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Abstract

Improvements of semiconductor integrated circuit (IC) performance have
been driven mainly by miniaturization of silicon (Si) MOSFET (metal-oxide-
semiconductor field-effect-transistor). However, with the gate length reaching
100 nm and below, various issues such as the increase of the leakage current,
characteristic variability among many transistors, and emergence of quantum
effect start to limit the advancement. Therefore, industry is seeking for reliable
methods to improve the IC device performance that can be adopted in parallel to
the conventional scaling approach. A partial substitution of widely used Si with
germanium (Ge) is one of them because of its intrinsic electron and hole carrier
mobilities that are higher by more than a factor of three compared to those of Si.
Realization of Ge MOSFET whose characteristic is comparable or even higher
than state-of-the-art Si CMOS, however, requires enormous efforts covering the
full range between basic research and production. The present thesis focuses on
understanding of defect and surface properties that will be of importance to
future designing of Ge MOSFET devices and fabrication processes.

After introduction of the background in Chapter 1, Chapter 2 discusses
the experimental observation of host-Ge displacements as a result of arsenic (As)
impurity ion-implantations. Ge isotope superlattices (SLs) composed of
alternating layers of stable isotope °Ge and naturally available Ge were grown
by solid-source molecular beam epitaxy followed by As ion-implantation from the
surface. Ge atoms were displaced by the collisions with implanted As ions
leading to smearing of the periodicity of the Ge isotope SLs and turning heavily
displaced region into the amorphous state. The average distance of the Ge
displacements as a function of depth was determined from the depth profiles of
"4Ge measured by secondary ion mass spectroscopy (SIMS) for each sample
implanted with different condition. Cross-sectional transmission electron

microscopy was employed in parallel to identify the amorphous regions to reveal



Abstract

that amorphization occured when the Ge displacements exceeded 0.75 nm. This
critical value, 0.75 nm, was found to be independent of implantation doses.

Chapter 3 presents an experimental investigation to probe Ge
self-diffusivities in biaxially-compressed Ge layers. Growth of a compressively
strained Ge (s-Ge) isotope SL was conducted by sandwiching a Ge isotope SL by
relaxed Sio2Geos layers. Diffusion annealing with various temperatures and
durations induces Ge self-diffusion within the strained SLs without releasing the
strain. The self-diffusivities in compressively s-Ge were determined from the
SIMS depth profiles of 7“Ge in the SLs. The self-diffusion was enhanced by the
compressive biaxial strain with the degree of the enhancement being consistent
quantitatively with a theory that considered local volume changes of Ge lattices
around vacancies which were responsible for the diffusion.

Chapter 4 presents near-infrared (NIR) photoluminescence (PL) studies
of Ge nanowires (NWs) to probe the effect of the surfaces (Ge/native oxide
interfaces) on the electronic properties of Ge nanostructures. Ge NWs with a 40
nm diameter were synthesized on a Si substrate by chemical vapor deposition.
The dependence of the observed PL peak position on temperatures and excitation
laser powers confirmed that we observed a PL peak originating from
direct-band-gap recombination in the Ge NWs for the first time. While this
observation confirmed the high quality of the present Ge NWs, the diameter 40
nm was still too large to turn the Ge into direct-gap semiconductors. A simple
analysis is presented to show that the absence of indirect-band-gap PL from the
Ge NWs 1s most likely due to the fact that the non-radiative recombination rate
at the Ge/native oxide interfaces is much faster than recombination via indirect
band gap.

Chapter 5 presents over all summary and conclusions of this study.
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Chapter 1

Introduction

1.1 Germanium versus Silicon MOS Technology

In 1947, the first transistor was invented in Bell Telephone Laboratories
using bulk germanium (Ge) as the semiconducting material [1, 2]. Ge was the
dominant material for solid-state devices up to early 1960s [3, 4]. During 1960s,
however, before metal oxide semiconductor (MOS) field effect transistors (FETs)
became technologically significant, Ge was replaced mainly by silicon (Si) [3, 4].
There was a number of reasons for this shift; the most important factor being
discovery of thermal Si dioxide (SiO2) that could isolate electrically various
components in the integrated devices without significant degradation of the
channel carrier mobility [3, 4]. Properties of the thermal SiO: as a gate
dielectric on Si are far superior to those of water-soluble Ge dioxides (GeO2) [4].
Invention of complementary MOS (CMOS) transistors in 1967 [5] was followed
by incredible advancement of integration [6, 7] following the empirical trend
known as Moore’s law [8]. This development of the scaling technology led to
so-called "ultra-large-scale integration" (ULSI) in mid 1970s with over 10 million
transistors contained in a single chip. Si-based technologies accounted for 98%
of the IC market in 1995 [9]. However, with the gate length scaling down to 100
nm and below, various challenges have emerged. With the source and drain

being so close to each other, suppression of leakage current sufficiently below
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very small on-current (~1.0 mA/pm) is becoming more difficult. With the
on-bias coming down to the order of ~1.0 V, statistical variation of the CMOS
characteristics including the on-bias among more than 10 million CMOS in a
single chip is becoming a serious issue. Therefore, some think that the gate
length of 130 nm was the last CMOS generation where making the transistors
smaller was sufficient to achieve the improvement forecasted by the Moore’s law
[10]. Therefore, suspension of Moore’s law requires additional ingredients
together with the conventional miniaturization approach. In this regard,
general interest in Ge is reviving due to the following factors;
At room temperature, intrinsic bulk Ge exhibits electron (3900 cm?/Vs) and
hole (1900 cm?Vs) mobilities, which are much higher than electron (1400
cm2/Vs) and hole (500 cm2/Vs) mobilities in intrinsic bulk Si. To the first
approximation, doubling the mobility has the same effect as reducing the
channel length by half. Furthermore, it has been demonstrated that
inducing strain within Ge enables further enhancements of the carrier
mobility. The CMOS process to induce strain has been studied and
improved extensively [11-14].
Both Ge and Si are group IV elements in the periodic table. Therefore, Ