channel doping was kept unchanged assuming channel dopant diffusion is
not significantly changed by the ion implantation. Therefore, the mobility degradation
due to ion implant damage is separated from the degradation due to ionized impurity
Coulomb scattering effects. UT-MARLOWE simulation was used to model the damage
profiles of Si, B and Ge in order to choose the implantation energies and doses to closely

match the damage profiles.
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2.2 Experiment Design and Fabrication
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Figure 2-3 (a) Structure of strained Si n-M OSFET s after processing. (b) Energy band alignment for
asurfacestrained Si n-M OSFET.

The structure of the strained-Si n-MOSFETs after fabrication is illustrated in Figure
2-3 (a). Relaxed SipsGeo, layers were epitaxially grown by Lee on a graded relaxed Si;.
xGey buffer layer in a UHVCVD reactor. The graded Si; xGey buffer layer was formed by
increasing the Ge content from 0 to 20% over a thickness of 2 pm. The strained Si layer
was epitaxially grown on the relaxed SipsGeo, layer. The as-grown thickness of the
strained Si layer was 18 nm. Some strained Si was consumed during the gate oxidation
and surface cleaning processes. From the CV measurement and simulation, the
remaining strained Si layer thickness is estimated to be 100 A. Figure 2-3 (b) shows the
energy band alignment of the strained Si MOSFET structure. The conduction band and
valence band in strained Si are both lower than that of relaxed Si;.1Ge,. The offsets AE¢
and AEy depend on the Ge fraction. In the case of SipgGe,, both offsets are about 125

meV.
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The strained Si layer and the Sip3Geo, layer were in-situ doped with boron in the
UHVCVD reactor. The doping level is 2.5~3 x 10"”em™. The CZ control wafers were
boron doped 1 x 10""cm™ p-type wafers. This doping difference between strained Si and
CZ control devices offsets the threshold voltage (Vy,) difference introduced by the energy
band splitting of strained Si. Therefore, the measured Vy, of the strained Si devices

matches that of the CZ control devices.

Implant Implant Dose Energy Simulated Simulated Comments
Conditions | Species (cm?) (keV) Percentage Rp(A)
Amorphization
ol Si 4x 10" 39 2.5% 160 Match the Damage of
B7x 10" cm™
10keV
@ Si 27x10° | 39 16% 240 Match the Damage of
B5x 10" cm™
10keV
(0%} Si 1x 10" 35 54% 170~280 Sub Amorphous
B2x 10" cm™
10keV
0% Si 5x 10" 30 100% 200 Amorphous
B5x 10" cm™
10keV
@5 Ge 3x 10" 30 60% 100 Match the Damage of
Si @3
@ Ge 1x10” 30 100% 200 Typical Dose for
Deep Source/Drain
As Implant

Table 2-1 Theion implantation conditions used in thiswork. The percentage amor phization and the
aver age project range (Ry) arefrom UT-MARLOWE simulation. The implantation conditions of Si

@l and @2 are chosen to match the damage profile of boron with doses 7 x 10" cm™ and 5 x 10" cm™
at 10keV.

Si and Ge were implanted into the channel before the gate stack formation. The
implant condition matrix is shown in Table 2-1. The damage profiles of the implant
conditions @l~@b are shown in Figure 2-4 and 2-5 as simulated by UT-MARLOWE. In

the UT-MARLOWE simulation, normalized interstitial concentration profiles are
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generated to represent the degree of amorphization caused by ion implantation damage.
In the simulation, a Si substrate was used to approximate the actual multilayer SiGe
substrate. It is well known that there is very little difference in the ion implant profiles
into Si vs. SiGe at the Ge contents used in this work.

First, the damage profiles were simulated for commonly used boron (7 x 10" and 5 x
10" em™ both at 10keV) and arsenic ion implantation conditions (1 x 10" at 30 keV) for
MOSFET deep source/drain or extension implantation. Then the implantation conditions
o1, @2 of Si were designed to match the damage of the boron (B) profiles, as shown in
Figure 2-4. To match the average project range (R;) of the light boron atoms implanted
at 10 keV, the implant energy of Si needs to be larger, around 30 keV. Since Ge and As
have very close atomic mass, 72.59 and 74.92 respectively, the damage profile of the Ge
implant was assumed to be a good match to that of As under the same implant conditions.
The same is true for Si and P, which have atomic masses of 28.09 and 30.97 respectively.
Other doses for Si and Ge were chosen to represent the cases in the sub-amorphous and
amorphous regime where the Si channel was highly damaged, such as @3 and @4 of Si.
Condition @5 for Ge implantation had a similar damage profile as that of @3 for Si
implantation. This was used to check whether the damage effects depend on the implant
species. In summary, the implant doses for Si range from 4 x 10'* cm™ to 5 x 10", and 3

x 10" to 1 x 10" cm™ for the Ge implants.
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Figure 2-4 Damage profilesfor Si implant doses @l to ¢4, compared to those of boron implants (doses
7 x 10® cm? and 5 x 10" cm™, both implanted at 10 keV). The profiles were simulated by UT-
MARLOWE. 100% percent amorphization is defined to correspond to an as-implanted inter stitial
concentration of 5 x 10? cm™. Theright axis shows the as-implanted interstitial concentration profile
for these implant conditions.
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Wafers with CZ Control RTA Implant Implant

Strained Si Wafers Splits Species Conditions
El CZ1 RTAI Si N|@
E2 CZ2 RTAI Si N| @3
E3 CZ3 RTAI Si ol | g
E4 RTAI Si ol | g

(no reoxidation)

E5 CZ5 RTA2 Si N| @
E6 CZ6 RTA2 Si N |3
E7 Cz7 RTA2 Si ol | g
ES CZ8 RTA3 Si ol | o4
E9 CZ9 RTA1 Ge @5
E10 CZ10 RTA1 Ge (09

Table 2-2 The experimental matrix used in this work. For wafers with S implants, there is one
implant condition on each half of the wafer, i. e,, N | ¢2 means the left half of wafer has no implant,
while the right half of the wafer is implanted with condition 2. RTAL, 2, 3 are the annealing
conditions: 1000°C for 1 sec, 1000°C for 10 sec and 950°C for 10 sec respectively.

Table 2-2 shows the wafer matrix used in this work. The wafers with epitaxial
strained Si/relaxed SipgGeo, layers are denoted as E1 to E10. The Czochralski control
wafers are denoted as CZ1 to CZ10. There are two implant conditions on each wafer for
wafers with a Si implant: one implant condition on the left half of the wafer and the other
on the right half. For example, N | ¢2 indicates that the left half of wafer has no implant,
while the right half of the wafer is implanted with condition ¢2. Photoresist was used to
protect one half of the wafer while the other half was implanted.

After the implantation, gate oxide layers were grown at 800 °C for 30 minutes in dry
oxygen ambient (the total time in furnace was approximately one hour including the
temperature ramp up and down). The gate oxide thickness was measured from 43.6 to 47

A across the boat. 1500 A polycrystalline silicon was deposited at 625°C on top of the
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gate oxide. After gate etch, reoxidation was performed at 800°C on all the wafers for 11
minutes (about 50 minutes in furnace) except wafer E4 (see Table 2-2.), which was used
to compare with wafer E3 to check the effects of reoxidation. Phosphorus of dose 5 x
10" cm™ with energy 10keV was implanted as a deep source/drain and gate implant.

In order to investigate the effects of thermal processes on damage annealing and
mobility behavior, three different rapid thermal anneals (RTAs) were used: RTA1 at
1000°C for 1 sec, RTA2 at 1000°C for 10 sec and RTA3 at 950°C for 10 sec respectively.
In total, 19 wafers were processed successfully. Table 2-2 shows the wafer matrix with
the corresponding RTA and implant conditions. After RTAs, contact cuts were
patterned. 1000 A Ti and 1 um Al were sputtered. The metal level was patterned using

wet etch. The metal was sintered at 400°C for 40 minutes in forming gas.

2.3 Electrical Characteristics and Medici Smulations
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Figure 2-6 Split C-V measurementsfor a strained Si and a bulk n-M OSFET.
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The electron mobility was extracted from I4-V, and split C-V measurements. Figure
2-6 shows the split C-V measurement of wafer E1 and wafer CZ1 on devices of size 100
x 100 umz. The gate to body capacitance (Cy,) and gate to channel capacitance (Cgc)
were measured. From the Cy curve, it is clear that there is some poly-depletion for the
devices with RTA1, which indicates that the dopants are not fully activated. The
threshold voltages (Vi) of both devices are very close. The reason is that the doping
levels of epi wafers are higher than those of CZ wafers, which cancels out the Vy, drop
for strained Si devices due to energy band differences.

The mobility was calculated using Equation 2-1 and 2-2 below. The mobility of the
devices on the same wafer with the same implant condition can be different by 10%
mainly due to processing non-uniformity. In the figures below, a comparison is made
between the different mobility curves. However, it should be noted that any difference

less than 15% is within the error of this experiment.

Eeff = (%j(anepl + bQinV)

S Equation 2-2-1

L
Her = (Wj% Equation 2-2-2
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Figure 2-7 Total capacitances Ciq VS. Vg fOr strained Si with (a) RTAL, 1000 °C for 1 sec, and (b)

RTAZ2, 1000 °C for 10 sec.

The total capacitance Ci,; was calculated as the sum of Cg, and C,.. Figure 2-7 shows

the Cior VS. Vgaie curves of the strained Si devices with different implantation conditions.

The Cy curves overlap very well, which indicates that the devices have similar channel

doping, band structures and thickness of strained Si layers. In Figure 2-7 (a), the small

plateau in the left half of Cyy is caused by the discontinuity of the valence band at the

strained Si/Sip3Geo, interface as shown in Figure 2-8 (b). The vertical position of the

plateau is determined by the thickness of the strained Si layer: the thicker the layer is, the

lower the plateau is. The plateau in Figure 2-7 (b) is more subtle than that in Figure 2-7

(a), which indicates a smeared out interface by Ge out diffusion into the strained Si layer

during RTA2 (1000 °C for 10 sec). The C-V curves can be simulated by Medici as a

means to determine the thickness of the strained Si layer.
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Figure 2-8 (a) Cy, curves smulated by Medici with different thicknesses of the strained Si layer
compared with the measured Ctot. The simulation with 100 A strained Si layer matches the
measur ed data better than that of 70 A. (b) band diagram of a strained St MOSFET in the depletion
regime. Holes are accumulated at the strained Si/ relaxed SipgGey, interface due to the band
discontinuity.

Figure 2-8 (a) shows the Cy curves simulated by Medici for different thicknesses of
the strained Si layers. The dotted curve is the simulated Cy, for devices with 100 A thick
strained Si; while the solid curve represents Cy for devices with 70 A strained Si. The
position of the small plateau is higher for the device with thinner strained Si layer. The
Ciot curve with 100 A strained Si layer matches the measured data better than that of 70
A. Figure 2-8 (b) illustrates the band discontinuity at the interface of the strained Si and
the relaxed SipgGeg, virtual substrate of the strained Si MOSFETs. The plateau of the
Chot curve is the result of this band discontinuity.

As explained in Section 2.1.1 above, it is reasonable to assume the critical thickness
of the strained Si layer on SiggGey, of this process is about 120 A. It should be noted
that it is the thickness of the strained Si layer during thermal processing which determines

the strain relaxation behavior, not the final thickness after processing. In this process, the
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starting thickness of the strained Si layer was about 180 A. During processing, the
strained Si was partially consumed by surface cleaning and oxidation. Just before the
first thermal process, gate oxidation, the strained Si layer has gone through two post-
implantation cleans and two RCA cleans. The thickness of the strained Si layer at this
point was about 130 A, close to the estimated critical thickness for strained Si on relaxed
SipsGego. It is possible that misfit dislocations nucleate and propagate during the gate
oxidation, reoxidation and RTAs. As discussed in subsequent sections, materials analysis

is required to give a detailed picture of the damage profile and the thermal processes.

2.4 Mobility Dependence on Processing Factors

Figure 2-9 shows the effective mobility curves for the strained Si devices with
different implant conditions. All the devices measured here have the same reoxidation
step. Figure 2-9 (a) shows the mobility curves for devices with RTA1 (1000 °C for 1
sec). In Figure 2-9 (a), the electron mobility for devices with no implant shows an
enhancement factor of 1.7X over the universal electron mobility by Takagi et al. at Ecf =
0.7 MV/cm. It is seen that the effective mobility degrades monotonically with increasing
implant dose. No mobility degradation is observed for Si implant doses of 4 x 10'? cm™
and 2.7 x 10" ¢cm™. For doses 1 x 10" and 5 x 10" cm'z, at Eg¢ = 0.7 MV/cm, the
enhancement factor degrades from 1.7X to 1.3X and 1.2X~1.0X (mobility range from
measurement) respectively, which implies the mobility enhancement from strain induced
energy band splitting is reduced.

Looking back at Figure 2-2, which shows 20% higher mobility from Rim’s process

than from H. Nayfeh’s process, 7 x 10"° cm™ B channel implant is used in the latter

process, which is equivalent to a Si implant doses of 4 x 10'? ¢cm™ in terms of implant
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damage. From the mobility curves in Figure 2-9 (a), devices with a Si implant dose of 4 x
10> cm™and a 1000 °C 1 sec RTA have the same mobility as those without a channel
implant. Therefore, the use of a B channel implant in Nayfeh’s process does not seem to
explain the 20% difference between the electron mobilities in Figure 2-2. Another
possibility is thermal budget difference between these two processes, which is addressed

in Section 2.5 by SIMS measurements.
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Figure 2-9 The effective mobility vs. Eg for strained Si n-MOSFETs with different implantation
conditions in the channel, for (a) devices with RTA1, 1000 °C for 1 sec, and (b) devices with RTA2,
1000 °C for 1 sec. The measurements wer e made on 100 x 100 pm? devices.

Figure 2-9 (b) shows the mobility curves for strained Si devices with RTA2 (1000 °C
for 10 sec). The mobility for devices with no implant in (b) is very close to that in (a),
which means that RTA2 without implantation doesn’t cause strain relaxation or mobility
degradation. This agrees with the observation of S. B. Samavedam et al. [33]. Based on
their work, strained Si layers are significantly resistant to plastic strain relief by misfit
dislocations during high temperature anneal. What causes the degradation is the

combination of implantation damage and higher thermal budget. For the higher thermal

-50 -



budget process shown in Figure 2-9 (b), the mobility starts to show degradation with a
dose of 2.7 x 10" cm™. The devices with implant doses 2.7 x 10", 1 x 10" and 5 x 10"
cm™ have the same mobility to within experimental error. Neutral Si atoms scattering
may also play a role in the mobility degradation [36], which can be viewed as essentially
scattering from residual defects due to the implant damage.

Comparison between Figure 2-9 (a) and (b) shows that RTA makes a significant
difference for devices with intermediate doses, e.g. 2.7 x 10" cm™® and 1 x 10'* cm™. For
higher thermal budget processing, mobility starts to degrade for devices with lower doses.
We can define a critical implant dose ¢ for a certain thermal budget, above which the
mobility degrades significantly, but the mobility enhancement still exists. From Figure 2-
9, it is seen that @, for RTA1 is in the range from 2.7 x 10" cm™ to 1 x 10", while the @.
for RTA2 is in the range from 4 x 10'> cm™ and 2.7 x 10" cm™. As the thermal budget
increases, @, decreases. The interaction of thermal processing and implant damage is
responsible for this trend.

After amorphization and during annealing, solid-phase epitaxy of Si starts at a
relatively low temperature of 500 °C [37]. The regrowth rate has an exponential
relationship with temperature. Since our first thermal step is gate oxidation at 800 °C for
an hour, solid-phase epitaxy of the amorphized layer (in the case of high implant doses)
should be completed during this step. However, the end-of-range dislocation loops will
be present after the regrowth of the amorphized Si layer. These dislocation loops can act
as scattering centers and the nucleus for the misfit dislocations to grow, which result in

strain relaxation and mobility degradation.
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Figure 2-10 shows the effect of reoxidation on mobility for strained Si wafers with
the lowest Si implant dose 4 x 10'* cm™ and the highest Si dose 5 x 10'*. The reoxidation
was performed at 800°C for about 50 minutes in furnace. The solid lines are the mobility
curves for devices without reoxidation, and the dotted lines for those with reoxidation.
Within the error bar, there is no difference between the devices with and without

reoxidation for either dose.
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Figure 2-11 shows the dependence of mobility on implant dose and RTA for CZ
control devices. In the CZ control wafers, there are no issues with strain relaxation and
Ge diffusion due to thermal processing, therefore the mobility degradation is mainly due
to ion implantation damage. Compared with the strained Si devices, the CZ control
devices have much less dependence on implantation dose and thermal budget.

Figure 2-12 compares the mobility curves of devices with the 3 RTA splits. The
comparison is made on devices with the lowest (4 x 10" cm™) and the highest (5 x 10"
cm™) Si implant doses. Compared with the strong RTA dependence seen at intermediate
doses, for doses of 4 x 10'? and 5 x 10" cm™, the RTAs used in this work do not have a
strong effect on the mobility. This is true for both strained Si and CZ MOSFETs. In
Figure 2-12 (a), the devices with 4 x 10" cm™ dose implant have the same mobility as
those without implant. This indicates that the critical doses @, for these three thermal
budgets are higher than 4 x 10'* cm™.

Figure 2-13 shows the mobility at Eg= 0.7 MV/cm for strained Si and CZ control
devices vs. implant doses for different RTAs. The comparison is performed at this
particular field to ensure that the Coulomb-scattering-limited mobility has little influence
on the total mobility, and thus the measured mobility is closer to the universal mobility

for strained Si (see Figure 2-14).
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Figure 2-12 Effective mobility vs. vertical effective field E4 for strained Si and CZ control devices
with different RTAs. The doses arethe lowest, 4 x 10" cm™ and the highest 5 x 10* cm™. RTAL, 2,3
are 1000°C for 1 sec, 1000°C for 10 sec and 950°C for 10 sec respectively.
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Figure 2-13 Effective mobility at E4=0.7 MV/cm for strained Si and CZ control devices of different
species, doses and RTA, for (a) devices with Si implant, (the equivalent boron dose is shown on the
upper x axis), and (b) deviceswith Geimplants.

It is seen in Figure 2-13 (a) that the mobility for strained Si MOSFETs starts to
degrade at a certain critical dose ¢ . This critical dose ¢ depends on the thermal

budget. For example, mobility starts to degrade at Si dose of 3 x 10"* cm™ for RTA1
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(1000 °C 1 sec), while the critical dose for Si with RTA2 (1000 °C 10 sec) is about 4 x
10> cm™. Below this critical dose, mobility degradation is negligible. As mentioned
above, the damage profiles for Si are very close to those of P. Therefore, the critical
doses for Si should be good approximations to those for P for similar thermal budgets.
The B equivalent doses in term of damage profiles are shown in Figure 2-13 (a). From
(a), the critical dose for B implanted devices with RTA1 (1000 °C 1 sec) is estimated to
be about 5 x 10", while for those with RTA2 (1000 °C 10 sec) is about 7 x 10" cm™.

It should be noticed that the critical doses & ., obtained in this work are based on the

study of neutral implant Si and Ge without considering Coulomb scattering effects by
ionized dopants. The term “equivalent dose” refers to the ion implant damage profiles.
If Coulomb effects are included, the critical dose for dopant species B, P, and As is
expected to be lower than observed here. Since the implant dose and energy determine
the as-implant damage profile as seen in Figure 2-4 and Figure 2-5, a critical dose
corresponds to a critical as-implanted damage level in the channel. Therefore the critical
doses 4 x 10" cm™ and 3 x 10" cm™ for Si implant under RTA1 and RTA2 correspond
to an as-implanted interstitial concentration of 1 to 8 x 10 ¢cm™ according to UT-
MARLOWE simulations, as shown in Figure 2-4.

Figure 2-13 (b) shows the mobility at Eq = 0.7 MV/cm for Ge implanted devices
with RTAT (1000 °C 1 sec). The critical dose for Ge and thus As with RTA1 is about 1 x
10'? cm™. The highest damage in this process is from Ge with a dose of 10'"°. From the
UT-MARLOWE simulation, the channel is completely amorphized. The mobility

extracted from Ge-damaged devices shows less degradation than that of Si implanted
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devices with lower damage levels. The mobility is higher than the universal mobility of

CZ devices, which indicates that there is still some strain left in the Si layer.

2.5 Mobility Degradation Mechanisms

Ion implantation and thermal processes are shown to degrade the mobility in strained
Si MOSFETs. Three mechanisms might be responsible for the degradation: strain
relaxation due to misfit dislocation nucleation and propagation, residual ion implantation
damage, and Ge out-diffusion into the Si cap layer. To verify the potential explanations,
materials analysis was performed. Cross section TEM was used to study the implant
damage and misfit dislocations in the layers. Secondary ion mass spectrometry (SIMS)

was used to obtain Ge diffusion profiles.

i

Figure 2-14 Cross section TEM micrographsfor strained Si deviceswith RTA1 (1000 °C for 1 sec)
and Si implants, for (a) deviceswith no implant, and (b) deviceswith Si implant &4 (dose 5 x 10™
cm?). TEM courtesy of D. H. Anjum at the University of Virginia.
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Poly-Si

Gate Oxide

Figure 2-15 Cross-section TEM micrographsfor a strained Si device with RTA1 (1000 °C for 1 sec)
and Si implant &4 (dose5x 10'%). Thisisan image of higher magnification taken on the same
sample as shown in Figure 2-14 (b). TEM courtesy of D. H. Anjum at University of Virginia.

Figure 2-16 Cross-section TEM micrographsfor strained Si deviceswith RTA2 (1000 °C for 10 sec)
and Si implantsfor (a) deviceswith Si implant ¢ 2 (dose 2.7 x 10" cm™?), and (b) deviceswith Si
implant ¢4 (dose 5 x 10'). TEM courtesy of D. H. Anjum at University of Virginia.

For devices without implantation, no damage is observed in the channel as in Figure
2-14 (a). For devices with the highest Si implant dose 4 (5 x 10'*) and RTA1 (1000 °C

1 sec), implantation damage such as defect loops and dislocations are clearly seen in

Figure 2-14 (b) and 2-15. The amount of residual damage depends on the thermal
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budget. The residual damage is less for devices with RTA2 (1000 °C 10 sec) than those
with RTA1 (1000 °C 1 sec), which means that longer RTA time anneals out implantation
damage, as seen in Figure 2-14 (b) and 2-16 (b). For devices with RTA2 (1000 °C 10
sec), the residual damage with implant dose 2.7 x 10" cm™ and 5 x 10'* cm? is very
similar (Figure 2-16). Figure 2-17 shows the cross-section TEM images of the devices
that have been Ge implanted. The residual damage is consistent with the mobility data.
The more residual damage present in the Si channel, the lower the mobility. Therefore,
residual implantation damage is one of the mechanisms for mobility degradation seen in

this work.

n2s
.25 im et AT

Figure 2-17 Cross-section TEM pictures for strained Si devices with RTA1 (1000 °C for 1 sec) and
Geimplantsfor (a) deviceswith Geimplant &5 (dose 3x 10" cm?), and (b) deviceswith Ge implant
$ 6 (dose 1 x 10™). TEM courtesy of D. H. Anjum at University of Virginia.

It is also seen in this work that a higher thermal budget itself, without implantation,
does not degrade the mobility. This agrees with the experimental work by Currie et al.
[22], where strained Si MOSFETs were fabricated on Siy;Geg; virtual substrates and

annealed at 1000 °C for 1-30 sec. In the present work, with no implantation damage in
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the channel, the mobility enhancement factor is seen to degrade from 1.7X for devices
with 1000 °C 1 sec RTA to 1.6X for those with 1000 °C 10 sec anneal. In section 2.4,
the mobility of devices with RTA2 (1000 °C 10 sec) seems to reach a plateau with the
increasing dose (Figure 2-13 (a)), which indicates that the mobility is independent of
implant dose. One possible explanation is that for RTA2 Ge diffusion becomes the

dominant mechanism for mobility degradation.
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Figure2-18 SIM S profilesfor Gein strained S MOSFETsfor (a) RTAL (1000 °C 1 sec), and (b)
RTA2 (1000 °C 10 sec).

To verify this hypothesis, SIMS was used to obtain Ge profiles as shown in Figure 2-
18. In this experiment, the as-grown thicknesses of the strained-Si epitaxial layer varied
by as much as 30 A from wafer-to-wafer, which causes the Ge profiles to shift laterally
by up to 30 A in Figure 2-18. Therefore, the Ge profile slopes rather than their positions
are evidence of Ge diffusion in this plot. In Figure 2-18 (a) and (b), the as-grown sample
has a steeper Ge profile than any of the processed samples, indicating that some Ge
diffusion took place during MOSFET processing. For samples annealed at 1000 °C for 1

sec, the surface Ge fractions are very close for samples both with and without mobility
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degradation (e.g., the transistors without ion implantation and with a Si dose of 5 x 10"
cm™” have similar Ge surface concentrations, but very different mobility values).
Therefore, Ge up-diffusion is not the primary cause for the mobility degradation for the
samples that received the 1000 °C 1 sec RTA. Figure 2-18 (b) shows the Ge profiles for
1000 °C 10 sec RTA. Compared to Figure 2-18 (a), Ge diffuses much more during the
longer RTA. Ge diffuses most in the samples with the two highest implant doses, 1 x
10" and 5 x 10" cm™, most likely due to implant damage enhanced Ge diffusion. The
near-surface Ge fraction in Figure 2-18 (b) increases with increasing implant dose.
Therefore, Ge up-diffusion is likely to be the key mechanism for the mobility degradation
seen in the samples annealed at 1000 °C for 10 sec.

Looking again at Figure 2-2, 20% higher mobility is shown for Rim’s process than
for H. Nayfeh’s process. The SIMS data in Figure 2-18 provide a possible explanation. In
Rim’s study, the gate oxide was grown at 800 °C and source/drain implant annealing was
2 min at 650 °C and 15 sec at 850 °C [7]. In Nayfeh’s process flow, gate oxide was
grown at 800 °C and RTA was performed at 1000 °C for 1 sec [35]. Si-Ge interdiffusion
is exponential with temperature as discovered in Chapter 4. Therefore, in Rim*s process,
the Ge profile motion should not be observable. In comparison, Nayfeh’s thermal budget
is the same as this work (1000 °C 1 sec), and should have similar diffused Ge profile as
shown in Figure 2-18 (a), which is significant compared to the as-grown Ge profile.
Therefore, it is possible that the lower mobility in Nayfeh’s process is due to more Si-Ge

interdiffusion.
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Figure 2-19 Raman scattering spectra (325-nm excitation) for unstrained-Si, as-grown fully strained-
Si on SipgGey,, and strained-Si on SigsGey, samples after processing, including 1000 °C 1 sec RTA.
The symbols are Raman data and the lines are Lorentz fits to the data. Raman spectra (a)—c) are
fitted by two Lorentzian functions to account for the signal from the underlying Si;,Ge, (X < 0.2)
layer formed by Ge up-diffusion. The numbers in parentheses are the Si-Si phonon peak positions
from the Si layer (asopposed to the Si; ,Ge, layer). Raman data courtesy of N. Klymko at IBM.

Another hypothesis to explain the observed mobility degradation in this work (Figure
2-9 and Figure 2-13) is strain relaxation due to ion implantation damage and thermal
processing. In the PVTEM images, no misfit dislocations are observed. Raman
spectroscopy was performed to check for strain relaxation in the Si, perhaps by defects
other than misfit dislocations. Raman analysis was performed using 325-nm excitation,
which samples approximately the top 10 nm. Figure 2-19 shows the Raman spectra of the
unstrained-Si, as-grown fully strained-Si on relaxed SiGe, and strained-Si with and
without implantation after 1000 °C 1 sec RTA. In Figure 2-19, the large peak at 520.0

cm” is due to the Si phonon mode of unstrained-Si, and the peak at 513.4 cm™ is due to
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the Si-Si mode in the as-grown fully strained-Si layer on relaxed Si Ge . Tensile strain in
Si layer shifts the Raman peak to the left in proportion to the biaxial stress, and the
relaxation of tensile strain shifts the peak toward the unstrained-Si peak at 520.0 cm™
[38]. In Figure 2-19, the samples with 1000 °C 1 sec RTA and different implant doses
show no shift to the right. Therefore, strain relaxation is not observed in these samples
and is not considered to be a major mechanism for mobility degradation for the 1000 °C
1 sec RTA. Broadening and asymmetry of the spectra in samples (a), (b), and (c) are
observed in Figure 2-19. These effects are likely due to the residual disorder and the
diffusion of Ge into the strained-Si layer [39]. It should be noted that this Raman analysis
samples the top 10 nm of the semiconductor. On wafers with Ge diffusion into the
strained-Si layer, a thin buried, strained-SiGe layer will be formed. The signal from this
layer could be responsible for the shoulder observed near 509 cm™.

In summary, materials analysis indicates that residual ion implantation damage is the
key mobility degradation mechanism for devices annealed at 1000 °C for 1 sec, while
implant damage enhanced Ge up-diffusion is the key mobility degradation mechanism for

the MOSFETSs annealed at 1000 °C for 10 sec.
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2.6 Impact on Technology

Phosphorus, boron and arsenic are widely used in current CMOS technology. Among
the various implants, source and drain (S/D) extension, halo and channel implants are
located closest to the channel, which can introduce implant damage near the channel
region and affect the mobility behavior. In 50-nm node technology, typical doses for As
and B S/D extension implants are in the range of 10'*and 10'° cm™ respectively. For halo
implants, the typical dose for As and B is 10'* cm™. The critical doses for uniformly
implanted As and B were estimated to be to 10'? to 10"* cm™ and 7 x 10" to 5 x 10" cm™
respectively, depending on the thermal budget. Arsenic implants are thus expected to be

more problematic than boron implants.
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Figure 2-20 As-implanted interstitial contours (lines) for a 30-nm gate length p-MOSFET simulated
by TsuPREM-4 using analytic ion implant models. The simulation employed As halo implants at 30
keV with 38 tilt to a dose of 3 x 10™° cm?, and B S/D extensions implanted at 0.7 keV with O tilt to a
dose of 3 x 10" cm™ B. The implant moment tables used are “ARSENIC” for Asand “TR.BORON”
for B. The symbols show the contour corresponding to a net doping concentration of 2 x 10" cm™,
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In order to estimate two-dimensional (2-D) implant damage in more realistic device
structures, a process simulation tool, TSUPREM-4 [40], was used to simulate as-implanted
interstitial profiles in MOSFETs with halo implants. In the UT-MARLOWE simulations
(Figure 2-4), interstitial concentration is a measure of implant damage. The parameters in
the TSUPREM-4 simulations were calibrated in order to match the simulated as-implanted
interstitial profiles generated by one-dimensional UT-MARLOWE simulations. Figure 2-
20 shows 2-D as-implanted interstitial contours of a 30-nm gate length p-MOSFET
simulated using TSUPREM-4. The as-implanted interstitial concentration in the channel
region is approximately 5 x 10%° cm™, which is roughly equivalent to that produced by
uniform Si implants with a dose of 2.7 x 10" cm? (see Figure 2-4 (a)). In the uniformly
implanted, long-channel n-MOSFETs fabricated in this work, that dose resulted in a
significant electron mobility degradation for 1000 °C, 10 sec annealing in Figure 2-9 (b),
but no significant mobility degradation was observed for 1000 °C, 1 sec annealing in
Figure 2-9 (a). Thus, it is expected that there should be an annealing condition window in
which the damage from the As halo implants can be annealed without significant hole
mobility degradation in 30-nm scale strained-Si p-MOSFETs, when optimized ion
implant energy and angle are used. Two-dimensional simulations were also carried out
for 30-nm n-MOSFETs (not shown). In that case, the channel-region as-implanted
interstitial concentration is on the order of 10°° cm™, which is approximately the peak
interstitial concentration associated with a Si dose of 4 x 10'? cm™, see Figure 2-4 (a).
This low dose implant did not induce significant electron mobility degradation in our
experiments for 1000 °C, 1 or 10 sec annealing. Thus, implant damage will be less of an

issue for scaled strained-Si n-MOSFETs than for p-MOSFETs.
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In summary, the impact of ion implantation and rapid thermal annealing on electron
mobility enhancement in strained-Si/relaxed SiGe n-MOSFETs has been investigated.
Electron mobility enhancement is shown to degrade considerably when the implant dose
is above a certain critical dose for a given annealing condition. The critical doses of Si
and Ge and the inferred equivalent P, B and As critical doses were obtained
quantitatively. Implant damage enhanced Ge up-diffusion was observed. Residual
implant damage and Ge up-diffusion were shown to be the major mechanisms for
mobility degradation for 1000 °C 1 sec and 1000 °C 10 sec RTA respectively. In
designing the annealing conditions for high dose implants, there is a strong trade-off
between damage annealing (which requires longer times) and Ge up-diffusion. Further
investigation, particularly at lower temperatures, needs to be done to locate an annealing
regime where effective defect annealing takes place while Ge diffusion is minimized. The
simulated damage range for n-MOSFETs in the 30-nm-scale regime is lower than would
be expected to cause mobility degradation based upon the analysis of the uniform channel
implants studied in this paper. For 30-nm-scale strained-Si p-MOSFETs, however, the
annealing conditions will need to be more carefully optimized to avoid mobility

degradation associated with As (halo) and B (source/drain) implants.

2.7 Chapter Summary

In chapter 2, the study of thermal processing and ion implantation impact on mobility
enhancement in strained Si n-MOSFETs was presented. This chapter began with the
introduction to the background of Si/SiGe processing including the critical thickness of
strained Si on relaxed SiGe. Available literature showed that mobility degrades under

high thermal budget and high dopant ion implantation. Section 2.2 described the
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experimental matrix, which included four different Si implant doses (from 4 x 10 to 5 x
10" cm'z), two Ge implant doses, and two RTA conditions: 1000 °C for 1 sec and 10 sec.
UT-MARLOWE simulations of as-implanted damage profile related the implant
conditions to the as-implanted interstitial profiles and percentage amorphization. Split C-
V method for mobility extraction was discussed in Section 2.3, and Medici simulations
were used to estimate the strained Si layer thickness. In Section 2.4, the electron mobility
was shown to degrade significantly under high implant dose and/or high thermal budget.
The critical Si implant doses for mobility degradation were estimated to be in the range
of 4 x 10" to 3 x 10" cm™ for 1000 °C 1 sec and 1000 °C 10 sec RTA respectively.
Section 2.5 discussed the materials analysis and the mechanisms of mobility degradation
during processing. Based upon TEM images, Raman measurement and SIMS analysis,
residual ion implantation damage was shown to be associated with the mobility
degradation for devices annealed at 1000 °C for 1 sec, while implant damage enhanced
Ge up-diffusion was shown to be the key mobility degradation mechanism for the
MOSFETs annealed at 1000 °C for 10 sec. 2D as-implanted interstitial concentration for
dopant implants in 30-nm node devices was simulated by TSuprem-4 and compared with
the critical as-implanted Si interstitial concentration. 30-nm-scale strained-Si p-
MOSFETs were shown to be more likely to suffer from mobility degradation than p-

MOSFETs, due to halo and source/drain implants.
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CHAPTER 3 Si-Ge Interdiffusivity Extraction from
Experiment. Boltzmann-Matano Analysis

SiGe and Ge are widely used in today’s semiconductor devices such as MOSFETs,
bipolar transistors, photodetectors, and solar cells. The advantages of using SiGe and Ge
in electronic devices include increased carrier mobility compared to Si, the ability to tune
the bandgap for a particular application, and compatibility with Si technology. One of the
biggest challenges, however, for SiGe and Ge devices is the interdiffusion that occurs at
Si/SiGe interfaces, i.e. Si-Ge interdiffusion, during thermal processing. This chapter
begins with background information on Si-Ge interdiffusion in Section 3.1, followed by
an introduction to Boltzmann-Matano analysis for interdiffusivity extraction in Section
3.2. In Section 3.3, epitaxial structure design and growth is discussed, and in Section 3.4,
the practical application of Boltzmann-Matano analysis is covered. In Section 3.5, the
design of the experimental matrix is discussed. Section 3.6 shows the extracted
interdiffusivity results for strained Si/relaxed SiGe structures, and Section 3.7 is the
chapter summary. Although the main focus of this work is on Si-Ge interdiffusion for

CMOS applications, the results are applicable to other SiGe devices as well.

3.1 Introduction to Si-Ge Interdiffusion

3.1.1 SiIGeDevicesand Motivation for thisWork

With CMOS technology entering the nanometer regime, extensive research on SiGe-

based strain and band gap engineering is being conducted for enhanced carrier transport
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in strained Si, SiGe and Ge. SiGe is employed in dual-channel [8,41,42,43] and
heterostructure-on-insulator (HOI) MOSFETs [44] for higher hole mobility. As the
thickness of the SiGe layer decreases, interdiffusion at the Si/SiGe interface is becoming
more problematic. Si-Ge interdiffusion degrades device performance by reducing strain
and carrier confinement and increasing alloy scattering [45], as illustrated for strained Si

n-MOSFETs in the previous chapter and for HOI devices in Figure 3-1 below.
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Figure 3-1 Hole mobility for different S cap thickness for a Heterostructure in Insulator (HOI)
MOSFET structure shown on the right (x0=0.24, y=0.46) for different rapid thermal annealing
conditions. Figure courtesy of I. Aberg.

In Ge p-i-n photodetectors integrated on Si substrates, Si-Ge interdiffusion increases
the noise level and slows down the response time significantly. Figure 3-2 shows cross-
section transmission electron microscopy (XTEM) images after annealing a polysilicon-
on-Ge structure. Intermixing is observed at the polysilicon/Ge interface. Another
example of the influence of Si-Ge interdiffusion occurs in Ge-on-insulator fabrication.
SiGe layers are normally used as etch-stop layers which are sandwiched between two Ge

layers. After densification anneal, this layer can be smeared out due to interdiffusion,
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causing the Ge-on-insulator fabrication to fail [46]. Therefore, it is very important to
understand the Si-Ge interdiffusion behavior and its impact on SiGe and Ge device

design and fabrication.

Figure 3-2 A TEM image illustrating inhomogeneous Si-Ge intermixing and interdiffusion at the
polysilicon/Ge interface in the contact region of a Ge photodiode. TEM image courtesy of O. O.
Olubuyide (MIT) and John Yasaitis (Analog Devices, Inc.).

3.1.2 LiteratureOverview

To date, Si-Ge interdiffusion has mostly been studied in special test structures which
are not necessarily relevant to device structures, such as SiGe superlattices with low Ge
fractions (Xge < 0.19) grown on Si substrates [47,48], and relatively thick SiGe (Xge=0.1-
0.3) grown on Si substrates [49]. There is also a significant amount of research performed
on Si and Ge self-diffusion in Si and SiGe alloys [50,51]. Systematic quantification of the
Si-Ge interdiffusivity in device related structures has not been conducted. Basic
understanding of interdiffusion such as the dependence on Ge fraction, strain, and

temperature is inadequate, and models applicable to process simulation tools are lacking.
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These areas are the focus of this work.

Before further discussion on the method of interdiffusion extraction and modeling, it
is important to clarify the concepts of interdiffusion, self-diffusion and dopant diffusion,
as there is often confusion about these concepts. Si-Ge interdiffusion is significantly
different from Si or Ge isotope self-diffusion. In self-diffusion experiments, Si or Ge
isotopes (Si* or Ge*) are either implanted with a low dose into background SiGe alloys
[52] or Ge*-enriched SiGe layers are epitaxially grown with surrounding layers having
the same concentration of natural Ge [53]. These dilute isotopes diffuse in homogenous
SiGe alloys under no Ge concentration gradient. During self-diffusion experiments,
although the concentration profiles of dilute radioactive isotopes change, the host lattices
stay unchanged. Self-diffusivity characterizes the diffusion of a single element in a
homogenous material under no chemical potential gradient. On the other hand, Si-Ge
interdiffusion at interfaces is driven by a chemical potential gradient. Both elements
transport through the interface and the lattice composition changes by intermixing. In a
Si/SiGe heterostructure, Si and Ge concentrations are both on the order of 1 x 10* cm™.
Therefore, Si-Ge interdiffusion should not be treated as Ge dopant diffusion in a Si lattice.
Dopant diffusion is similar to self-diffusion in the sense that the host lattice doesn’t
change, and dopant concentration is dilute. However, dopant diffusion is driven by
chemical potential gradient, which is similar to the case of interdiffusion.

Aubertine et al. used x-ray diffraction (XRD) techniques to probe interdiffusivity and
the time dependence of intermixing in SiGe/Si superlattices grown on Si, and was able to
measure Si-Ge interdiffusivity for Ge fractions up to 0.19 [49,50]. The use of XRD as the

feedback technique limits this method to superlattice structures. It is thus not suitable for
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higher Ge fractions and for application to the specific heterostructures of interest for
CMOS technology. To overcome these limitations, in this work, secondary ion mass
spectrometry (SIMS) is used to obtain Ge and Si profiles, and Boltzmann-Matano
analysis is used to obtain the Ge fraction dependence of the Si-Ge interdiffusivity at

strained Si/SiGe interfaces.

3.2 Interdiffusivity Extraction Method: Boltzmann-M atano
Analysis

When interdiffusivity is concentration dependent, the shape of the diffused profile
contains information about the local diffusivity. Boltzman-Matano analysis is a graphical
method to extract concentration dependent interdiffusivity D(C) from the shape of the
diffused profile in binary alloys [52,53]. It has been used widely to extract interdiffusivity
in binary metal alloys and in concentration dependent dopant diffusion in Si [54, 55, 56,
57]. Figure 3-3 shows the initial condition and the diffused profile of a diffusion couple,
to which Boltzmann-Matano analysis can be applied.

For this analysis to be valid, it is required that the interdiffusivity D can be expressed
as a function of local Ge fraction Xg. only. In addition the following boundary and initial
conditions should be satisfied:

C(n =) =Cq, Equation 3-1
(7 =—o0) =C, Equation 3-2
where Cg and Cp are two constant concentrations on the right and left side respectively,

and n is defined as:

Equation 3-3

==
Jt
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where z is the distance from the interface, and t is the annealing time.

Concentration C

Initial step profile

Depth z

Figure 3-3 A diffusion couple with an initial step profile for Boltzmann-Matano analysis. The red
curveisthediffused profile.

Translating the above boundary and initial conditions into a physical structure,
Boltzman-Matano analysis requires an abrupt step concentration profile at t = 0, where
the concentration on the left and right side of the interface are C and Cg respectively, and
ideally both sides should be infinitely long. In this work, the Boltzman-Matano structures
were designed to be epitaxial strained Si on relaxed Sij.xoGexo heterostructures with C =
0 and Cr= Xo. The Si/Si1x0Gexp interfaces are grown to be very abrupt. According to
XTEM analysis (as shown in the image of an as-grown strained Si/SiGe structure in
Figure 2-15) the transition region is on the order of a few monolayers. The ion beam
mixing associated with SIMS broadens the measured profile, depending upon the details
of the SIMS analysis conditions, so that the transition region as measured by SIMS may
appear to be on the order of 30 to 50 A. The SIMS broadening must be kept in mind in
performing the diffusion analysis. The thickness of the strained Si layer is 100-160 A

depending on the Ge fraction Xp, and the thickness of the relaxed Sij.x0Geyo layer is
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typically 0.75 um (with a relaxed, graded-composition SiGe layer underneath this Si;-
x0Gexo layer). Annealing conditions were carefully designed such that the diffusion fronts
would not reach the Si surface. As a result, under these conditions the diffusion couple
can be treated as if each side is infinitely long. Therefore, the initial and boundary
conditions are satisfied.

It is expected that at a certain temperature, interdiffusivity is a function of local Ge
fraction Xge, local strain o, and material quality. Based on Mooney et al., a high density of
threading defects (10° cm™) has a negligible impact on the interdiffusion at Si/SiGe
interfaces [58]. The dislocation densities of our as-grown epitaxial heterostructures are on
the order of 10° cm™. Therefore, in this initial study, it is reasonable to neglect the effect
of threading dislocations. The interdiffusivity can then be expressed as a function of only

the local Ge fraction, Xge and local strain, €:
D = funCc (Xg,&) Equation 3-4

It should be noted that the effect of dislocation density was also investigated in this study
(see Section 4.4.2 in Chapter 4), which shows that a threading dislocation density of
about 1 x 107 cm™ has little impact on the interdiffusion at the Si/Sip;Gey 3 interface.

Theoretically, as long as the local strain can be expressed as a function of Xg. or is
constant, such as the case where strain is fully relaxed, the Boltzmann-Matano analysis
assumption is satisfied. Since the broadening of the Ge profile is limited in these
experiments, it is reasonable to assume that the local strain, € is proportional to the
difference between the local Ge fraction, Xg. and the substrate Ge fraction, Xg:

E=0.042*(X, = Xgo) Equation 3-5
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It should be noted that this is an assumption that is difficult to verify directly in the case
of the Boltzmann-Matano structures, since probing the strain in the interdiffused region is
difficult. However, this assumption is supported by experiments discussed in Chapter 4,
in which it was verified that for thin Si;,Gey layers for which the Ge fraction drops due
to outdiffusion into surrounding Si layers, the resulting Si;.,Gey layer appears to remain
strained to the relaxed Sijx0Geyo substrate. These results were obtained by Raman
analysis (see for example Figure 4-7). Thus, it seems reasonable to assume that in the
thin intermixed regions of the Boltzmann-Matano structures, the local strain is given by
Equation 3-5 above.

Based on the above analysis, at a given temperature the interdiffusivity, D can be
expressed as a function of Xge only, which is the first assumption of the Boltzman-Matano
analysis. From the above analysis, the application of Boltzman-Matano analysis to these
structures appears to be justified.

The analytical expression for the diffusivity extracted from Boltzmann-Matano
analysis is given by:

.

. J'(z -z, )dC Equation 3-6

c C

D(C") = —th(géj

where D(C) is the interdiffusivity at Ge concentration C, t is the annealing time, z is the

depth, C(2) is the concentration vs. depth profile, and zy is the position of the Matano
plane.
The definition for Matano plane, zy is the position that satisfies the following

condition:
.[(Z—Z,\,I )dC =0 Equation 3-7

Graphically, in a plot of depth versus concentration, shown in Figure 3-4, zy is the
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reference point, where the integral of depth over concentration for the whole
concentration range is zero. Note that the position zy is normally not the initial interface
at z=0 due to the different vacancy flux from both sides. The details of the Boltzmann-

Matano analysis can be found handbooks on diffusion, such as Ref [59].

Uistance {cmj

B
~
/|

Conceniration [ai%)

Figure 3-4 Graphical illustration of the Matano plane z,. The areas under the concentration curve
on either side of zy are equal. Figure from Ron Harrington's online course notes at Rensselaer
Polytechnic I nstitute, Troy, NY.

3.3 Epitaxial Structure Design and Growth

In this work, two types of structures are epitaxially grown, annealed and analyzed.
The first type of sample is referred to as a “step” structure for Boltzman-Matano analysis
as shown in Figure 3-5, where a strained Si layer is epitaxially grown on top of relaxed
Si1.x0Gexo layer. The notation for these structures includes the Ge percentage of the
relaxed SiixGeyo layer. For example, “BM20” refers to a strained Si/relaxed SiggoGeo.20
structure. Three “step” structures were grown for this study, referred to as BM20, BM40,

and BM60.
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Graded S1Ge buffer

0.25um ep1 S1

Figure 3-5 A generic “step” structure

The second type of structure is referred to as a “peak and step” structure, which is
illustrated in Figure 3-6, and consists of strained Si/Siy. Gey/strained Si on a relaxed Si.
x0QGeyo virtual substrate. The term “peak” refers to the Si1.yGey layer sandwiched between
two strained Si layers. The purpose of using these structures is three-fold. First, the top
three layers of these structures and their strain status are the same as in HOI structures,
which makes them suitable to emulate Si-Ge interdiffusion in HOI devices. Secondly, the
diffusion of the peaks can be used to evaluate and refine the interdiffusivity extracted
from the diffused steps. Thirdly, the “peak and step” structures enable decoupling of the
strain and Ge concentration dependence of Si-Ge interdiffusion, by varying the strain in
the peaks by using different combinations of X and Y.

The notation for the “peak and step” structures (strained Si/Sii.yGey/strained Si on
relaxed SiixGeyo structures) is “100*y/100%Xy”, where y and Xp refer to the Ge fractions
of the peak and step respectively. For example, structure 56/31 refers to a strained
Si1/S19.44Geg s¢/strained Si on relaxed Sipg9Geg sy structure. Figure 3-6 shows the generic

structure of y/x¢ and a 45/45 epitaxial structure. The “peak and step” structures in this
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study include three groups: 56/56, 45/45 and 30/30, where the peak layers are nominally
unstrained; 56/31, 45/15 and 30/00, where the peak layers are under compressive strain of

about -1%; and 30/56, where the peak layer is under tensile strain of about 1%.
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Depth (A)
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Figure 3-6 (@) The Ge profile of a generic “peak and step” structure y/x,. (b) A 45/45 “peak and
step” epitaxial structure. The growth temperatures are in the parentheses. Theterm “valley” refers
to the strained Si layer directly on top of the relaxed Sii0Ge layer since it is surrounded by two
SiGelayers. Theterm “shoulder” refersto the diffused “ step”.

All the structures in this study were epitaxially grown on <100> Czochralzki p-type
Si wafers in an Applied Materials “Epi Centura” system. The relaxed SijxGexo layers
were grown at 900 °C, and the strained Si layers at 600 °C. The Sii.yGey layers were
grown at 525° C for y = 0.56 and 0.45, and 600°C for y = 0.3. Figure 3-6 (b) shows the
epitaxial structure and growth temperatures for a 45/45 “peak and step” structure. The
thicknesses of the strained Si and Siy.,Gey layers are in the range of 100 to 140 A. The
epitaxial layers are undoped.

Annealing was performed in a furnace (tube-B3 in TRL) in N, ambient. The
annealing times range from 30 min to 80 hours depending on the annealing temperature.

The use of furnace annealing instead of rapid thermal annealing (RTA) is motivated by
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the need for very accurate temperature control and calibration, which is afforded by a
furnace but not by RTA apparatus, particularly when annealing wafers with SiGe
heterostructures. Such layers may impact light absorption in the RTA and lead to
uncontrolled temperature variations. Temperature errors of 50 to 100°C are not
uncommon during RTA, making controlled diffusion experiments very difficult. An

example furnace annealing temperature profile is shown in Appendix D for reference.

3.4 Practical Application of Boltzmann-M atano analysis

3.4.1 Initial Verification and Example of Boltzmann-Matano Analysis

Boltzmann-Matano analysis was performed on the SIMS profiles for the annealed
samples. An example of the Matlab code used for the analysis is given in Appendix E.
The initial tests of the Boltzmann-Matano analysis were performed using BM20 and
BM40 structures annealed at 920° C for an hour. The as-grown and annealed Ge profiles
were measured by SIMS (Figure 3-7). Both as-grown structures have abrupt interfaces
strained Si/Si1-x0Geyo interfaces, which is a good approximation of the ideal step profile in
Boltzmann-Matano analysis. The effect of the initial profiles is addressed in Appendix F.
The annealing conditions were designed so that the diffusion fronts remain within the
strained Si layers, and therefore, the strained Si/relaxed Sij.xoGexo structures can be
treated as infinitely long diffusion couples.

Figure 3-8 shows the interdiffusivity extracted from SIMS profiles of BM20 and
BM40 structures (Figure 3-7) using Boltzmann-Matano analysis. It can be seen that the
interdiffusivity depends exponentially on Ge fraction. Therefore, the interdiffusion at
higher Ge fractions dominates the interdiffusion process. The two sets of data overlap

except for Ge fractions, Xge below 0.1, where the interdiffusivity extracted from BM40 is
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larger than that extracted from BM20. This effect together with zy position effect on

extracted interdiffusivity is addressed in Appendix G.
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Figure 3-7 Ge SIMS profiles of BM20 and BM40 structures before and after 920° C 60 min inert
annealing.
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Figure 3-8 Extracted interdiffusivity from the application of Boltzmann-Matano analysisto SIMS
profilesfor BM 20 and BM 40 structures.
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3.4.2 Pseudo-Boltzmann-M atano analysis

A modified Boltzmann-Matano analysis was performed on the diffused steps in “peak
and step” structures. The analysis was modified to account for the fact that in “peak and
step” structures, the valley (the strained Si layer directly on top of the relaxed Sii-xGexo
layer) sees interdiffusion from both sides. Therefore, the Ge diffusion fronts from both
sides tend to merge in the valley, invalidating the infinite length condition. The annealing
conditions were designed such that the only a few atomic percent Ge diffused into the
valleys after annealing, and thus a modified Boltzmann-Matano method was applied, as
described in this section.

Figure 3-9 shows typical as-grown and diffused Ge profiles for a “peak and step”

structure measured by SIMS. The structure is 56/56 and the annealing condition is 800 °

C for 13 hours. It can be seen that the valley has filled to 4 atomic % Ge, by
interdiffusion from both sides. However, the interdiffusivity is a strong function of Ge
fraction and most interdiffusion happens in the high Ge fraction region. Therefore,
although the diffusion front from the step merged with that from the peak by a small
amount, the interdiffusion at higher Ge fractions should not be affected significantly, and
interdiffusivity information from the diffused profiles at high Ge fractions can be
obtained within acceptable error. The pseudo-Boltzmann-Matano analysis works as
follows: a Ge profile that emulates the diffusion front from the relaxed Sii.x0Geyo step is
generated (crosses in Figure 3-9), and Boltzmann-Matano analysis is performed on the
shoulder profile with the generated diffusion front. This pseudo-Boltzmann-Matano

analysis was applied to structures 45/45 and 56/56.
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Figure 3-9 Ge SIM S profilesand the generated foot part of the profile for 56/56 structure that
illustratesthe profile used in the pseudo-Boltzmann-M atano analysis.
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Figure 3-10 SIMS profile with two generated profiles in the low-Ge-fraction region, for a sample
annealed at 880° C for 30 min.

Errors that were introduced by the manually generating diffusion fronts (the foot part

of a diffused Ge profile) in the pseudo-Boltzmann-Matano analysis were checked by
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comparing the extracted interdiffusivity from a “step” structure with different generated
fronts. Figure 3-10 shows the annealed SIMS profile of sample BMS53 along with two
curves with generated profiles that differ somewhat in the low-Ge-fraction region
(x<0.15), but are identical for Ge fractions above 0.15. The corresponding interdiffusivity
curves extracted from Boltzmann-Matano analysis are shown in Figure 3-11. It can be
seen that the generated profile does introduce errors for low Ge fractions, but that the
errors are negligible for Xge > 0.20. Therefore, the pseudo-Boltzmann-Matano method can

be applied to “peak and step” structures to extract interdiffusivity for Xge > 0.2.

| —— SIMS
- —from profile1
— from profile2

10'16 |

extracted D

Figure 3-11 Interdiffusivity extracted from the three profiles shown in Figure 3-10.

3.4.3 Error from SIM S Broadening Effect

SIMS tends to broaden steep interfaces as seen in Figure 3-12 for several as-grown
Ge profiles. The measured SIMS profile is actually a convolution of the true
concentration profile and the SIMS response function. However, it is difficult to decouple

these two factors, since the SIMS response function depends on the SIMS profiling ion
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beam energy and the material composition. The true profile is expected to be steeper than
the SIMS data. In “peak and step” structures, there are strained Si layers sandwiched in
between two SiGe layers, forming “valley” regions. SIMS broadening effects tend to
artificially fill-up the valley. As seen in Figure 3-9, even the as-grown 56/56 structure has

a partly-filled valley.
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Figure 3-12 SIM S profilesfor as-grown BM 20, BM 40 and BM 60 structures. The leading edges and
rounded shouldersaredueto SIM S broadening effects.

There are ways to minimize the effects of SIMS broadening on the extracted
diffusivity. The annealing time can be chosen to be as long as possible, so that the
measured annealed profile is not significantly impacted by SIMS broadening. However,
in order to satisfy the infinite medium condition, the overall amount of diffusion
broadening is limited by the thickness of the strained Si layer. The thickness of the
strained Si layer is limited by the critical thickness for dislocation formation during
strained layer growth, as discussed in Chapter 2. In practice, it was found that a strained

Si layer thickness of about twice the equilibrium critical thickness is appropriate.
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Since SIMS broadening is expected to have the largest impact on the profile slope
near the foot of the profile, one may surmise that the diffusivity extracted by Boltzmann-
Matano analysis from that region is subject to the greatest error. Thus, given several
samples with different step heights, with diffusivity extracted from Boltzmann-Matano
analysis, one expects greater accuracy in the diffusivity extracted from a BM20 sample
than from BM40 or BM60 structures, in the low-Ge-fraction range, Xge < 20%. Figure
3-13 illustrates this effect, with the diffusivity extracted from BM40 apparently
overestimated compared to that extracted from BM20, in the low-Ge-fraction regime.
Another possible reason for this discrepancy is that the real interdiffusivity in the low Ge-
fraction-regime is indeed different for these two structures. While this remains a possible
interpretation, restricting the region of validity of the extracted diffusivity data as
illustrated in Figure 4-1 yields a universal model that fits the major features of Si-Ge
interdiffusion over a wide range of sample compositions and conditions, as discussed in
Chapter 4. Nevertheless, it is important to keep in mind the possibility that more subtle

effects than can be captured by the present model may be taking place.
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Figure 3-13 (a) unprocessed extracted interdiffusivity from SIMS profiles of BM20 and BM40
structures in Figure 3-7, and (b) processed interdiffusivity with the low Xg. data blocked for the
BM 40 structure.
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3.5 Experiment Matrix Design

In order to investigate the interdiffusivity as a function of Ge fraction, temperature
and strain status, an experiment matrix was designed as shown in Table 3-1. The
experimental design process started with the knowledge gained from the initial data
extracted from BM20 and BM40. In order to extract diffusivity from SIMS, the Ge peak
drop for samples in Table 3-2 was designed to be 7 to 12 atomic %, which is large enough
to be immune to SIMS measurement error of about 2 atomic %. For structures 30/56,
30/30 and 30/00 in Table 3-3, the peak drop of the Siy70Geo 3o layer was designed to be
lower, 4 to 7 atomic %. This is to prevent too much diffusion in structure 30/56 from the
relaxed Sip44Gegse shoulder into the adjacent strained Si layer, which can affect the
diffusion of the Sij70Geg 30 peak. Table 3-1 shows all the samples and anneals performed
for “step” structures, and Table 3-2 shows samples for “peak and step” structures. Table
3-3 shows samples with 30% peak (30/60, 30/30 and 30/00) under as-grown tensile,
relaxed and compressive strain. Since a large number of samples in this group were sent

for both SIMS and Raman measurement, that information is included in the table.
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Structure/ BM20 BM30 BM40 BM60
anneals
As-grown BM 202 BM 402 BM 602
BM 60F
Spare BM20J, BM20M, | BM300 BM40F, BM40H, | BM60F, BM60K,
unannealed | BM20N, BM20P, | 2120BM30 | BM401 , BM40J, | BM600, BM602
samples BM20Q, BM202 BM40K, BM40L
2118BM20 BM402
2124BM40
800C BM 20K -- 80hr BM40G - 13hr BMG60OL — 13hr
840C BM 20L—23hr BM60H — 4hr
34min, BMG60P,
60Q, 60R —30min
850C 5hr BM20E BM40E
880C 30min BM 60B
(aka:BMS53),
BM60M, 60N
880C 90min BM 60E
BM60G
BM 60l
880C 2hr BM20C BM40C BM60D
880C, other | BM 20F--4hr BM60J —60min
11mins
920C 30min | BM20D BM40D
920C 60min | BM20A BM30A BM40A
(aka BMA4)

Table 3-1 Sample matrix for “step” structuresannealed at different temperaturesand times. Sample
in bold lettersarethose with SIM S profiles available.
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Structure/anneals | 60/60 60/30 45/45 45/15
As-grown 71, 71E 72, 12E 75, 75E 76, 76E
770C, 7hrs 72e, 8% peak 76e2, 7% peak
drop drop
800C, 40mins 71B, little | 72B, 75B, too little | 76B, estimate
diffusion 6% peak drop diffusion 2.5% drop, no
72a for Raman SIMS
800C, 120mins 71C, 72C, 75C, 76C,
2-3% peak drop | 10% peak drop | 1% peak drop 7% peak drop
72b for Raman
800C, 13hrs 7le, 12% peak 75e, 7% peak
drop drop
840C, 30mins 71F, 72F, 10.2% | 75€2, 3.5% peak | 76F and 76G,
8% peak drop peak drop drop about 9% peak
71f, 6% drop 72dd for Raman drop
840C, 3hrs 75F, 8.5% drop
880C, 30mins 71A,13% drop | 72D annealed 75D, 9% drop 76D, much
71b for Raman much diffusion, diffusion, no
no SIMS SIMS
72d for Raman

Table 3-2 Sample matrix for “peak and step” structures annealed at different temperatures and
times. Samplein bold letters are those with SIM S profiles available.
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Structure/anneals 30/60 30/30 30/00 BM60

Spare unannealed | 94H, 94N

samples

As-grown for SIMS BM60F—

94C -- SIMS 95B— 96B— SIMS
SIMS SIMS

As-grown for | 94E -- Raman 95D-- 96D--

Raman Raman Raman

880C, 90min BM 60E—

for SIMS 94B--SIM S O5A— 96A— SIM S back

SIMS SIMS

880C, 90min 94D--Raman 95C-- 96C-- BM60G

for Raman Raman Raman

880C, 2hrs 94A--SIM S BM60D

840C 30mins 94R, 948, 94T, 94U, 94cc BMO60P,
BM60Q,
BM60R

880C 30mins 94M, 94N, 94P, 94Q BM60M,
BM60ON

880C, 90min 94F, 94G, 941, 94J], BM601

94K1,94K2,94L1, 9412

-—- etch top Si layer of
94K1 and 9412, 94K2;
94L1 for XTEM

Table 3-3 Sample matrix for “peak and step” structures with 30% peak annealed at different

temperatures and times. Samplein bold lettersare those with SIM S profiles available.

3.6 Summary of Extracted Interdiffusivity

After Boltzman-Matano analysis of “step” structures (BM20, BM40, BM60) and
pseudo-Boltzman-Matano analysis of “peak and step” structures (56/56 and 45/45), all

extracted Si-Ge interdiffusivity data (in temperature range 800-920 °C and Ge fraction
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range 0-0.5) are summarized in Figure 3-14. The interdiffusivity data was extracted from
samples with different step heights, which are indicated by different symbols. Figure 3-14
confirms our observation in Figure 3-8 that the Si-Ge interdiffusivity depends
exponentially on local Ge fraction for all the temperatures in this work. Another
important observation from Figure 3-14 is that Si-Ge interdiffusivity curves at different
temperatures are evenly spaced throughout the Ge fraction range investigated, which
indicates that the activation energy in this temperature range is relatively independent of

Ge fraction.
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Figure 3-14 Interdiffusivity for strained Si/relaxed SiGe structures extracted by Boltzmann-M atano
analysis and pseudo-Boltzmann-Matano analysis. These data were extracted from samples with
different step heights. Crosses are interdiffusivity data extracted from BM 20 structures; diamonds
are data extracted from 40-45% stepsin BM 40 and 45/45 structures; and circles are from 56% steps
in BM 56 and 56/56 structures.

The Ge tracer diffusivity in Si should agree with the limiting case of Si-Ge
interdiffusivity when Xge = 0. Therefore, Ge diffusivity in Si calculated based on Ref. [51]

is also shown in Figure 3-14 (squares) for comparison. The interdiffusivity results at Xge=
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0 extracted by Boltzman-Matano analysis from BM20 structures agree well with the Ge

diffusion measurements in [51].

3.7 Chapter Summary

In this chapter, an introduction to Si-Ge interdiffusion was discussed. The
Boltzmann-Matano interdiffusivity extraction technique and the experimental design
were introduced. It was shown that there is a region of validity for the application of
Boltzmann-Matano analysis to strained Si/SiGe structures, which takes into account
critical thickness constraints and the limitations associated with SIMS broadening. In
order to obtain accurate diffusivity values, these constraints were considered when
designing the sample epitaxial layer structures and the diffusion conditions (i.e. the
amount of profile motion). The results for the Si-Ge interdiffusivity extracted from this
Boltzmann-Matano analysis indicate an exponential dependence of the interdiffusivity on
Ge fraction. In the next chapter, additional experiments, material analysis, and modeling

and simulation of these profiles in a process simulator will be discussed.
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CHAPTER 4 Si-Gelnterdiffusion and Its Impact on
Heterostructure MOSFET Design and Process
| ntegration

After the introduction to the Boltzmann-Matano method and the initial
interdiffusivity results presented in Chapter 3, the use of the extracted interdiffusivity
model in the process simulator, TSUPREM-4 "™ [40], and applications of the model will be
discussed in this chapter. This chapter begins with a brief review of the SiGe
interdiffusivity results from the Boltzmann-Matano analysis in Section 4.1, followed by
the interdiffusivity results and modeling for strained Si/compressive SiGe/strained Si
structures in Section 4.2. In Section 4.3, SiGe interdiffusion mechanisms are discussed
and in the Section 4.4, surrounding layer and threading dislocation effects are covered.
The “surrounding layer” effect refers to the impact of changing the composition of the
strained Si layers on either side of the SiGe layer, by using a SiGe alloy layer in place of
the strained Si layers. Section 4.5 gives a few examples of the application of this work

and its impact on technology.

4.1 Interdiffusion for strained Si/relaxed SiIGe structures
4.1.1 Summary of Extracted I nterdiffusivity

The results of the Boltzmann-Matano analysis discussed in Chapter 3 (e.g. Figure
3-14) are repeated here for reference in Figure 4-1 (a). The interdiffusivity data was
extracted from samples with different step heights (Xo), which are indicated by different
symbols. The interdiffusivity in low Ge fraction (Xge < 0.2) region extracted from samples

with high step heights (Xo = 40, 45 and 56%) are not shown in Figure 4-1 (a) for clarity.
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Figure 3-14 (a) confirms our observation in Figure 3-8 that the Si-Ge interdiffusivity
depends exponentially on local Ge fraction for all the temperatures in this work. Another
important observation from Figure 3-14(a) is that Si-Ge interdiffusivity curves at
different temperatures are evenly spaced throughout the Ge fraction range investigated,
which indicates that the activation energy in this temperature range is relatively
independent of Ge fraction. Figure 4-1 (b) shows the data for samples with high step
heights (X = 40, 45 and 56%). In Figure 4-1 (b) and (c), some interdiffusivity curves are
obtained by pseudo-Boltzmann-Matano analysis. Therefore, the interdiffusivity data in
the generated foot regions are not shown, as they are by-products of the pseudo-
Boltzmann-Matano analysis, and have no physical meaning (see Figure 3-9, 3-10 and 3-
11 for details). As seen in Figure 4-1 (b), in the higher Xge range (Xge > Xo /2),
interdiffusivity is relatively independent of the substrate Ge fraction Xo, while in the lower
Xge range (Xgce < Xo /2), the interdiffusivity extracted from different step heights tends to

be more scattered.
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Figure 4-1 Interdiffusivity for strained Si/relaxed SiGe structures extracted by Boltzmann-Matano
analysis and pseudo-Boltzmann-Matano analysis. These data were extracted from samples with
different x,. (a) Theinterdiffusivity data for all samples. Datain low Gefraction (Xg. < 0.2) region for
samples with xo> 0.4 not shown for clarity. (b) The interdiffusivity data for samples with x,> 0.4. (c)
Interdiffusivity curves extracted from samples with different xo for 880 and 920 °C. In the lower Xg.
range (Xge < Xo /2), interdiffusivity shows dependence on x,. In (b) and (c), the interdiffusivity
extracted from the generated foot part of the profiles using pseudo-Boltzmann-M atano analysisis not
shown.

Figure 4-1(c) compares the interdiffusivity curves for samples with different step
heights annealed at 880 and 920 °C. Data for 800 and 840 °C are not shown for clarity.
The interdiffusivity in low Xge range (Xge < Xo /2) is referred to as the tail region of the
interdiffusivity curve. The interdiffusivities in high Xge range are in good agreement,
while data in the tail region show a dependence upon the substrate Ge fraction, Xo.
Samples on higher X tend to have higher diffusivity in the tail region. This dependence of
the tail diffusivity on X is very similar to SIMS broadening as discussed in Section 3.4.3.
Another possible explanation for this effect is related to enhanced diffusion through
misfit dislocations. Higher Xo implies higher tensile stress at low Xge, and a higher

probability of relaxation by misfit dislocations. A third possibility is strain status change
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during annealing. If the high tensile strain at low Xge relaxes but the lower tensile strain in
high Xgerange doesn’t relax at the same time, then the coherent assumption in Equation 3-
5 no longer holds. This would introduce errors in Boltzmann-Matano analysis if the
interdiffusivity under tensile strain is different from that under relaxed strain. In Section
4.1.4 and 4.1.5, tensile strain impact is discussed, and the effect from tensile strain is
considered to be minor.

Since the interdiffusion is strongly dependent on Xge, the diffusivity in the tail of the
Ge profiles has little impact on diffusion near the peak and shoulder of the profiles. As
seen in Figure 3-9, 3-10 and 3-11 in Section 3.4.2 on pseudo-Boltzmann-Matano analysis,
the diffusivity extracted from the foot regions of Ge profiles can be quite different, and
yet the diffused profiles agree well except for the foot regions, the as long as the
diffusivity in high Xge is the same. In other words, interdiffusivity in high Xge range
captures the main profile motion, and interdiffusivity in the low Xge range can be treated
as a second order effect in interdiffusivity modeling. Taking that into account, it is
reasonable to remove the tail diffusivity for samples with high X and keep the data at
high Xge as shown in Figure 4-1 (a), which captures the major Ge profile motion in the

high Xge regime.

4.1.2 Refining the Interdiffusivity Results

The above interdiffusivity curves were extracted from diffused steps by Boltzmann-
Matano and pseudo-Boltzmann-Matano analysis. As mentioned before, one of the
purposes of the “peak and step” structures was to provide an experimental method to
evaluate and refine the interdiffusivity results. The samples used for refinement are

structure 56/56 and 45/45, as the as-grown peaks in 56/56 and 45/45 are designed to have
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the same Ge fraction as the steps. Therefore, the diffusion of the peaks and shoulders are
both taking place at strained Si/relaxed SiGe interfaces, enabling the peak diffusion to
serve as an on-chip calibration of the interdiffusivity extracted from the shoulder
diffusion. For other structures such as 56/31 and 30/56, the SiGe peak layers are designed
to be under biaxial compressive or tensile stress. Therefore, the peak diffusion in these
structures may be different from the shoulder diffusion, and thus not suitable for
diffusivity calibration.

The refinement process is described as follows. First, interdiffusivity results from
Boltzmann-Matano analysis are approximated analytically using the “polyfit” function in
Matlab. This analytical expression is used as the diffusivity to simulate the Ge diffusion
in the TSUPREM-4™ [40] user-specified equation interface. Finally, the input
interdiffusivity expression is modeled based on the data in Figure 4-1 (a) and fine-tuned
such that it generates a good fit to the diffused Ge profiles measured by SIMS. The

details of the refinement are explained below.
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Figure 4-2 As-grown and annealed SIM S profilesfor structure 56/56 and the TSUPREM-4 simulation
using theinterdiffusivity data in Figure 3-14 (b).
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Figure 4-2 shows the as-grown and annealed SIMS profiles for structure 56/56. The
crosses show the diffused profile simulated by TSUPREM-4 using the extracted
interdiffusivity results in Figure 4-1 (b). The starting profile for this simulation is the as-
grown SIMS profile. The TSUPREM-4 simulated profile is in reasonable agreement with
the annealed shoulder profile, which shows self-consistency of Boltzmann-Matano
analysis. Since the ideal initial condition for Boltzmann-Matano analysis is a perfect step,
using the SIMS profile of the as-grown sample as the initial profile slightly overestimates
the diffusion in the simulated post-annealed shoulder profile.

Focusing now on the interdiffusion of the 56% SiGe peak, the total peak drop is 12
atomic %, and the simulation overestimates the peak drop by 4.5 atomic %. This suggests
that the interdiffusivity extracted from the shoulder, which is the interdiffusivity input to
the TSUPREM-4 simulator, is faster than the interdiffusivity of the peak. This
overestimation may be a result of the SIMS broadening effects at the strained Si/relaxed
SiGe interface (i.e. the shoulder). Since Boltzmann-Matano analysis is sensitive to the
local slope of the SIMS profile, any SIMS broadening will result in an overestimation of
the interdiffusivity extracted from the shoulder profile. At the same time, the thickness of
the peak layer is about 100 A or more, thick enough to be measured accurately by SIMS.
In that sense, the Ge peak drop may be a more accurate measure of interdiffusion than the
diffused shoulder profile. In terms of technology significance, the peak concentration
determines the strain, chemical concentration, mobility and major band structure of a
SiGe heterostructure, which is the focus of the modeling effort. Based on that
consideration, interdiffusivity is modeled and fine-tuned using the TSUPREM-4 user-

specified equation to fit the Ge peak drops. A Fickian diffusion equation with Ge
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concentration gradient as the only driving force is used in the TSUPREM-4 simulator.

The interdiffusivity used in TSUPREM-4 in this work is modeled such that D depends
exponentially on Xge, which is in good agreement with the extracted interdiffusivity in
Figure 3-14 (a). The starting points of the exponential curves at Xge= 0 are calculated
based on Zangenberg’s Ge tracer diffusivity results in Si (squares in Figure 3-14 based on
[51]). Figure 4-3 (a) shows the Ge profile simulated by TSUPREM-4 that best fits the
SIMS peak profile of structure 56/56. The corresponding interdiffusivity expression used

in TSUPREM-4 is D =4.2x107 exp(8.1* X,,). The fit to the peak profile is reasonably

good. Figure 4-3 (b) shows the fit of structure 45/45 annealed under the same condition.
Using the same analytical expression as the diffusivity input, TSUPREM-4 generates a
reasonable fit for the post-annealed SIMS profile of 45/45. However, the fit to the SIMS
profile in the low Xge range is not as good as the fit to the peak drop. One possible
explanation is the SIMS broadening effect as discussed earlier. This explanation does not
appear to be complete, however, because SIMS can clearly resolve the sharper as-grown
profiles shown in Figure 4-3. Another possible reason for the discrepancy at low Ge
fractions is pipe diffusion along threading dislocations, which influences diffusion
primarily in the low Xge range (dislocation effects are discussed in more detail in Section
4.4.2). A final possibility is that there remains a non-local nature to the interdiffusion,
which impacts interdiffusion particularly at low Ge fractions. This phenomenon, if it
exists, is not captured by the present model, and appears to be more prevalent in samples
with high Ge fractions in the substrate (e.g. the profile discrepancy at low Ge fractions in
Figure 4-3 (a) 56/56, is larger than that in Figure. 4-3 (b) 45/45, and larger than that in

Figure 4-5 (a) BM20, which has only at 20% Ge relaxed SiGe substrate). The profile
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discrepancy at low Ge contents thus may be related to some non-ideality in the alloy
material in the interdiffused region, particularly where the strain is large and the critical
thickness is small. It should be noted that in terms of overall profile motion, the
interdiffusivity in the low Ge fraction range has little influence on the diffused profile and
the peak drop, since most of the diffusion happens in the high Ge fraction range.

Nevertheless, the limitations of the present model in predicting the Ge profile in the tail

region, especially on high-Ge-content relaxed substrates, should be kept in mind when

applying the model.
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Figure 4-3 (a) As-grown and annealed SIMS profiles and the profile simulated by TSUPREM-4 that
best fits the peak drop of structure 56/56 annealed at 800C for 13 hours. The corresponding

inter diffusivity expression used in TSUPREM-4 is D = 4.2x107° exp(8.1* X, ). (b) Post-annealed

Ge profile of structure 45/45 smulated by TSUPREM-4 using the same expression in (a), together with
the as-grown and annealed SIM S profiles.

The expressions that best fit the SIMS peak drops for samples annealed at 800, 840
and 880 °C are listed in Table 4-1. Other than sample 71F annealed at 840 °C, which

shows faster diffusion than the other two samples annealed at 840 °C, all the samples
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annealed at the same temperature show consistent diffusion behavior that can be
described by one expression for a given temperature. Time dependence to the
interdiffusivity was not observed under the annealing conditions in this study (e.g. 40 min.
to 13 hrs. at 800°C). It is not a surprise to see that the interdiffusivity expressions at
different temperatures have the same Xge dependence, which agrees with results obtained
from the Boltzmann-Matano study, in Figure 3-14. The only thing that is different for
different temperatures is the prefactor in the diffusivity expressions, which shows

temperature dependence.

Structure/anneals | 60/60 45/45 D expressions and
Comments
800C, 40mins “71B”, little | -- Consistent, not time-
diffusion dependent, model
800C, 120mins | “71C”,  2-3% | “75C”, 1% peak | D=4.2e-20exp(8.1* Xge)
peak drop drop fits all 5 samples

800C, 13hrs

“T1e”, 12% peak
drop,

“75e”, 7% peak
drop

840C, 30mins “T1F”, 8% peak | “75e2”, 3.5%
drop peak drop

840C, 3hrs -- “T5F”, 8.5%
peak drop

75€e2 and 75F consistent,
D=2.56e-19exp(8.1* Xge)
71F shows faster diffusion

880C, 30mins

‘671A"},
peak drop

13%

“75D”, 9% peak
drop

71A and 71D consistent,
D=1.5e-18exp(8.1* Xge)

4.1.3 Interdiffusivity Modeling

Table 4-1 Sample details and the inter diffusivity expressionsthat fit the SIM S peak drops at 800, 840
and 880 °C.

The interdiffusivity expressions in Table 4-1 enable us to find a single expression that

-99 _




generates good fits to the SIMS peak diffusion profiles for the 14 samples in this work
annealed under different conditions:

Dr/r (Xge) =310 exp(- %)exp(&l * Xge ) Equation 4-1

In this equation, Dgrt is the extracted and refined interdiffusivity for strained
Si/relaxed SiGe structures. The subscript “R/T” refers to the strain status in the as-grown
structures, which is either relaxed (Xge = Xo), or tensile strain (Xge < Xp). During annealing,
the tensile strain may become relaxed, which is discussed further in Section 4.1.5. The
Drt model is based on Boltzmann-Matano analysis of diffused “step” samples, refined
by SIMS peak fitting. In other words, Dg provides a prediction of post-annealed SIMS
peak profiles using TSUPREM-4.

Figure 4-4 shows Dgs results calculated from Equation 4-1 (solid lines) together with
the extracted interdiffusivity from SIMS without refinement (in symbols). From Equation
4-1, we can see that at a given temperature, for every 10% increase in local Ge fraction
Xge, there is a 2.2X increase in Dgr. For every 40 °C increase in temperature, there is

about a 5X increase in Dgr.
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Figure 4-4 I nterdiffusivity curves extracted from Boltzmann-M atano analysis of shoulder profiles
(symbols) compared to Dy refined using Tsuprem-4 to fit the SIM S peak profiles (solid lines).

Within experimental error, Equation 4-1 indicates that the diffusivity activation
energy, Ea=4.66 eV is independent of Ge fraction and temperature, in the ranges studied
in this work. Also the fact that the substrate Ge fraction Xp has no impact on the
interdiffusivity for the relaxed case is consistent with that observation from Figure 3-14.
No anneal was performed on structures with Ge fractions higher than 0.4 at 920 °C, and
the uppermost line in Figure 4-4 shows the interdiffusivity at 920 °C calculated from
Equation 4-1, which is in good agreement with the extracted interdiffusivity from BM20
and BM40 at 920 °C.

In order to test the Drt model in Equation 4-1, TSUPREM-4 simulations using Dgt
model were performed for a BM20 structure annealed at 800 °C for 80 hours. Figure 4-5
shows the simulated profile and the SIMS measurement on both linear and semilog scales.
Using an ideal step as the initial profile, the Drr model generates a very good fit to the

SIMS profile on both linear and semilog scales, which demonstrates the effectiveness of
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the DrT model, particularly in the low-Ge-content range.
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Figure 4-5 TsSUPREM-4 simulations using Dr;r model for BM 20 structure annealed at 800C for 80
hours (symbols), on (@) linear, and (b) semilog, axes. The as-grown profile is an ideal step (dashed
line), and the SIM S measur ement is shown by the solid line.

4.1.4 Tensle Strain Characterization

After the interdiffusivity extraction and modeling, it is important to confirm the
strain status to determine the accuracy of the strain assumptions made in the Boltzmann-
Matano analysis, as in Equation 3-5. Collaboration was established with Dr. Michael
Canonico of Freescale Semiconductor, Inc. (Physical Analysis Laboratory Arizona
(PALAZ)), to obtain strain information using visible Raman and UV Raman
measurements. All the Raman measurements for this study were performed by Dr.
Michael Canonico.

Raman measurements of the “step” structures, which are the basis of this study,
were examined first. To satisfy the Boltzmann-Matano assumptions, the “step” epitaxial
structures should either be coherent to the virtual substrates or fully relaxed. In principle,

either condition will satisfy the Boltzmann-Matano assumption, where the interdiffusivity
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must be expressed as a function of Xge only (though clearly a fully coherent structure is
much more appealing in terms of eliminating effects associated with strain relaxation and
material non-idealities at the strained Si/SiGe interfaces). In this work, the structures
were epitaxially grown, and the thickness of the strained layers is designed not to exceed
twice the equilibrium critical thickness, as in practice, it has been found that a layer
satisfying this condition will stay strained without suffering from large relaxation. It is
assumed in this work that the intermixed region of SiGe (the sloped shoulder part)
remains strained to the virtual substrate, and that the local strain can be expressed by
Equation 3-5. Although it is difficult to probe strain in such narrow interdiffused regions,
it is possible to probe the tensile strain in the strained Si capping layer (e.g. for sample
BMG60I, a step structure), which serves as indirect evidence that strain is maintained
throughout the interdiffused region.

Sample BM60I has the highest step height and thus the smallest critical thickness,
and was annealed at 880 °C for 90 min, which is the longest anneal time at the highest
annealing temperature among all “step” structure anneals. Therefore, this sample is most
likely to suffer from strain relaxation. The Ge SIMS profile was measured on sample
BMG60E, which has the same structure and annealing condition as sample BM60I (see
Figure 4-6). The Raman spectra were measured by 364 nm excitation laser, which has
penetration depth of about 50 A. Figure 4-7 shows the Raman spectra of the Si-Si
longitudinal optical (LO) phonon for the strained Si layer of sample BM60I, which is at

500.62 cm™.
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Figure 4-6 SIM S profile of sample BM 60E annealed at 880C for 90 min.
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Figure 4-7 UV-Raman spectra (364 nm excitation) of the Si-Si longitudinal optical (LO) phonon for
the strained Si layer in sample BM60I. Tensile strain is preserved after 880 °C 90 min annealing.
Raman data courtesy of Dr. Michael Canonico at Freescale Semiconductor, Inc.

Theoretically, the Raman peak position & for a fully strained Si layer on top of
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relaxed Si;.,Ge, is:
a{heory - ws,ref =-x*0.309 Equation 4-2

in which the Raman shift of a Si reference sample is 520.7 cm™. A fully strained Si layer
on relaxed 56.3% SiGe should generate a Raman peak at 504.2 cm™ based on the above
equation [60]. Therefore, the measured Raman peak position, at 500.62 cm™, is 3.6 cm™
less than the calculated Raman peak position.

One explanation for this discrepancy is the possibility of SIMS error in the Ge

composition of relaxed SiGe. For example, if the relaxed SiGe is 60% instead of the 56%
measured by SIMS, then the fully strained Si on 60% would move Cb{heory to 502.2 cm'l,

which lowers the discrepancy to 1.6 cm™. Another possibility is that there are some Ge

atoms diffused close to the surface, which could influence the Raman peak position by:

Aw=-x*68cm™ Equation 4-3
in which X is the Ge fraction. From the SIMS profile in Figure 4-6, in the top 50 A, the
Ge percentage in the foot part is less than 1.5%, which can shift the Raman peak by 1.02
cm™'. Another possibility is the thermal mismatch strain. This effect is shown in Appendix
H to be insignificant. The above discrepancies are not large enough to change the fact
that the strained Si layer remains strained to the virtual substrate after annealing, which
suggests that the intermixed SiGe profile is also strained to the virtual substrate. This is
consistent with the initial assumption of coherent as-grown and annealed structures.
Therefore, the local strain can be expressed as a function of local Ge fraction Xge as in
Equation 3-5, and the interdiffusivity can be written as a function of Xge only, which

satisfies one of the Boltzmann-Matano analysis assumptions (see Equation 3-4 and 3-5).
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Structure/anneals | 56/56 | 60/30 | 30/60 | 30/30 | 30/00 | BM60

As-grown “TIm” | “72cc” | “94E” | “95D” | “96D”
800C, 40 min. “T2a”

800C, 120 min. “72b”

840C, 30 min. “72dd”

880C, 30 min. “T1b> | “72d”

880C, 90 min. “94D” | “95C” | “96C” | BM60I

Table 4-2 Raman sample matrix in thiswork with sample structures and annealing conditions.

Table 4-2 summaries the structures and annealing conditions of all Raman samples.
From the Raman measurements on “step” structures and “peak and step” structures (not
shown in this thesis), tensile strain in strained Si layers is shown to be preserved for all
the samples in Table 4-2. The Raman measurements for samples with compressive strain
such as structures 60/30, 30/00 also show that compressive strain is preserved after
annealing (the details of compressive strain characterization will be discussed in 4.2.2).
Therefore, Raman measurements support the assumption of coherent structures before
and after annealing, and thus the local strain dependence of the diffusivity, expressed in
Equation 3-5. From Equation 3-5, any point with Xge< Xg is under tensile strain. In “step”
structures such as BM20, BM40, BM60 and in “peak and step” structures such as 56/56
and 45/45, tensile strain exists in the diffused shoulder and peak part of the profile, where

Xge< Xo. In the next section, we will discuss the impact of tensile strain on interdiffusion.
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4.1.5 Discussion on Tensile Strain Impact on Interdiffusion

So far, interdiffusivity data have been extracted by Boltzmann-Matano analysis and
refined using TSUPREM-4. An analytical expression that fits SIMS peak diffusion profiles
for the temperature range from 800 to 920 °C was found. The interdiffusivity results for
these different structures are close as shown in Figure 3-14 and Figure 4-4. However, it
is clear that these structures have different as-grown strain in the strained Si layers, and
different amounts of tensile strain in the interdiffused SiGe regions, during annealing. For
example, in an as-grown BM20 structure, at Xge= 0.1, from the pseudomorphic growth
condition and Equation 3-5, we can calculate the local strain as — (0.2-0.1)*0.042 = -
0.42%, while in an as-grown BM40 structure, at Xge = 0.1, the local strain is — (0.4-
0.1)*0.042 = -1.26%. Every point on the Ge profile in sample BM20 experiences a
different local strain than its counterpart in BM40, since the Ge profiles are on two
different relaxed virtual substrates. As long as the virtual substrate Ge content, X0, is
different, the local strain for the same local Xge is different. Then, it becomes natural to
ask why all the interdiffusivity values extracted in Figure 3-14 (a) appear to be so close
for different step heights, and whether tensile strain has any effect at all.

The derivation below attempts to answer this question about the impact of tensile
strain on the interdiffusivity. Assume that the total annealing time is t, the annealing time
when the as-grown tensile strain is relaxed is trwith the diffusivity for this period Dg, and
the anneal period when tensile strain is not relaxed is tr with the average diffusivity for
this period D1. Then we have:

Dy,+t = Dgtg + Dst; Equation 4-4

t=tg +t; Equation 4-5
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Dy, = Dg tTR +D; (1 —tTR) Equation 4-6

From Figure 3-14, at the same temperature Dgr is relatively independent of
structure. Dg is the interdiffusivity for diffusion under no strain, which should also be

independent of structure. So in Equation 4-4, both Dgrt and Dgr are independent of
Lt o
structure, while TRshould generally be dependent on structure and annealing time. The

only two conditions that Equation 4-4 satisfies are: 1) t; <<t, which means tensile strain
relaxes in the very early stages of annealing, or 2) D, = D;, which means the diffusivity
under local tensile strain is close to that under relaxed strain. So far, there is one piece of
indirect evidence in [51] that suggests Dy = D;, where Ge self-diffusivity in SipoGeo

under tensile strain is shown to be only slightly slower than that under relaxed strain.
Whether one condition holds or both hold, this analysis implies that tensile strain does
not have a significant effect on the interdiffusion processes in this study. Thus, in this
work, Dgr for interdiffusion under initial tensile or relaxed strain is essentially close to
Dr. Equation 4-1 can be rewritten as:

Dr(Xge) = Dg,r =310 exp(- %)exp(&l * Xge ) Equation 4-7

From now on, this equation will be referred as “the Dg model”.

4.2 Interdiffusion under Compressive Strain

4.2.1 Enhanced Interdiffusion under Compressive Strain

After obtaining the Si-Ge interdiffusivity for interdiffusion under initially relaxed
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or tensile strain in the SiGe, the strain spectrum in the Si;.,Ge, was extended to biaxial
compressive strain by using “peak and step” structures with y > Xo. The epitaxial
structures involved are 56/31, 45/15 and 30/00, in which the SiGe peak layers are under
biaxial compressive strain of about -1%. The interdiffusion of a 56% Ge peak under
compressive and relaxed strain under the same annealing condition is shown in Figure
4-8. It is clear that diffusion of the 56% SiGe peak is greatly enhanced in structure 56/31
compared to structure 56/56. Similarly, structure 56/31 and 45/15 annealed at other
conditions (800 °C for 40 and 120 min, and 840 °C for 30 min), although not shown here,
all exhibit much faster diffusion than their counterparts 56/56 and 45/45, where the SiGe

peak layers are unstrained.
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Figure 4-8 As-grown and annealed Ge SIM S profiles of (a) structure 56/56 and (b) structure 56/31,
both annealed at 800° C for 120 min. Significantly faster diffusion isobserved in (b) than (a).
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4.2.2 Compressive Strain Characterization

In order to understand whether compressive strain plays a role in the observed
diffusion enhancement, the strain status of strained Si and SiGe layers before and after
diffusion was measured by visible Raman spectroscopy (442 nm excitation) at Freescale
Semiconductor. Figure 4-9 shows the visible-Raman spectra of the Si-Si longitudinal
optical (LO) phonon for structure 56/31 before and after diffusion at 800° C for 120 min.,
along with an unstrained Si reference sample. From the SIMS profiles in Figure 4-8(b),
the peak Ge percentage dropped from 56% to 45% after annealing, but the SiGe layer
remains strained to the relaxed Sigp¢oGeg 31, based on Raman measurement and analysis
[60]. After diffusion, the Raman shifts of the two strained Si layers and relaxed
Sig.69Gep 31 are unchanged. Similar Raman measurements were made for structure 56/31
annealed under two other annealing conditions: 800 °C for 40 min and 840 °C for 30 min,
where enhanced diffusion is observed, and compressive stain is also showed to be
preserved. Therefore, the enhanced interdiffusion is considered to be associated with the

compressive strain in the SiGe layer.
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Figure 4-9 Raman spectra (442 nm excitation) of the Si-Si longitudinal optical (LO) phonon for
structure 56/31 after 800°C 120 min (solid line) anneal along with an unstrained Si reference sample
(dashed line). The arrows on top of thisfigure indicate the calculated Raman peak positionsfor SiGe
layers fully strained to the relaxed Sig70Gey 3 Substrates. Raman data courtesy of Dr. M. Canonico,

Freescale Semiconductor.

4.2.3 Extraction and Modeling of Interdiffusivity under Compressive
Strain

The Dgr interdiffusivity model in Equation 4-5 can be modified to extract
interdiffusivity under compressive strain. For example, in sample 56/31 annealed at 800
°C for 120 min. the top three layers are pseudomorphic to the relaxed Sipg9Geo3; virtual
substrate before and after annealing, according to Raman measurements. Therefore,
interdiffusion for Xge < 31% is under tensile or relaxed strain, to which the Dr model,
Equation 4-5, should apply. The local strain for Xge > 31% is compressive. From SIMS
results, the interdiffusivity under compressive strain (Dc) is significantly larger than Dg.

We assume that the compressive strain dependence is exponential, which is generally
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accepted [47,48,49]. Then the interdiffusivity in 56/31 can be modeled by a piece-wise
exponential model in TSUPREM-4 to fit SIMS profiles using D¢ for Xge > 31% and Dg for
Xge < 31%. Figure 4-10 (a) shows the SIMS profiles and the TSUPREM-4 simulation that
best fits the Ge profile of the annealed structure 56/31. Some readers might have the
impression that the Ge dose under the as-grown profile is different than that under the
simulated profile, which is not the case. Ge dose is conserved in Figure 4-10 (a)
TSUPREM-4 simulation, and more details can be found in Appendix I. The two solid
segments in Figure 4-10 (b) are the interdiffusivity Dgr from Equation 4-5 and D¢ that

yield the best fit to the SIMS peak profile.
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Figure 4-10 (a) SIM S profiles and the TsuPREM4 simulation that best fitsthe annealed peak of
structure 56/31; (b) theinterdiffusivities Dg and D¢ that generate the best fit profilein (a).
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Figure 4-11 Extracted interdiffusivity curves for structure 56/31 (solid lines) and 45/15 (crosses) at
temperaturesin the range of 770-840 °C.

Similar extractions were performed for the 56/31 and 45/15 samples annealed at
770, 800 and 840 °C, and the interdiffusivity results for the best fits are summarized in
Figure 4-11. The slope of D¢ versus Xge on a semilog scale is denoted as Sc, which
includes effects from both local Ge concentration and the compressive strain. Table 4-3 is

a summary of all S¢ values extracted, which are found to be in the range of 21-27. The

is also calculated from S and tabulated in Table 4-3. The

)
inter

strain coupling factor Q

details of Q.. calculation will be discussed later in this section.

'
inter
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Structure Ge30P15 Ge45P15 Ge56P15 Ge45P30 Ge56P30

Xo= 0.15 0.15 0.15 0.31 0.31

840C, “60A”, 0% | “76F”,“76G™: “61A”, 16% | “62A”, 4.5% | “7T2F”, 10%

30mins peak drop 9% peak drop peak drop peak drop peak drop
agree

sc of the | 21 fits 23 21 27 24

bestfit

Alternative sc=24 gives sc=24 gives | sc=24 gives

fit 1% more 2% more | 0.5% less

peak drop peak drop peak drop

Q. .= -- 0.342 0.2963 0.4341 0.3652

(eV/percent

strain)

800C “76C” “72C”

120mins 7% peak drop 10% peak

drop

sc of the 21 23.8

bestfit

Alternative sc=24 gives 2%

fit more peak drop

Q. = 0.2856 0.3299

(eV/percent

strain)

770C, 7hrs “76e2”, 7% peak “72¢”, 8%
drop peak drop

sc of the 23 23

bestfit

Q. = 0.3207 0.3207

(eV/percent

strain)

Table 4-3 The dopes of D¢ against Xge (Sc) 0n a semilog scale used in Tsuprem-4 that best fitsthe

SIM S peak drops, and Q

'

inter

calculated based on s,

The slope of D¢, s, is relatively independent of Xo in the temperature range studied.

To summarize the extracted D¢ in Figure 4-11 with one analytic equation, we have:
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4.66eV

D. (Xs.) =310exp(-
C( Ge) Xp( kT

)exp(8.1x, )exp[s. * (Xge - X,)]  Equation 4-8

where X, > X, for compressive strain and sc =21-27, with an average value of 23. This
equation can be also written as:

De (Xeo) = Dr(Xoe) * expl(Se =8.1) * (Xg = X,)] Equation 4-9
where Dgr(Xge) 1s the interdiffusivity for local Xge under initial tensile or relaxed strain,

and exp[(s; —8.1) *(Xg, — X,)]) is the enhancement factor due to the compressive strain.

According to Equation 3-5 and taking 23 as the average value of Sc, the above equation
can be written as a function of compressive strain gc,

D¢ (Xge) = Dr(Xge) *exp(14.9 *ﬂ) Equation 4-10

0.042

From Equation 4-7 and 4-8, at the same local Xge, for every 10% decrease in
substrate Ge fraction Xy (equivalent to 0.42% increase in the absolute value of
compressive strain), there is a 4.4X increase in Dc. The X dependence (compressive
strain impact) is stronger than the local Ge fraction dependence, which increases by 2.2X
for every 10% increase in Xge. From now on, Equation 4-7 and 4-8 will be referred to as
the Dc model for interdiffusion under compressive strain. The combination of the Dg
model and the D¢ model will be referred to as the Dr-Dc model. Now, we are ready to
use this model to predict interdiffusion using TSUPREM-4 simulations. An example of

TSUPREM-4 input code is given in Appendix J for reference.

4.2.4 Strain Coupling Factor and ItsOrigin

Although the compressive strain dependence of interdiffusion is observed, it is not

clear whether this strain dependence is due to a change in activation energy, Ea or
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prefactor, Do, in the generalized expression D = Doexp(-Ea/kT). For dopant diffusion in Si
and SiGe, the biaxial strain dependence of diffusivity is generally assumed to be related
to a change in activation energy, associated with a change in the formation energy of

point defects involved in dopant diffusion [61].
Ea(gc,biax) = Ea(o) - Q"gc,biax‘ Equation 4-11

Q’ is the biaxial strain coupling factor for dopants, and can be calculated from the
diffusivity dependence on strain:

Q = kT Oln D dopant

Equation 4-12
os

In this work, the exponential dependence of interdiffusivity on compressive strain

A*e,.
is also observed. Cowern et al. demonstrated that %=exp(%) for SiGe

interdiffusion at low Ge fractions. “A” is a constant which includes both chemical and

strain effects. Therefore, it is likely that the origin of the compressive strain dependence

observed in this work is the change in Ea. If that is true, the strain coupling factor Q

int er
can be calculated for Si-Ge interdiffusion under biaxial strain as:

, In D,
Q.. = KT ana—““e' Equation 4-13
&

From the D¢ results in Equation 4-7, we have:

—_ %

Quier = (5=8.1)*KT eV /strain Equation 4-14
0.042*q
—_ * %

Quer = (s=8.D7kT *100 eV / percent — strain Equation 4-15

0.042*q

Q... is calculated to be in the range of 0.276 ~ 0.363 eV/percent strain for
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temperatures from 770 to 840 °C for interdiffusion under compressive strain (see Table 4-
3). In this work, the maximum compressive strain is about -1% as in structure 56/31.
Therefore, if the coupling is due to an Ea change, under -1% compressive strain, the
activation energy should be about 0.3 eV less than the interdiffusivity under relaxed strain.
A change in Ea of 0.3 eV is actually a subtle change, which is very hard to distinguish
from a pre-factor change, with the narrow temperature range used in this work, as
illustrated in Figure 4-12. Figure 4-12 shows the temperature dependence of D(xge=0.4)
under different strain status. For example, D(Xge=0.4) in structure 45/15 is under
compressive strain of —(0.4-0.15)*4.2% = - 1.05%, while D(Xge=0.4) in structure 56/31 is
under compressive strain of —(0.4-0.31)*4.2% = -0.38%. The third case is where D
(Xee=0.4) is under no strain. The activation energies from the least square fitting lines are
4.71, 4.80 and 4.66 eV respectively. From Figure 4-12, it can be seen that the Ea
uncertainty is larger than 0.3 eV (especially for 45/15), which means we are not able to
distinguish a change in Ea from a change in pre-factor. One way to reduce the uncertainty
in Ea is to run multiple samples at each annealing condition to get a statistical average of
diffusivity. A more fundamental method to solve this problem is to expand the
temperature range.

In previous work on Ge self diffusion, an Ea accuracy of 0.1 eV was obtained,
using temperature ranges of two to three hundreds degrees [51], [62]. Since the
interdiffusivity increases about 4 to 5X for every 40 °C increase, expanding the
temperature range requires extremely short anneals at high temperatures and very long
anneals at low temperatures, since the overall amount of profile broadening is limited in

these types of structures by critical thickness constraints. For example, the annealing time
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for BM20 at 880 °C in this work is 80 hours. If Ea = 4.66eV still holds for temperature
range 700-800 °C, the temperature term for 700 °C is 1/177 of that at 800 °C. In order to
obtain the same amount of profile motion at 700 °C, 80*177 hours = 1.42e3 hours = 590
days is required. Therefore, interdiffusivity data for low Ge fraction becomes very
difficult to obtain at low temperature, which is fortunately not of technical importance.
Interdiffusivity extraction for high Ge fraction (Xge > 0.6) with high compressive strain at
low temperature is more feasible and relevant to Ge-rich and pure Ge MOSFET
fabrication, which is a topic for future work. By varying Ge fraction, strain and
temperature at the same time, it should be possible to expand the D vs. Xge plot in Figure
4-4 and Figure 4-11 to a wider temperature range, which will help to obtain more

accurate understanding of the impact of strain on Ea.

C I J T 3
' —e—45/15
. N -e—56/31
) 16 | \ _ i
2 107 . - D (0.4)
o B \\ ) -
< [ N l
T 107 \ N\ -
8 : n ;
x s < e ]
[ Ea(45/15)= 4.71 eV\ ‘\ )

15| Ea(56/31)=4.80 eV \_
10" FEa(relaxed)= 4.66 eV LI
] , . . E

9.5 10 10.5 11 11.5
q/kT

Figure 4-12 Temperature dependence of D(Xge=0.4) under different strain status and the
corresponding activation energies. Thelinesarethe best fit linesusing least square method.
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Figure 4-13 Interdiffusivity curves and error bars for structure 56/31. The solid line is the
interdiffusivity curve Dyegsit that fits SIM S peak profile in Figure 4-10. The dashed and dotted lines
are the diffusivity curves which predict peak drops that are off by -2, -1, +1, and +2 at%. The
corresponding diffusivity ratiosrelative to Dyegsit are 0.52, 0.73, 1.4 and 2.0.
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Figure 4-14 Relativeerror in D extraction caused by SIMSerrorsassuming SIM S gives errorswithin
+2at% and + 1 at%. The solid lineisthe interdiffusivity curve Dy that fits SIM S peak profile.

After extracting Dc shown in Figure 4-10 and Figure 4-11, an error analysis was
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performed. The main source of error comes from SIMS. The peak drops of this study are
from 7 to 10 atomic %. Based on discussions with Dr. Gary Goodman at Evans
Analytical Group, where samples of this work were measured, the SIMS accuracy for Ge
fraction is around = 1 atomic percent (at.%) for samples measured in a single day, and &
2 at.% for measurements performed on different days. Figure 4-13 shows the relative

errors that are introduced when SIMS is off by *1 at.% or =2 at.%. The corresponding

diffusivity values are 0.7-1.4X and 0.5-2.0X of the best fit interdiffusivity Dpegsit. In the
case that the peak drop is 7%, as in structure 45/15 annealed at 800 °C for 120 min, the
relative error is 0.7-1.4X and 0.5-1.9X of Dpegiit respectively when the SIMS peak is off

by £ 1 at.% and =2 at.%. In this work, most of the as-grown and annealed samples of

the same structure were measured by SIMS in one day. Therefore, we estimate the error

bar of the interdiffusivity is 70 to 150% of the best fit interdiffusivity.

4.2.6 On the Uniquenessof the Diffusivity Model for the Strain Effect

As mentioned with respect to the D¢ extraction, it was assumed that the
compressive strain dependence is exponential. Since the measurement of the
interdiffusivity is based on fitting peak drops, the extracted interdiffusivity data are most
valid in range of Ge fractions near the peak of the profile. It is possible that the
exponential assumption is not unique and the extracted data is just one set of solutions
which generate good fits in the range of peak drops for the 45/15 and 56/30 samples.

To test the assumption of the exponential dependence on compressive strain, two
series of structures were designed on 15% and 30% relaxed virtual substrates respectively.

Series (A) includes structures 56/15, 45/15, and 30/15, and series (B) consists of 56/31
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and 45/31. Both series of samples were annealed under the same conditions: 840 °C for
30 min in nitrogen ambient. The peak drops of these samples are different because of the
different peak heights and substrate Ge fractions. From SIMS measurements (not shown
in this thesis), the peak Ge concentrations dropped according to the values shown in
Table 4-4. D¢ extraction was performed for all these samples using the same piece-wise
exponential dependence and compared in Figure 4-15. The logic for this comparison is
the following: if the exponential dependence is a good assumption in the whole range, the
extracted data of the structures in the same series (i.e. on the same virtual substrate)
should follow the same exponential relation independent of the peak drop ranges; if the
exponential dependence is incorrect, then the extracted data of the structures in the same

series will not follow the exponential behavior.

Structures Series (A) Series (B)
30/15 45/15 56/15 45/30 56/30

Pre-anneal  peak | 26% 45% 56% 45% 55%

height

Peak height after | 26% 36% 40% 41% 45%

840C 30min

anneal

Table 4-4 Ge peak heights before and after 840C 30min annealsfor structuresin series(A) and (B).

As seen in Figure 4-15, the extracted interdiffusivity data from the same series
agree with each other within the error bars (dashed regions). Structure 30/15 in series (a)
had no observable peak drop, which agrees with the prediction using the interdiffusivity
extracted from 56/15 and 45/15. Therefore, our exponential dependence of
interdiffusivity on compressive strain appears to be valid, within the experimental error

bar.
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Figure 4-15 Extracted interdiffusivity curves to check the uniqueness of the model concerning the

impact of strain on the diffusivity. Series (a) consists of structure 56/15 and 45/15. Series (b) consists
of structure 56/31 and 45/31.

4.3 Discussions

4.3.1 Comparison with literature
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Figure 4-16 Comparison between inter diffusivity from Aubertine et al’swork [48] and that extracted
using Boltzmann-M atano analysisin thiswork without TSUPREM-4 refinement, for Ge fraction < 0.2.
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To date, the most comprehensive interdiffusivity study was performed by Aubertine
et. al. using XRD as a diffusion probing method [48]. The structures used in their work
were S1;.xGe,/Si1.yGey superlattice structures grown on a Si substrate. Aubertine’s work
gave interdiffusivity at five discrete average Ge fractions, Xge = 0.075, 0.105, 0.128,
0.172 and 0.192. These samples exhibited 75%, 56%, 5%, 56% and 73% strain
relaxation. Figure 4-16 compares Aubertine’s interdiffusivity results with the extracted
interdiffusivity of this work. Although there are significant differences in samples
structures and experimental techniques between these two studies, the extracted
interdiffusivities are in approximately the same range. In terms of activation energy,
Aubertine found a Ge fraction dependence to Ea = 4.69 - 4.05* Xge (V) for Ge fraction <
0.2, while Ea = 4.66 eV in this work with little dependence on Xge. More work needs to
be done to extract Ea in wider temperature range to explain the difference in these two

studies.

4.3.2 Interdiffusion Mechanisms and the Impact of Strain

The observation in this work that compressive strain enhances interdiffusion is
consistent with the findings of Cowern, et. al. on Si/200-1200A Si;_ Ge,/Si structures (x
= 0.1-0.3) annealed at 900-1050°C [49]. Si-Ge interdiffusion is considered to be mediated
by vacancies more than interstitials [49, 63]. Compressive strain in the SiGe favors
vacancy formation, and therefore may be expected to enhance Ge diffusion in the process
of Si-Ge interdiffusion. In this work strain is varied by using different relaxed Si;xGex
substrates, which not only changes strain in the Si;.,Ge, layer but also the strain in the

surrounding two strained Si (s-Si) layers. For example, the 56% SiGe peak in structure
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56/31 is under biaxial compressive strain of about —1%, and the two surrounding s-Si
layers are under biaxial tensile strain of about 1%. For comparison, the 56% SiGe peak in
structure 56/56 is unstrained, and the two surrounding s-Si layers are under about 2%
biaxial tensile strain. It is possible that strain changes in both the Si;.yGe, layer and two s-
Si layers contribute to the observed diffusivity changes. In the structures in this study, it is
difficult to decouple strain in the Si;.,Gey layer and strained Si layers without introducing
strain relaxation and thus much higher dislocation density. However, the magnitudes of
the influences from compressive strain and tensile strain are different. Our analysis in
Section 4.1.5 suggests that tensile strain in SiGe has little impact on Si-Ge interdiffusion.
Therefore, by analogy, it is plausible that tensile strain in Si has little effect on
interdiffusion in strained Si/SiGe/Si structures, and that it is the compressive strain in the
Sii.yGey layer that plays the dominant role in the enhancement of interdiffusion. In the
next section, the impact of the surrounding layers on the Si-Ge interdiffusivity is further

explored.

4.4 Surrounding Layer and Threading Dislocation Effects
4.4.1 Surrounding Layer Effect

Up to this point, all the extraction and modeling have been performed for the
intermixing of Strained Si/SiGe interfaces. Interdiffusion depends on the materials on
both sides of the interface. A natural question to ask is whether the Dr-Dc interdiffusivity
model applies to the case of Si;xGey/Si1yGey intermixing. For the case of Strained
Si/SiGe interdiffusion, although the sample begins with a Strained Si/SiGe interface at
time zero, once diffusion starts, the “sharp” interface becomes sloped. At any point along

the slope, SiGe diffuses into the surrounding SiGe, and this interdiffusion behavior is
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captured by the Dr-Dc model. Therefore, the Dg-Dc model should be applicable to the
case of intermixing of as-grown Siy.Ge,/Si1,Gey interfaces.

Modified 56/31 structures were designed by substituting the surrounding strained
Si layers by SiGe layers to measure the surrounding layer effect. The substituting layers
are SipssGeg4s as in structure 56/45/31 in Figure 4-17 (b), SigesGeosz as in structure
56/32/31 in Figure 4-17 (c), and Sipg4Gey 16 as in structure 56/16/31 in Figure 4-17 (d).
These structures were annealed in nitrogen at 800 °C for 120 min. Figure 4-17 shows the
Ge profiles for these modified 56/31 structures before and after the annealing (Figure
4-17 (b), (c) and (d) ) compared with the original 56/31 structure (Figure 4-17 (a)). A
similar amount of interdiffusion is observed between Figure 4-17 (a) and (b). Figure 4-17
(c) and (d), with higher Ge contents in the surrounding layers, show less peak drop. This
is consistent with a change in the “boundary condition” on either side of the 56% Ge peak
layer: the Ge diffuses away much faster when surrounded by 30% and 45% Ge alloy
layers. Interdiffusivity extracted by TSUPREM-4 for structures in Figure 4-17 (b), (c¢) and
(d) is shown in Figure 4-18, and compared with interdiffusivity extracted from 56/31.
Within the experimental error, the interdiffusivity data for 56/17/31, 56/32/31, 56/45/31
structures agree with that for 56/31, which means that the Dg-Dc model applies to the

case of Siy1.4Gey/Siy/Gey intermixing.
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Figure 4-17 As-grown and annealed Ge profiles measured by SIM Sfor (a) structure 56/31, (b)
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Figure 4-18 Interdiffusivity curves that best fit the annealed profiles in Figure 4-17 (a) to (d). The
linesaretheinterdiffusivity extracted for structure 56/31, i.e. the Dg-Dc model.

4.4.2 Threading Dislocation Effect
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The samples studied in this work were grown on different virtual substrates, and
may have different threading dislocation densities. It has been suggested that pipe
diffusion along vertical threading dislocation segments can contribute to the
interdiffusion at Strained Si/SiGe interfaces. To study the threading dislocation effect on
interdiffusion, we compared the interdiffusion of structure 30/00 (relaxed Si/compressive
Sip7Gegs/relaxed Si structure) grown on a CZ substrate and on a highly defected
substrate (“virtual Si substrate” with dislocation density on the order of 10’ cm™). The
defected substrate was fabricated by starting with a CZ Si wafer, which was followed by
epitaxial growth of a relaxed graded SiGe layer from 2% up to 30% in Ge fraction, a 1
micron-thick constant-concentration 30% SiGe layer, another graded SiGe layer from
30% SiGe down to 0%, and finally a 1 micron-thick relaxed epitaxial Si layer (see Figure
4-19 (a)). The grading rate was about 10% Ge/um for both graded SiGe layers. The
dislocation density measured by etch pit density (EPD) method on the defected substrate
is about 2 to 4 x 10’ cm™, while that of the thick epitaxial Si layer grown on the CZ
substrate is less than 1 x 10* cm™.

Both 30/00 on defected substrate and on CZ substrate were annealed in nitrogen at
880 °C for 90 min and measured by SIMS. The amount of peak diffusion is similar
between these two structures as seen in Figure 4-19 (b), which is consistent with Mooney
et al.’s findings [58]. However, the low Ge fraction diffusion of these two samples is
different. Structure 30/00 on defected substrate has a much bigger tail than the same
structure grown on a CZ substrate. Therefore, it is likely that the effect from pipe
diffusion along threading dislocations (with density on the order of 10’ cm?) is only

observable in the low Ge fraction range (i.e. in the profile tail regions), but not large
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enough to impact diffusion at high Ge fractions. From etch pit density measurements, the
threading dislocation densities of the virtual substrates in this work such as sample BM20,
BM40 and BM60 are all on the order of 10’ cm'z, much lower than 107 cm™. It is
reasonable to conclude that the substrate quality has little effect on the major features of
Si-Ge interdiffusion studied in this work. However, threading dislocations, originating
either from the substrate or in higher densities from the relaxation of a thin layer in the
interdiffusion structure, could impact the low-Ge-fraction portion of the profiles, leading
to Ge tail regions. Diffusion in these tail regions is not captured by the models in this

work and is suggested as an area for future study.
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Figure 4-19 (a) The epitaxial structure of the 30/00 on defected substrate. (b) As-grown and annealed
Ge profiles measured by SIM S for structure 30/00 grown on CZ substrate with less than 1 x 10° cm™
dislocation density and on defected substrate with about 1 x 10’ cm™ dislocation density.

4.5 Impact on Technology

In the beginning of Chapter 3, we introduced the significance of SiGe interdiffusion
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for various SiGe devices such as CMOS, bipolar transistors, photodiodes. In this work, a
Si-Ge interdiffusivity model was extracted for epitaxial strained Si/Sii.yGey/strained
Si/relaxed Si1.xGeyo and strained Si/relaxed Sii.xoGeyo heterostructures for Ge fractions
between 0 and 0.56 over a temperature range of 770 — 920 °C. These results can be used
to predict SiGe interdiffusion, and for optimizing device structure design and process
integration. In the following sections, a few examples of the application of the

interdiffusivity model are given.

4.5.1 Impact on HOI and Dual-channel MOSFET Design

As mentioned in Section 3.1, heterostructure-on-insulator (HOI) and dual-channel
MOSFETs use SiGe layers as high-hole-mobility channels. High thermal budget will
degrade the mobility due to interdiffusion. In addition, Ge atoms that diffuse through the
Si capping layer to the oxide/Si interface contribute to the density of interface traps and
degrade device performance. To minimize interdiffusion, a low-Ge-fraction SiGe layer
under tensile or relaxed strain is preferred. However, in terms of mobility, high Ge
fraction is desirable and a certain amount of compressive strain is needed to split the
valence bands and reduce scattering within the SiGe layer. Therefore, it is essential to
design the epitaxial structures and thermal process carefully to balance the requirements

from both the device design and process points of view.
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Figure 4-20 shows published hole mobility enhancement factor for dual-channel p-
MOSFETs (strained Si/Sij.yGe,/strained Si/Sii«Gey) as a function of Ge fraction y (in
the channel layer) and Xp (in the virtual substrate) [64]. As seen in Figure 4-20, for a
given Yy, a small change in X, doesn’t change the mobility enhancement factor
significantly. Therefore, it may make sense to increase Xo somewhat, which reduces the
compressive strain in the channel and thus the interdiffusion during processing. In the
following device design example, interdiffusion prediction using the Dr-Dc model is

combined with the mobility results in Figure 4-20 for device structure optimization.
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Figure 4-21 An example of dual-channel MOSFET structure design. The RTA isat 900 °C for 10sec.
(a) structure 70/30 (b) structure 70/50. Ge diffusion in (b) ismuch lessthan in (a).

Figure 4-21 illustrates an example of dual channel MOSFET structure design.
Assume that the thermal budget is limited to 900 °C for 10 sec., and the design goal is to
achieve at least 2.5X hole mobility enhancement. Referring to Figure 4-20, a 2.5X
enhancement can be achieved for y = 0.6 and above. Interdiffusion is compared for
structures with y=0.7 and Xo= 0.3 (structure 70/30) and 0.5 (structure 70/50). In structure
70/50, the 70% peak is under less compressive strain than in structure 70/30. The Dg-D¢
model is used to predict interdiffusion for a 900 °C-10 sec. RTA, as seen in Figure 4-21.
The as-grown Ge profile was generated to emulate a dual-channel MOSFET structure
with a 30 A Si cap and 100 A SiGe channel.

After diffusion, the 70% Ge peak dropped to 58% in (a) and to 67% in (b). From
Figure 4-20, we estimate that the hole mobility enhancement factors for post-annealed
70/30 and 70/50 structures are 2.5X and 2.7X respectively. Although the hole mobility
enhancement factors are comparable for these two structures, the Ge diffusion is very

different. Because of the higher biaxial compressive strain, structure 70/30 has
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significantly more Ge diffusion than structure 70/50. When Ge reaches the oxide/Si
interface, it degrades oxide quality by introducing interface states. Taking this into
account, structure 70/50 is a preferred compared to structure 70/30 due to the reduced Ge

diffusion through the Si capping layer during annealing.

45.2 Interdiffuson during RTA

As mentioned in Section 3.3, the experiments of this work were carried out using
furnace anneals to obtain accurate and repeatable diffusion temperatures. However, RTA
is the industry standard thermal processing technique. Interdiffusion behavior during RTA
may not agree with furnace annealing due to transient diffusion effects, as RTA time is
normally less than a minute, much shorter than typical furnace anneals. Whether the Dg-

D¢ model based on furnace anneals can apply to RTA is a question.

RTA 10sec, nominal T=965C

0.5 | , |
pre-anneal
post-anneal

0.4 model fitting |

0.3 |

©
O
X

0.2

0.1L
ol
0

Figure 4-22 Measured Ge SIMS profiles for a HOI structure annealed by RTA compared with the
interdiffusion model smulation. SIM S data courtesy of |. Aberg.

To consider the application of the model to RTA data, SIMS data from Ingvar
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Aberg obtained on bulk strained Si/strained SiGe/strained Si structures (designed to
emulate HOI device structures) are compared with the Dg-D¢c model fits in Figure 4-22.
The HOI structure in Figure 4-22 is on a relaxed 23% SiGe virtual substrate, and the as-
grown SiGe peak has 46% Ge. The nominal RTA annealing condition was 965 °C for 10
sec, much shorter than the furnace anneals used in this work, which are at least 30 min
long. After the RTA, the peak height dropped from 46% to 38%. The Dr-Dc model in
Equation 4-5 and 4-7 was used to fit the post-annealed profile by TSUPREM-4, with the
annealing temperature taken as the fitting parameter. The best fit is obtained for a
temperature T = 995 °C, which is within 30°C of the nominal annealing temperature.
Considering that the RTA used in Aberg’s work was not calibrated to within ~ 50°C, the
Dgr-Dc model does a reasonable job of predicting the profile, within the RTA temperature
uncertainty. Future work needs to be done to calibrate the RTA annealing temperature,

and to adjust the Dr-Dc model for application to RTA.

4.5.3 Implant Damage Enhanced Interdiffusion

Another important application for the interdiffusion model is to investigate implant
damage enhanced interdiffusion, which was introduced and discussed in Chapter 2. In
source/drain and extension regions of SiGe MOSFETs, dopants are introduced by ion
implantation.  The resulting implant damage can enhance Si-Ge interdiffusion
significantly. This is not desirable since interface traps form when Ge diffuses to the
oxide/Si interface, and these traps may increase trap-assisted tunneling leakage in the
drain/gate overlap region [64].

In order to study implant damage enhanced interdiffusion quantitatively, it is

important to extract the implant enhancement factor. To illustrate such an extraction,
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SIMS data from Cait Ni Chleirigh’s work on dual-channel MOSFETs, subjected to
800°C-10sec. source/drain annealing, was used [65]. Figure 4-23 shows the post-annealed
SIMS Ge profile with boron implant damage, and the assumed as-grown Ge profile
(SIMS data are not available for the as-grown sample). The as-grown structure has a 57A
thick strained Si capping layer, which is estimated from the C-V measurement and
simulation by Cait Ni Chleirigh. At the surface, Ge pile-up is not evident. Therefore, little
loss in Ge dose is assumed. To generate the as-grown step profile, the thickness of the
Sip4Geg layer is adjusted to match the Ge dose of the post-annealed SIMS profile as
seen in Figure 4-23. From the Dgr-Dc model simulation, if the RTA temperature is
accurate, no observable diffusion is expected for this dual channel structure without
boron implant for 800 °C 10 sec RTA. In this work, the implant diffusivity enhancement

factor is defined as the ratio between Djmpiant and Duynimplanted:

D implant (XGe )

Dunirmlame d (XGe )

f Equation 4-16

implant

TSUPREM-4 simulations were used to find the Ge diffusivity enhancement parameter

fimplant Which gives the best fit to the SIMS profile.
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Figure 4-23 Post-annealed SIM S data for a dual-channel MOSFET source/drain region with boron
implant. The dual-channel MOSFET structureis a 60A strained Si/ Sig4Geye relaxed Sip;Geys. The
dashed line is generated to emulate the as-grown Ge profile based on CV measurement and thickness
calculation. The Ge dose (ar ea under curve) isthe samefor both profiles.

Figure 4-24 shows the fitting profiles with different values of fimpiant = 1000, 3000
and 5000, among which fimpiant = 3000 gives the best fit. Therefore, the implant damage
enhancement factor for the Ge diffusivity is estimated to be on the order of 1000 in this

example.
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Figure 4-24 TSUPREM-4 fitting curvesto the post-annealed SIM S profilein Figure 4-23. (a) fimpiant =
3000 (b) fimpiant = 5000 (C) fimpiant = 1000.

4.6 Summary of Chapter 4

After introducing the experimental method and results of the Boltzmann-Matano
analysis in Chapter 3, the detailed diffusivity modeling has been discussed in Chapter 4,
which is the largest contribution of this thesis. This chapter began with the SiGe
interdiffusivity results for strained Si/relaxed SiGe structures, which display an
exponential dependence on the local Ge fraction, Xge. The process simulation program,
TSUPREM-4 was used to refine the interdiffusivity results obtained from Boltzmann-
Matano analysis, in order to fit the post-annealed SIMS peak profiles. The refined
interdiffusivity for strained Si/relaxed SiGe structures, Dg is shown to increase by 2.2X
for every 10% increase in Xge, and by 4 to 5X for every 40 °C increase in temperature.

After that, the impact of compressive strain on the interdiffusivity was studied in detail.

- 136 -



Significantly enhanced interdiffusivity, D¢ is observed for SiGe under biaxial
compressive strain gc. D¢ increases by 4.4X for every 0.42% increase in magnitude of
compressive strain, which is equivalent to a 10% decrease in the substrate Ge fraction, Xo.
A piece-wise continuous exponential model (“the Dg-Dc interdiffusivity model”) that fits
the observed diffusion profiles for a variety of composition and compressive strain cases,
with peak Ge concentrations in the range of 55%, was constructed.

In Section 4.3, SiGe interdiffusion mechanisms were discussed. Results from the
literature are consistent with the interpretation that biaxial compressive strain in the SiGe
may enhance the vacancy concentration and thus increase the interdiffusivity. However,
further work is needed to understand the details of the mechanism. In the data presented
in this work, the strain-enhancement to the diffusivity was modeled as a change in the
diffusivity pre-factor, rather than the activation energy. The small temperature range used
in this strain study prevents distinguishing these two cases. In Section 4.4, the Dgr-D¢
interdiffusivity model was shown to apply to the case where SiGe diffuses into SiGe
surrounding layers with a wide range of Ge compositions. A threading dislocation density
on the order of 10" cm™ was shown to have little effect on the major interdiffusion
properties for relaxed Si/compressive Sip;Geg s/relaxed Si structures. In the last section,
several examples were given on the application of this work including the model
application to RTA, and the design of Ge fraction and strain to minimize Ge outdiffusion

in HOI and dual-channel MOSFETs.
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CHAPTER 5 Summary and Future Work
5.1 Summary and Major Contributions of thisThesis

As complementary metal-oxide-semiconductor field-effect transistors (MOSFETs)
scale, strained Si and SiGe technology have received more attention as a means of
enhancing performance via improved carrier mobility. One of the biggest challenges for
strained Si and SiGe technology is Si-Ge interdiffusion during thermal processing.

Two different aspects of Si-Ge interdiffusion are explored in this work. The first part
of this work demonstrated that Si-Ge interdiffusion and ion implantation damage during
the fabrication of strained Si MOSFETs have significant impact on electron mobility and
thus device performance. Long channel n-MOSFETs with different thermal processing
and implant conditions were fabricated on both CZ Si wafers and strained Si/relaxed
SipsGep, heterostructures. In order to avoid scattering by ionized dopant impurities,
neutral Si and Ge were implanted into the channel at six different doses ranging from 4 x
10'? cm™ to 1 x 10" atoms/cm?. Three different rapid thermal anneals (RTA) were used.
It is shown that the mobility enhancement factor is degraded by RTA and ion
implantation. For each RTA condition, there is a threshold implantation dose, above
which the strained Si mobility starts to degrade significantly. The degradation is larger
for devices with larger thermal budgets or implantation doses. Si-Ge interdiffusion at the
strained Si/relaxed Sip3Geo, interface was found to be the major mobility degradation
mechanism for devices with higher thermal budget, while for devices with lower thermal
budget, residual ion implantation damage in the strained Si channel is considered to be
the key degradation mechanism. Two-dimensional simulations are performed to generate

as-implanted damage profiles of 30-nm scale MOSFETs. By comparing the 2D damage
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profiles with those generated by Si blanket implant, it is shown that 30-nm p-MOSFET is
more likely to suffer from mobility degradation than n-MOSFETs.

The second part of this work, which is the main focus of this thesis, systematically
investigated the Si-Ge interdiffusivity in epitaxial strained Si/Si;.yGey/strained Si/relaxed
Si1.xGey and strained Si/relaxed Sip.4Gey heterostructures for Ge fractions between 0 and
0.56 over the temperature range of 770 — 920 °C. Based on the interdiffusivity extracted
from experiments, an analytic model was established for interdiffusion simulation. To the
best of our knowledge, this work is the most complete study of Si-Ge interdiffusion and
modeling to date.

Boltzmann-Matano analysis was applied to extract interdiffusivity from the diffused
Ge profiles of strained Si/relaxed SijxGexo heterostructures, which was later refined by
TSUPREM-4 simulations. Si-Ge interdiffusivity was found to increase by 2.2X for every
10% increase in Ge fraction for interdiffusion under relaxed strain. Significantly
enhanced Si-Ge interdiffusion was observed in Siy.,Gey layers under biaxial compressive
strain. Si-Ge interdiffusivity was found to increase by 4.4X for every 0.42% increase in
the magnitude of compressive strain, which is equivalent to 10% decrease in the substrate
Ge fraction Xo. These results were incorporated into an interdiffusion model that
successfully predicts the interdiffusion of various SiGe heterostructures. Examples of the
impact of interdiffusion on device design and process integration issues were given.

The contributions of this work include the following:

1. Explored the correlation between processing factors such as implant damage
and RTA and the device performance of strained-Si n-MOSFETs. Characterized the

electron mobility degradation upon ion implant and thermal processing in strained Si n-
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MOSFETs.

2. Determined the critical doses for Si implants for typical RTA conditions, above
which significant electron mobility degradation occurs.

3. Demonstrated that the as-implanted damage and Si-Ge interdiffusion are
possible mechanisms for the electron mobility degradation under low and high thermal
budgets.

4. Used simulations to show that 30-nm node strained Si p-MOSFETs may
potentially suffer from mobility degradation from implant damage and annealing.

5. Introduced and calibrated the Boltzmann-Matano method in Si-Ge
interdiffusion study and demonstrated that it is an effective tool to study Si-Ge
interdiffusion.

6. Systematically quantified the Si-Ge interdiffusivity for Ge fractions from 0 to
0.56 in the temperature range of 770-920 °C in device-related structures.

7. Demonstrated significantly enhanced interdiffusion for structures with SiGe
layers under compressive strain.

8. Constructed the interdiffusivity Dg-D¢c model for strained Si/relaxed SiGe and
strained Si/Si1.yGey/strained Si/relaxed SiyxGex with compressive strain that generates
good fits to experimental data.

9. Demonstrated examples of the use of the Dr-Dc model in RTA diffusion,

device design and implant-enhanced interdiffusion.

5.2 Suggestionsfor Future Work

There are a number of remaining issues to be investigated in the area of Si-Ge

interdiffusion. Below are a few suggestions for further study:
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1. Si-Ge interdiffusion in Ge-rich alloys (Xge > 0.5). In this thesis work, the focus
was on SiGe layers with Ge fraction less than 0.56. Interdiffusion models for high Ge
content materials will be very helpful for devices with pure Ge or Ge rich materials such
as Ge-on-insulator MOSFET fabricated by layer transfer technique, Ge on Si
photodetectors and modulators. Boltzmann-Matano analysis described in this work
should apply to the range where Ge fraction is larger than 0.5. A difficult issue is the
growth of high content Ge or pure Ge diffusion couple structures for Boltzmann-Matano
analysis, within the constraints imposed by the critical thickness and SIMS broadening
effects.

2. Residual non-locality of the Dr-Dc model. In the Ge SIMS profiles, especially
those on 56% or 45% substrate, the foot or tail appears to be
diffusing faster than the local Dr-Dc model would suggest.
These foot or tail regions are potentially under a lot of tensile stress,
since they differ the most from the Ge fraction of the peak or shoulder. It is possible that
the foot or tail region is slightly relaxing, making the diffusivity higher than the
calculation from the Dg-D¢c model. Or there may be a second-order effect here that the
Dgr-Dc model has not yet captured, such as pipe diffusion through misfit dislocations.
Although the low Ge fraction diffusion has little impact on the peak drop, the main focus
of the Dr-Dc model, it is important in determining the oxide interface quality as Ge
diffuses in the strained Si cap layer, and the Ge tail approaches the oxide. This is an
important topic for future work.

3. Calibration of the Dr-Dc model for RTA applications. This thesis work was

based on furnace annealing as it provides more accurate and repeatable diffusion
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conditions than RTA. As mentioned in the latter part of Chapter 4, RTA is the industry
standard thermal processing technique. It would be very helpful to calibrate RTA and fine
tune the Dr-Dc model for RTA applications. This will also provide some information on
the time dependence of Si-Ge interdiffusion.

4. Tensile strain impact on Si-Ge interdiffusion. In this work, the tensile strain
impact was discussed using indirect evidence in Section 4.1.5. Besides the discussion in
Section 4.1.5, a 30/60 structure (s-Si/Sip7Gey 3/s-Si on relaxed Sip;Gey3) was designed to
observe tensile strain effect on interdiffusion. The top three layers of 30/60 structure are
each about 100 A thick, so that SIMS can resolve Ge peaks without significant artifact. It
was found that the top three layers are too thick to retain the target tensile strain. From
Raman measurement, the as-grown Sip;Geg s peak is already 50% relaxed, and is fully
relaxed after annealing. Therefore, this approach was not successful to observe tensile
strain impact on interdiffusion, and alternative approaches should be explored.

5. Si-Ge interdiffusion mechanisms require more study. Most researchers agree
that Ge diffusion is mediated by a vacancy mechanism more than by interstitials at low
Ge concentration (Xge < 0.3). However, as Ge diffuses into Si, Si also diffuses into Ge,
which is “Si-Ge interdiffusion”, as distinct from Ge diffusion. Generally interdiffusivity

is the weighted sum of the intrinsic diffusivity of both elements: D, ,, = XDg4 + (1 = X)Dg,.

So far, the role of Si in the interdiffusion, the individual terms Dg and Dge and their
corresponding activation energies are still unclear.

6. Determine the origin and the strength of biaxial strain coupling factor Q’ and
Ge concentration dependence, which are still areas of controversy. The definition of Q’

factor 1s based on the exponential dependence of diffusivity on biaxial
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. Epax T Q' o
strain: D(&,,)/ D(O)=exp(—b“‘lz—_|_Q) , where Q’ changes the activation energy of

diffusion. This has shown to be suitable for dopant diffusion and low Ge content
diffusion [49] [66]. In SiGe interdiffusion, exponential dependence is also seen in the
case of interdiffusion under compressive strain. However, it is not clear whether this
dependence is due to a change in the activation energy Ea or a change in the entropy Sin
the Do term or both. The work in the literature is mostly on low Ge alloys with Xge < 0.3
and the strain dependence is treated as a change in Ea term. However, there is a large
scatter in the reported strength of that dependence. Table 5-1 below shows a summary of
the biaxial strain coupling factor Q’ and Xg. dependence from various references. For the
dependence of the interdiffusivity on Xg, there is reasonable consistency between reported
results and the results of this work. However, the reported Q’ dependence shows a wide range
of values. More work needs to be done to determine the origin of the strain dependence
and resolve these discrepancies. One possible method to obtain a more accurate Ea using
a wide temperature range is discussed in Section 4.2.4.

7. On the theoretical side, it will be helpful to develop thermodynamic treatment
and microscopic process that explain biaxial stress effects on Si-Ge interdiffusion. M. J.
Aziz et al. summarized experimental results and theoretical treatment on Q’ for Sb and B
diffusion in Si and SiGe, with theoretical prediction consistent with Sb experimental
results, but inconsistent with B results [66]. P. Ramanarayanan et al. relate the
macroscopic dopant diffusion activation energy change with microscopic migration
energy change under stress [67]. In Si-Ge interdiffusion, the matrix is no longer the Si
lattice, but a Si-Ge alloy with composition that is changing during diffusion. This makes

it difficult to use a nearest neighbor approach in the theoretical treatment. However, the
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dopant diffusion work provides a useful reference and a starting point for theoretical

analysis of Si-Ge interdiffusion.

Source Structure Conditions Q’ (eV/ unit D change
strain) (every10% Xge)
N. B. Cowern Si/compressive 10- 900-1050°C N,, | 40+£5 insignificant
PRL 1994 30% Ge 200- 4mins-4 hour concentration
1200A/Si effect
Cowern 1996 Si/ 300-400A 875°C 2hoursin | Q’= 3.3X
4™ Symposium compressive 30% Ny, 1% O, and =17.8¢4.3
on Process SiGe /relaxed Si, 100% O, (Vacancy)
Physics and s-S1/300-400A Qu==-
Modeling relaxed 30% SiGe/s- 12.04+8.0
Si on graded buffer (Interstitial)
Aubertine JAP Superlattice on Si 700-870°CinN, | 0 1.3~1.7X
2005
Zangenberg Ge self diffusion 850-1050°C 160+40 3~4X
1999 under capping
layer, effective
inert ambient
Thiswork heterostructure on 770-840°C in N, | 32+4 2.2X

bulk type structure
(similar toHOI)

Table 5-1 Summary of the biaxial strain coupling factor
interdiffusion under biaxial stress.

Q' and Xge dependence for SiGe

As these topics are explored in the future, questions and comments are very

welcome, and can be sent to grxia@alum.mit.edu.
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Appendix A Example of Source Code for

Mobility Calculation.

1) Main Program used to calculate mobility:
filename: calcuH4 100a for wafer 420.7

% this program load IV, Cgc, Cgb data, calculate

% gm, Eeff, Qb, Qinv, tox, mobility etc

% x is the concentration of Ge

% the reason why this code is called long is because this one
% give Qb a value and compare that to universal

close all;

clear all;

readme=|

'l Ton implant damage projetc I

' Temperature = 300 K: [

' Uses C-V for Qinv, Cmin is the cross point  |']
testID="---- 420.7 die H4 100a'

esi=11.9; eox=3.9; e0=8.854¢e-12; ege=16; q=1.6e-19; dV=0.05;
26%%%%%%%%%% % %% constant, see thesis P89

x=0.2; % for CZ wafer

ealloy=(x*ege+(1-x)*esi)*e0;

% all the parameters are defined in SI

Na=2.5¢l17;

w=100e-6;

1=100e-6; % SI

%w = input('What is the gate width, w, in micrometers? ')*1E-6;
%I = input('"What is the gate length, 1, in micrometers? ')*1E-6;
load R2.txt; % IV

load RC14.txt; % the Cgc file

load RC15.txt; % Cgb file

IVfile=R2;

Cgcfile=RC14;

Cgbfile=RC15;

V=[-1:0.05:2];

Electron

%%%% above parameters may need to change for different devices and wafers %%%%

dl=length(V);
x=[-0.025:0.01:0.025];
Vd=[-3e-2:0.01:0.03];
% 7 curves this time
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for i=1:length(x)+1
ID(:,1)=IVfile((dl*i-(dl-1)):i*dl,3);
%Id is the 3th column in the data file
end

for i=1:length(x)
g(:,1)=(ID(:,i+1)-ID(:,1))/0.01;
end

for i=1:length(V)
%y=ID(1,:);
%gd(1)=(sum(y)*sum(Vd)-y*Vd")/(sum(Vd)*2-Vd*Vd');
value=polyfit(x,g(i,:),1);
gd(i)=value(2);
if i<=20
gd(1)=0;
end
end
% use polyfit to get gd

% caculate gm

for i=1:length(Vd)
temp(1,1)=0;
temp(2:dL1)=ID(1:(dl-1),1);
gm(:,1)=(ID(:,i)-temp(:,1))/dV;

end

dispiv(testID,V,ID,gd,gm,w,l);
%0%%%%%%% %% %% CV characteristics below %6%6%6%6%6%6%6%6%6%6%6%%%%

Vgatei=Cgcfile(:,1);

t1=Cgcfile(1:12,2);
Cgc=(Cgcfile(:,2)-sum(t1)/12)/w/1*1e8;
%%%%%0%%%%0%%%%%%%%% move Cgc to zero
% Cgcin F

[y.]]=max(Cgc);
for i=1:length(Cgc)
if (Cgc(1)<0)
Cgc(1)=0;
end
% offset Cgc to zero

%if (i>1)
% Cge(i)=y;
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%end
% correction for poly-depletion
end

Vgateb=Cgbfile(:,1);
t2=Cgbfile((length(Vgateb)-6):length(V gateb),2);
for i=1:length(Vgateb);
Cgb(i)=(Cgbfile(i,2)-sum(t2)/7)/w/l1*1e8;
%%%0%%%%%%% Cgb is in F
end

% Cgc, Cgb are the capacitance per area, pF/cm2, F/m2=1e8pF/cm2

Vmi=-1:dV:1;

if min(Vgateb)==-2
temp1=20;

end

if min(Vgateb)==-3
temp1=40;
end

for i=1:length(Vmi)
Ct(1)=Cgb(temp1+1)+Cgc(1); %%%%%% %%
end

Yp¥#xdidid*k Visually find Cmin from Cgb

done="n";
one=ones(1,41);
figure;
while done == 'n’,
Cmin = input("What is the Cmin in pf? ')/w/1*1e8*le-12;
% change Cmin from pfto F/cm2 by *1e-12
plot(Vgatei,Cgc*w*1*1e-8,'r',Vgateb,Cgb*w*1*1e-8,'d', Vmi,Ct*w*1*1e-8,'k',[ -
1:0.1:3],Cmin*w*1*1e-8*ones(1,41),'-");
title(['Cgc/Cgb/C vs Vg ' testID]);
legend('Cgc','Cgb','Ctotal');
xlabel('Vg (V)");
ylabel('C F');
grid on;
done = input('Done? ','s");
end;

disp('Cmin= (pF)");

disp(Cmin*w*[*1e4);
Vt = input('What is Vt? ");
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figure;
plot(Vgatei,Cgcfile(:,2),'r',Vgateb,Cgbfile(:,2),'b");
legend('Cgc','Cgb");

xlabel('Vg (V)";

ylabel('C F');

title(['raw data Cgc, Cgb ',testID]);

grid on;

figure;
plot(Vgatei,Cgc,'r',Vgateb,Cgb,'b',Vmi,Ct,'k");
title(['Cgc/Cgb/C per area vs Vg 'testID]);
xlabel('Vg (V)"

ylabel('C pF/cm?2');
legend('Cgc','Cgb','Ctotal’);

% plot Cgc vs Vgatei and Cgb vs Vgateb;

% F/m2=1e8pF/cm2

grid on;

%%%%%%%%%%%%%:%%%%%% Qinv  %%%%%%%%%%%%6%%:%:% %%

Qinv(1)=0;

for i=2:length(Cgc)
Qinv(1)=Qinv(i-1)+(Cgc(1)+Cgc(i-1))*1e-8*dV/2; % in SI

end

Cox=max(Cgc);

% how to do the average of the curve???
tox=eox*e0/(Cox*1e-8);

Cd=Cmin*Cox/(Cox-Cmin);

Xd=ealloy/(Cd*1e-8); % here I use the esi*e0, Xd in SI

Qb=Na*Xd*1e6*q; % ******* doping is about 1el7cm-3, change that into
Qb***********

for i=1:1:dl %%%%%%
Eeff(1)=(Qb+Qinv(i)/2)* 1e-8/(ealloy);
% the relative dielectric constant, use ealloy
end
%MV/cm=1e8V/m

%%%%%%%%%% Qb part in file Qb.m %%%%%%%%%%
for 1=18:dl

if Qinv(i)/q*le-4 >5¢10

Ueff(i)=1*gd(i)/w/Qinv(i)*1e4;
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else
Ueft(i)=0;
end

end

% note Qinv(i)=0, not taken into account;
% m2/V/s=le4 cm2/v/s

for i=1:dl
Ufe(i,:)=(I/w/(Cox*1e-8))*(gm(i,:)./Vd)*1e4;

end

% m”™2/V/s=1ledcm”2/v/s

plotO(V,Eeff,testID,Qinv,Ueft, Ufe,Vgatei,q);

compareU(Eeff,Ueff testID);

readme

fprintf('"Vt= %6.2f (V)\n',Vt);

fprintf('Na= %6.2¢ \n',Na);
dispall(Cmin,w,l,Cox,gd,gm,Xd,tox,Qinv,q,Qb,Ueff,Eeff,testID,Vt);

for n=1:20
Ctot(n)=Cgb(n);
end
for n=21:length(Cgb)
Ctot(n)=Cgb(n)+Cgc(n-20);
end

Ctot=Ctot'.*1e-4;

figure;

plot(Vgateb,Ctot);
title('Ctot vs Vgate in pF');
grid;

save Ctot.txt Ctot -ASCII;
2) Program used to plot figures:
function plotO(V,Eeff,testID,Qinv,Ueff, Ufe,Vgatei,q)

figure;

plot(V,EefY);

title(['Eeff vs Vg ',testID]);
xlabel('Vg (V)";
ylabel('Eeff (MV/cm)");
grid on;
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figure;

plot(Qinv/q*1e-4,Ueft,Qinv/q*1e-4,Ufe);

grid on;

title(['Ueff and Ufe vs Qinv ',testID]);

ylabel('Ueff Ufe cm”2/v/s ');

xlabel('Qinv carriers/cm2 ');

%legend('Ueff','@ Vds=-20mV",'@ Vds=-10mV",'@ Vds=0mV",'@ Vds=10mV",'@
Vds=20mV");

figure;

plot(V,Ueft,V,Ufe);

grid on;

title(['Ueff and Ufe vs Vgate 'testID]);

ylabel("Ueff Ufe cm”2/v/s ");

xlabel('Vg V"),

%legend('Ueff,'@ Vds=-20mV",'@ Vds=-10mV",'@ Vds=0mV',)@ Vds=10mV",'@
Vds=20mV");

figure;

plot(Vgatei,Qinv/q*1e-4);

title(['Qinv vs V' testID]);

% do the integration, plot Qinv vs Vgatei,
xlabel('Vg (V)";

ylabel('Qinv carriers/cm?2');

grid on;

figure;
plot(Qinv/q*1e-4,Ueft,'*");
grid on;

title(['Ueff vs Qinv ',testID]);
ylabel('"Ueff cm”2/v/s ');
xlabel('Qinv carriers/cm2 ');

figure;
plot(Qinv/q*1e-4,Ufe);

grid on;

title([' Ufe vs Qinv ',testID]);
ylabel(' Ufe cm”™2/v/s ');
xlabel('Qinv carriers/cm?2 ');

figure;
plot(Eeff,Ueft);
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title(['Ueff vs Eeff ' testID]);
ylabel("Ueff cm”"2/v/s ');
xlabel('Eeff (MV/cm)');
grid on;

figure;

plot(Eeff,Ufe);

legend('@ Vds=-30mV',)@ Vds=-20mV','@ Vds=-10mV",'@ Vds=0mV",'@
Vds=10mV",)@ Vds=20mV','@ Vds=30mV");

title(['Ufe vs Eeff ' testID]);

ylabel('Ufe cm”2/v/s ');

xlabel('"Eeff (MV/cm)");

grid on;

figure;

plot(Eeff,Ueff,'k',Eeff,Ufe);

title(['Ueff and Ufe vs Eeff ',testID]);

legend('Ueft");

%legend('Ueff','@ Vds=-20mV",'@ Vds=-10mV",'@ Vds=0mV",'@ Vds=10mV",'@
Vds=20mV");

ylabel('Ueff cm”2/v/s ');

xlabel('"Eeff (MV/cm)");

grid on;

3) Program used to display the key results:
function dispall(Cmin,w,l,Cox,gd,gm,Xd,tox,Qinv,q,Qb,Ueff,Eeff,testID,Vt)

fprintf(testID);

fprintf("\nCmin= %6.2f (pF) \n',Cmin*w*1*1e4);
fprintf('Cox/area= %6.2e (F/cm2) \n',Cox);
fprintf('max(gd)= %6.2e(S) \n',max(gd)/(w/l));
fprintf("'max(gm)= %6.2e(S) \n'.max(gm(:,5))/(w/l));
fprintf("Xd= %6.2f (A) \n',Xd*1e10);

fprintf('tox= %6.2f (A) \n',tox*1e10);

fprintf("'maxQi= %6.2e(carriers/cm2) \n',max(Qinv)/q*1e-4);
fprintf('Qb= %6.2e(carriers/cm2) \n',Qb/q*1e-4);
fprintf('max Ueff= %6.2f(cm2/v sec) \n',max(UefY));

fid = fopen('output.txt','w");

fprintf(fid,testID);

fprintf(fid,"\nCmin= %6.2f (pF) \n',Cmin*w*[*1e4);
fprintf(fid,'Cox/area= %6.2¢ (F/cm2) \n',Cox);
fprintf(fid,'max(gd)= %6.2e(S) \n',;max(gd)/(w/l));
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fprintf(fid,'max(gm)= %6.2e(S) \n',max(gm(:,5))/(w/l));
fprintf(fid,'Xd= %6.2f (A) \n',Xd*1e10);

fprintf(fid,'tox= %6.2f (A) \n',tox*1e10);

fprintf(fid,'maxQi= %6.2e(carriers/cm2) \n',max(Qinv)/q*1e-4);
fprintf(fid,'Qb= %6.2¢e(carriers/cm2) \n',Qb/q*1e-4);
fprintf(fid,'max Ueff= %6.2f(cm2/v sec) \n',max(Ueft));
fprintf(fid,'Vt= %6.2f(V) \n',Vt);

fclose(fid)

Ueff1=Ueff";

save mobility.txt Ueff1 -ASCII;
Eeff1=Eeff";

save Eeff.txt Eeffl -ASCII;
QinvI=Qinv'/q*1e-4;

save Qinv.txt Qinvl -ASCII;
gdl=gd’;

save gd.txt gd1 -ASCII;

% save the mobility result to the result folder, all the vables to its own directory
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Appendix B Fabrication Seps of Srained S n-
MOSFETSs.

| mplant splits:

—2
-2

1) 4 Siimplant splitsranging from 4el2 to 5el4 cm
2) 2 Geimplant splitsranging from 4e12 to 5e14 cm
3) noimplantation

RTA splits:

1) 1000°C for 1 sec
2) 1000°C for 10 sec
3) 950°C for 10 sec

wafer splits:

1) 10strained Si wafers
2) 9CZ control wafers

Reoxidation splits:

1) wafer 420.10 has no reoxidatioin.

1) Zero Alignment Marks (etch 1-1.5 pm of Si/SiGe)

* Lithography: Mask CA

® AMES000 (recipe Hasansil- ~92 A/sec) to etch alignment marks
* Asher

2) Field ion implantation
* Lithography: Mask CF (block materials dies )

® ion implantation B11, dose 3e13 cm?, energy 25 keV, 7 degree tilt, 0 rotation

3) Fidld Oxide
e 2 p-cleans

* rca clean (SC1 substituted with p-clean)

e LTO deposition (~3000 A)

* Lithography: MASK CD to open active area (clear materials dies )
s AMES5000 etch (HASANFOX ~20 A/sec) to dry etch ~2500A LTO
* Image the LTO using the SEM (NSL)

* Asher
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Wet etch 50:1 HF to etch ~1200A LTO

4) Body I mplants

5)

6)

7)

8)

9

ion implantation splits- see implant splits

Gate Stack (45 A SIiO,/1500 A poly-Si )

45 A gate oxide: tube Al. rec 144, time 30mins
1500 A poly: tube A6 rec 461, T=25mins

Gate Etch

Lithography (mask CP) (clear surface analysis and S/D blank die, leave poly on gate
blank die)
Etch poly-Si: AMES0000 (rec: KEITH CP)

Image gate etch and poly stringers (SEM)

Reoxidation
rca clean
1 Imins at 800 ° C in dry O2 ambient. Rec: 800°C REOX

Deep S/D and poly-Si I/l

use resist to block surface analysis dies

10 keV, 5e15 cm™ Phosphorus, 0 tilt, 0 rotation ( SIMS was used to check the P
diffusion)

Clear backside

Hardbake frontside with photoresist

Etch 30A reox/1500A poly/45A gate oxide using BOE dip and AMES000 ( rec
Tony LTO) to remove oxide and poly

asher

10) RTA

2 p-clean
RCA with no HF dip
3 RTA splits ( rec: mg1000b and mg950)

11) Contact Cuts

rca clean
deposit ~2500 A LTO
lithography (mask CC) (leave LTO on materials dies for metal etch )
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»  AMES5000 ( rec Hasanfox ) to etch 1750A LTO.

® remove remaining 1200 LTO wet etch 50:1 HF (overetch so that LTO on poly-Si is
removed)
* asher

12) Metal Deposition and etch
P-clean and HF dip (remove native oxide)
e 1000 A Ti/ 1 pm Al sputtering using ENDURA
e lithography (Mask CM) (clear materials dies)
* wet etch metal using PAN etch to remove Al and 50:1 BOE to remove Ti
* asher
e sinter in TRLtube A3, forming gas 35~40mins

Appendix C Example of Source Code for MEDICI

Simulations of C-V.
Filename: SS20M.inp

$ this structure is for long channel Strained Si nMOSFET

assign name=polydope n.val=8el9
assign name=welldope n.val=3.7el7

$ physical dimensions

assign name=Lgate n.val=100.0

assign name=Lsd  n.val=9

$ source drain are too narrow to show up in the figures <0.1 um
assign name=Tpoly n.val=0.150

assign name=Tlto  n.val=0.025

assign name=Tox  n.val=0.0046

assign name=Tsi n.val=0.200

$ tags

assign name=xmin n.val=-@Lgate/2-@Lsd
assign name=xmax n.val=@Lgate/2+@Lsd
assign name=ymin n.val=-@Tox-@Tpoly

assign name=ymax n.val=@Tsi

assign name=T.CAP n.val=0.010
$ thickness of strained Si, 100A
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assign name=T.PCH n.val=0.010
assign name=T.BOT n.val=0.010

assign name=Y 1 n.val=@T.CAP
assign name=Y2 n.val=@Y1+@T.PCH
assign name=Y3 n.val=@Y2+@T.BOT

$ sk s sfe sk sk sk sk sk s sk sk sk sk sie sk sk sfe sk sk sk sk sk sk sk sk sk st sl skeosie sk sk sk sk st sk sk sk sk sk st st skeoske sk skeoske skt sk sk skeoskoskeokeskok sk $

mesh RECTANGU smooth.k=1

$ lateral mesh

x.mesh x.min=@xmin width=@Lsd h1=@Lsd/3 h2=@Lsd/36
x.mesh width=@Lgate/4 h1=@Lsd/36 h2=@Lgate/10

x.mesh width=@Lgate/4 h1=@Lgate/10 h2=@Lgate/10
x.mesh width=@Lgate/4 h1=@Lgate/10 h2=@Lgate/10
x.mesh width=@Lgate/4 h1=@Lgate/10 h2=@Lsd/36

x.mesh width=@Lsd h1=@Lsd/36 h2=@Lsd/3

$ depth mesh

y.mesh y.min=@ymin depth=@ Tpoly h1=@Tpoly/3 h2=@Tox/2
y.mesh depth=@Tox h1=@Tox/2

y.mesh depth=@T.CAP h1=@Y1/25 h2=@Y 1/25

y.mesh depth=@T.PCH h1=@Y1/25 h2=@Y2/25

y.mesh depth=@T.BOT h1=@Y2/25 h2=@Y3/25

y.mesh y.max=@ymax h1=@Y3/25 h2=@Tsi/5

eliminate columns
+ X.min=@xmin x.max=-@Lgate/2 y.min=@ymin y.max=-@Tox
eliminate columns
+ x.min=@Lgate/2 x. max=@xmax y.min=@ymin y.max=-@Tox
eliminate columns
+ X.min=@xmin X.max=@xmax y.min=@ymax/2 y.max=@ymax

$ sk sk sfe sk sk sk sie sk s sk sk sk sk sie sk sk sfe sk sk sk sk sk sk sk sk sk st sl skeosie sk sk sk sk s sk sk sk sk sk sk st skeoske sk skeoske skeosie sk sk skeoskoskeoskeskok sk $

$ left LTO and nitride

REGION name=4 oxide

+ X.min=@xmin Xx.max=-@Lgate/2 y.min=-@Tox-@Tlto y.max=-@Tox
REGION name=4 oxide

+ x.min=-@Lgate/2-@TIto x.max=-@Lgate/2 y.min=@ymin y.max=-@Tox
REGION name=>5 nitride

+ X.min=@xmin x.max=-@Lgate/2-@TIto y.min=@ymin y.max=-@Tox-@TIto

$ right LTO and nitride
REGION name=6 oxide
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+ x.min=@Lgate/2 x.max=@xmax y.min=-@Tox-@Tlto y.max=-@Tox
REGION name=6 oxide

+ x.min=@Lgate/2 x.max=@Lgate/2+@TIlto y. min=@ymin y.max=-@Tox
REGION name=7 nitride

+ x.min=@Lgate/2+@TIto x.max=@xmax y.min=@ymin y.max=-@Tox-@Tlto

$CAP
REGION name=CAP sige
+ X.min=@xmin x.max=@xmax y.min=0 y. max=@Y |

$PCHANNEL
REGION name=PCHANNEL sige
+ X.min=@xmin x.max=@xmax y.min=@Y1 y.max=@Y2

$BOTCAP sige
REGION name=BOTCAP sige
+ X.min=@xmin Xx.max=@xmax y.min=@Y?2 y.max=@Y3

$BUFFER
REGION name=BUFFER sige
+ X.min=@xmin Xx.max=@xmax y.min=@Y3 y.max=@ymax

$ gate polysilicon
region name=1 silicon x.min=-@Lgate/2 x.max=@Lgate/2 y.min=@ymin

y.max=-@Tox

$ gate oxide
region name=2 oxide x.min=@xmin x.max=@xmax y.min=-@Tox y.max=0

$*************************************************************$

$ contacts
electrode name=drain x.min=@xmax-@Lsd/3 x.max=@xmax y.min=0 y.max=0

electrode name=gate x.min=-@Lgate/2 x.max=(@Lgate/2
+ y.min=@ymin y.max=@ymin+@ Tpoly

electrode name=source X.min=@xmin x.max=@xmin+@Lsd/3 y.min=0 y.max=0

electrode name=bulk bottom

$***************************************************************$
$ poly doping
$profile n-type region=1 uniform n.peak=@polydope

$body doping
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profile p-type uniform n.peak=@welldope

$source doping

profile n-type n.peak=1.700000e+20

+  y.min=0.000000e+00 y.max=0.000000e+00 y.char=1.65e-02
+  x.min=@xmin x.max=-@Lgate/2 x.char=0.5e-02

$drain doping

profile n-type n.peak=1.700000e+20

+  y.min=0.000000e+00 y.max=0.000000e+00 y.char=1.65e-02
+  x.min=@Lgate/2 x.max=@xmax X.char=0.5¢-02

contactname=gate  n.polysi resistan=0
contactname=bulk  neutral resistan=0

$relaxed- Si0.8Ge0.2
material sige

+ x.mole=0.2

+ permittivity=12.73
+ eg.model=0

+ affinity=4.05

+ eg300=1.06

$strained-Si on relaxed- Si0.8Ge0.2
material region=(CAP)

+ x.mole=0

+ permittivity=11.9

+ eg.model=0

+ affinity=4.05+0.126

+ eg300=1.06-0.126+0.126

$strained- Si0.2Ge0.8 on relaxed- Si0.8Ge0.2
material region=(PCHANNEL)

+ x.mole=0.2

+ permittivity=12.73
+ eg.model=0

+ affinity=4.05

+ eg300=1.06

$strained-Si on relaxed- Si0.8Ge0.2
material region=(BOTCAP)

+ x.mole=0.2

+ permittivity=12.73
+ eg.model=0

+ affinity=4.05

+ eg300=1.06
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plot.2d grid boundary fill
plot.1d log doping x.start=0 y.start=0 x.end=0 y.end=0.1
plot.1d log doping x.start=@xmin y.start=0 x.end=@xmax y.end=0

plot.2d x.min=@xmin X.max=@xmax y.min=0 y.max=0.1
contour doping log min=-19 max=-17 del=.1 line=1 fill=false

plot.2d “clear x. min=@xmin x.max=@xmax y.min=0 y.max=0.1
contour doping log min=16 max=20 del=.5 line=2 fill=false

Appendix D Temperature profilesin furnace anneals

All the samples were annealed in dry N, ambient in furnace tube-B3 in TRL. The
ramping up speed is about 15-17 © C/min, and the ramping down speed is about 6-7 °

C/min. A typical temperature profile during anneal is shown in Figure D-1.

Temperature profile for sample 72a: 800C 40min

810
770 ]
730 -
690 -
650 n/ \
610 ; :

6:10 6:30 6:50 7:10 7:30 7:50

Figure D-1 A typical temperature profilefor N, anneal in furnacetube-B3in TRL.
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Appendix E Matlab code for Boltzmann-Matano
Analysis

% this code load fuzzy real data BM20A.txt, smooth it and do BM without interpolation
clear all;

close all;

clc;

% load Ge profile: unit is um vs cm-3.

load BM20A..txt;

% the format is depth in um and Ge density in cm-3

rawdata=BM20A;
fulldata=BM20A;
anneal time=60;
%anneal time
x=rawdata(:,1);
y=rawdata(:,2);
temp=smooth(y,3);
temp=smooth(temp,3);
for i=1:30
temp=smooth(temp,3);
end

for i=1:30
temp=smooth(temp,3);
end

smoothed final=smooth(temp,5);

% --mmmmmm-- smoothing is needed for real data -----------
depth=x"*1e-4;

% now depth unit is cm, 1cm=1e4um

Cge=smoothed final';

n=length(Cge);

figure;
plot(fulldata(:,1)*1e-4,fulldata(:,2),’b-',depth,Cge,'r-");
ylabel('Ge concentration'); xlabel('cm');

grid; legend('all data','after smoothing');

%%%%%%%%%% from here, only use depth and x0 %%%%%%%%%%%%
x0=(0.0:0.001:0.02)"*1e-4;
%x0 unit is cm
m=length(x0);
inter(1:m)=0;
for j=1:m
for i=2:n
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dc=Cge(i)-Cge(i-1);
s(i1)=(depth(i)+depth(i-1))*dc/2;
inter(j)=(inter(j)+s(1));
end

inter(j)=inter(j)-x0(j)*Cge(n);

end

% inter 1s a function of x0

figure;

plot(x0,inter); xlabel('depth');ylabel('intergral’);

grid; title('find x0");

x0=input('x0= (cm):");

% ----mmmm - need to find x0 manually ------------------

depth=depth-x0;

figure;

plot(Cge,depth,'t");

title('minus x0");

grid;

%anneal time=input('annealing time is (min)');

time term=-1/2/60/anneal time;

% the diffusion time is 62x60 seconds

int2(1)=0;

slope(1:n)=0;

[maxCge,maxindex|=max(Cge);

% make sure the integral ends at the highest Cge

for i=2:n-1
tempO=depth(1:1);
de=Cge(i)-Cge(i-1);
s(1)=(depth(i)+depth(i-1))*dc/2;
int2(i)=int2(i-1)+s(i);
dc2=Cge(i+1)-Cge(i-1);
if (dc2~=0)

slope(i)=(depth(i+1)-depth(i-1))/dc2;
%slope is the average slope of 3 points
end
D(i)=time_term*slope(i)*int2(i);
end

int2(n)=int2(n-1)+(depth(n)+depth(n-1))*(Cge(n)-Cge(n-1))/2;
% int2 is the integral from Ca=0 to C

% =======int2(Cmax)=0 by definition??
slope(n)=(depth(n)-depth(n-1))/(Cge(n)-Cge(n-1));
slope_raw=slope;

temp=smooth(slope,3);
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for i=1:30

temp=smooth(temp,3);

end

slope=temp;
D=time_term*slope.*int2;

figure;

subplot(1,3,1);

plot(depth,slope raw,'x',depth,slope,'r-");
grid; axis tight;

title('slope raw vs depth');
subplot(1,3,2);

plot(Cge,'x");grid; axis tight;
title('Cge vs #");

subplot(1,3,3);
plot(depth,Cge,'x");grid; axis tight;
title('Cge vs depth");
D(n)=time_term*slope(n)*int2(n);

%%%0%%%%%%% plotting %%6%%%%%%%%%6%%%%%
figure;

plot(Cge(1:n)/5e22,int2(1:n),"-');

title('int2 vs Ge fraction');

grid; xlabel("X G e'");ylabel('int2');

figure;

plot(int2(1:n),'x-");

title('int2 vs #');

grid; xlabel('#');ylabel('int2');

figure;

plot(depth+x0,slope(1:n),'x-");
title('slope vs depth');

grid; xlabel('depth');ylabel('slope');
figure;
plot(Cge(1:n)/5e22,abs(slope(1:n)),'x-'");
title('slope vs Ge fraction'); axis tight;
grid;xlabel('"X G e");ylabel('dx/dc");

figure;

subplot(1,3,1);
semilogy(Cge(1:n)/5e22,slope(1:n),'x-');
title('slope vs Ge fraction'); axis tight;
grid;xlabel('"X G e");ylabel('dx/dc");
subplot(1,3,2);
plot(Cge(1:n)/5e22,int2(1:n),"-'");
title('int2 vs Ge fraction');
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axis tight;

grid; xlabel('X G e');ylabel('int2');

subplot(1,3,3);

semilogy(Cge(1:n)/5¢22,D(1:n),'x");

%AXIS([0.01 0.17 2¢-18 8e-18])

% ----mmmmme- need to give the range manually ------------------
title('D vs Ge fraction'); xlabel('’X G e');ylabel('D cm2/sec');

grid;

figure;

semilogy(Cge(1:n)/5e¢22,D(1:n),'x");

title('D vs Ge fraction'); xlabel('X G e");ylabel('D cm2/sec');
AXIS([0.01 0.55 1e-18 le-13])

axis tight;

grid;

figure;

absD=abs(D(1:n));

subplot(1,2,1)

semilogy(Cge(1:n)/5e22,absD,'x");

title("abs(D) vs Ge fraction'); xlabel('X G e');ylabel('D/minD cm2/sec');
axis tight;

grid;

subplot(1,2,2);
semilogy(Cge(1:n)/5e¢22,D(1:n),'x',Cge(1:n)/5¢22,absD,'r");
title('D vs Ge fraction'); xlabel('X G e");ylabel('D cm2/sec');
axis tight;

grid;

%% %% save D(x) data %%%%%%%

Cge=Cge';

Xge=Cge/5e22;

D=abs(D");

data=[Xge DJ;

save Xge D BM20A 920 less noise.txt data -ASCII -tabs;
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Appendix F The effect of initial condition of
interdiffusion

E | | e
- D extracted from o 9
N [ =Y
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Figure F-1 Interdiffusivity extracted from as-grown BM 20 and annealed BM 20 structures.

After the discussion on Boltzmann-Matano assumptions and the SIMS broadening
effects, careful readers might ask whether the measured as-grown Ge profile is the true
Ge profile, and whether the Boltzmann-Matano analysis is still valid. These are questions
to be addressed in this Appendix. Figure 3-7 shows the as-grown and annealed SIMS
profiles of structure BM20. In the calculation of the interdiffusivity using Boltzmann-
Matano analysis, only the annealed profile was used, assuming the starting profile is a
perfect step. To check the error associated with this assumption, it is necessary to create a
time scale for the diffusion. Assume at t = 0, the starting profile is a perfect step. At 920

°C, we let it diffusion for time t1, resulting in the as-grown SIMS profile. Also at 920 °C,
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at t = t2, it diffuses to the position of the annealed SIMS profile. In the Boltzmann-
Matano analysis, only the annealed SIMS profile was used, and it was assumed that
diffuses from the perfect step profile for a time t = t2. If in fact, the starting profile is

closer to the measured SIMS profile, then the effective time of diffuses should be t=t2-t1.

. C e . t
Then, the extracted diffusivity is overestimated by a factor of -1 , Where

-t 12
t1
t2 is the nominal diffusion time of the annealing experiment.
In order to find the ratio of t1 to t2, we need to measure how much Dt is associated

with the sloped as-grown and annealed SIMS profiles. Since D should be the same for

D*tl _ tl

both profiles (assuming time independent D), then 0¥ 12 In order to obtain the Dt

ratio, we extracted D’ from the as-grown SIMS profile as if it is a diffused profile from a
perfect step under the same annealing condition. Then we compared D’ with D extracted

from the annealed profile. As shown in Figure F-1, D’ is about 10% of D. and D*t1 is

about 10% of D*t2. In other words,% =0.1. The overestimation factor is =11%,

t1
which means by assuming the starting profile is a perfect step will only overestimate the
diffusivity by about 10% in extraction, which significantly smaller than other sources of

error in the extracted diffusivity.
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Appendix G SIM S noise and M atano plane position

This Appendix discusses several issues related to the interdiffusivity extraction
technique and experimental artifacts. In Figure G-1 (b), we removed the spikes in
apparent diffusivity at low Ge fractions, which are due to the SIMS noise at very low Ge
fractions. SIMS noise at the maximum, constant Ge fraction introduces another spike
such as the spike at 20% for the BM20 structure. Since the raw SIMS data is fairly noisy,
in the Matlab code, the SIMS data was smoothed to generate interdiffusivity curves with

less noise, as illustrated in Figure G-2.
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Figure G-1 (a) unprocessed extracted interdiffusivity from SIMS profiles of BM20 and BM40
structures (structures illustrated in Figure 3-7), and (b) processed interdiffusivity with the low Xge
data blocked for the BM40 structure.
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Figure G-2 Extracted interdiffusivity from smoothed SIM S profiles of BM 20 and BM 40 structures
(structuresillustrated in Figure 3-7).

Another important source of error is the position of the Matano plane. As seen in
Equation 3-6, zy has significant influence to the interdiffusivity results. At the same time,
since zy is determined by the shape of diffused profile, it is not easy to find the exact
position. Especially in SiGe system, the profile approaches a constant level very slowly
due to the strong dependence of interdiffusivity on Ge fraction. In one SIMS job
performed by Evans Analytical Group, it is possible to profile with high depth resolution
to a certain depth. Therefore, it is possible that the profiling stopped before reaching a
truely constant Ge concentration. It is even harder to tell whether the SIMS profiling
depth is enough when there is background noise involved. To evaluate the error
introduced by the choice of Matano plane, sample BM60B was analyzed under different

conditions. The extracted interdiffusivity results were compared by varying the position
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o
of zy. Figure G-3 (a), (b) and (c) show the integral term J-(Z -z, )dC as a function of C’

C

(which is Ge concentration) for different values of zy to indicate the cases where the
integral is significantly larger than 0, close to 0 and significantly less than 0. As seen in
Figure G-4, the position of zy shifts the interdiffusivity curves up and down with similar
shape. The cases in Figure G-3 (a) and (c) are considered the worst-case scenarios where
the integral is far from zero. The diffusivities associated with these large shifts in zy are
within a factor of 3X of the diffusivity extracted with an accurate determination of zy, as

seen in Figure G-4.

%10 Integral vs Ge fraction Zm=1.12e-6

Integral

(a) zv=112A
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Figure G-4 Interdiffusivity curves extracted from BM 60B annealed profile with different z, values.

Appendix H Calculation of Thermal Mismatch Srain

So far, the thermal mismatch strain of different layers has been ignored. In this
section, the upper limit of the magnitude of thermal mismatch strain is estimated, and is
shown to be small enough to be safely ignored.

V. V. Zhdanova et al. studied the thermal expansion coefficient a of Si;.xGey, and
showed that for x < 0.85 at 300 K [*%]

o=(2.6+2.55x) * 10° K Equation H-1
For temperatures higher than 300 K, the dependence on X is smaller. The thermal

mismatch strain due to different thermal expansion coefficient of strained Si and SiGe
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layers can be expressed as
T2 .
Ep = J;l (Ogee —0g)dT Equation H-2
in which T1 is the epitaxial growth temperature and T2 is room temperature, 300 K. The
thermal mismatch strain after cooling down to 300 K is negative (compressive strain),

since the thermal expansion coefficient of SiGe is larger than that of Si. The upper limit
for the absolute value of &, 1s:

€| < max(@ge, —ag)*(T1-T2) Equation H-3
In this work T1 is about 525 to 600 °C. The maximum difference between the two
thermal expansion coefficients is at 300 K and between Si layer and the highest
concentration 60% SiGe layer, which is about 2 x 10 K'. Substituting these numbers
into Equation H-3, we have

|£th| <2x107° *(600 —300) = 0.06% Equation H-4

The upper limit of thermal mismatch strain is 0.06%, equivalent to a difference in

substrate Ge fraction, Xg of 1.5 atomic %. Thus, the thermal mismatch strain is within the

error bar of this work, and can be safely ignored.
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Appendix | Ge dose conservation in TSUPREM-4

simulation

Dose integrals from 60A to 300A:
As-grown SIMS = 53.49833
Tsuprem fitting = 53.51467
Annealed SIMS = 53.86017

0.6 , : : :
Structure as-grown
05L56/30 & | ----- annealed i
Tsuprem4
0.4 800C fitting
5 [ 2hr 7
8 03}
&
0.2 F i
0.1F s0a @A -
0 IL ¢ I'IJ L |

0 100 200 300 400 500
Depth (A)

Figurel-1 Example of Ge dose conservation. The structureis56/30. The as-grown and annealed Ge
profileswere measured by SIM S,

As mentioned in Chapter 3, the thermal budgets are designed such that the diffusion
fronts won’t reach the surfaces. The reason for that is to approximate the infinite long
diffusion couple assumption of Boltzmann-Matano analysis, and also to avoid surface
transport phenomenon such as Ge evaporation. In this section, Ge dose conservation is
confirmed. As-grown, annealed and simulated post-annealed Ge profiles are shown in
Figure I-1. The Ge doses of the peaks were integrated over the depth from 60 to 300 A.
The Ge doses for as-grown, annealed and simulated post-annealed Ge profiles are 53.498,
53.860, and 53.514 respectively. The initial profile used in TSUPREM-4 simulation is the

as-grown SIMS profile. The fact that the Ge doses for the as-grown and simulated post-
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annealed profiles are very close (53.498 and 53.514) is not surprising, since TSUPREM-4
conserves the dose of diffusing species. In the experiments, the as-grown and annealed
samples of one structure are taken from different areas of one wafer. Samples are
normally 10 mm by 10 mm in size, and the area analyzed by SIMS is typically 200 x 200
Mm. Any non-uniformity in the epitaxial growth process, together with SIMS errors can
contribute to a Ge dose difference in the as-grown and annealed SIMS profiles. From
Figure I-1, we see the as-grown and annealed SIMS profiles have close Ge doses (53.498
and 53.860 respectively), which shows good epitaxial uniformity. Figure I[-2 shows
another set of data for structure 56/15, which gives another evidence of good epitaxial
uniformity in the integrated Ge dose.

Dose integrals from 60A to 340A:
As-grown SIMS = 55.14794
Tsuprem fitting = 55.15047
Annealed SIMS = 55.21224

06 T T T T
Structure ——as-grown
05+56/115 f |\ ----- annealed
—— Tsuprem4
0.4 | 840C fitting
= 30min
& 03} .
(O}
© o2t 1
01F 6oa ; i
0

100 200 300 400 500
A

Figurel-2 Another example of Ge dose conservation. The structureis 56/15.

-175 -



Appendix H TsuPREM-4 Source Code for Interdiffusion

Simulation
$

line x loc=0  spacing=0.1

line x loc=0.01 spacing=0.01

line y loc=-0.02 spacing=0.0001
line y loc=0.06 spacing=0.0001
line y loc=0.13 spacing=0.0100
line y loc=0.2 spacing=0.0100

init boron=5e16 material=silicon

$
impurity name=Ge new

method variable=Ge none abs.err=0.1

profile impurity=Ge inf="60on30step.txt"

$$$ 600n30step.txt is used because SIMS data for as-grown profile is unavailable
select z=Ge title="singleslope-compressive T=900C 10sec RTA'

plot.1 x.min=0.0 x.max=0.04 y.min=0 y.max=3.2¢22

label x=0.015 y=2.8¢22 label="b1=8.1 b2=23 Xge0=0.30"

label x=0.015 y=2.7¢22 label="30A and 100A thickness"

intermed name=Xge express=Ge/5¢22
intermed name=Xge0 value=0.30

intermed name=b1 value=8.1

intermed name=b2 value=23

intermed name=D00 value=310

intermed name=Eav value=4.66

intermed name=D01 express=D00*exp(-Eav/kT)

intermed name=D02 value=D01*exp(b1*Xge0)
intermed name=D express=(Xge<=Xge0 ? D01*exp(bl1*Xge):D02*exp(b2*(Xge-Xge0)))

equation variable=Ge mat=Si +
addtoexp=DIV(D*GRAD(Ge))

diffusion temp=900 time=10/60 inert
sel z=Ge
plot.1 ~axis “clear color=2 line.typ=1

SELECT Z=Ge

EXTRACT OUT.FILE=annealed900C-600n30.txt +
PREFIX="% Ge profile simulated"

FOREACH DEPTH (0 TO 0.08 STEP 0.0002)
EXTRACT SILICON X=0.0 DISTANCE=@ {DEPTH} +
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Y.EXT VAL.EXT
END
EXTRACT CLOSE

label x=0.013 y=.6e22 label="60/30 as-grown-step" c.line=1 line.typ=1
label x=0.013 y=.4e22 label="singleslope model prediction" c.line=2 line.typ=1
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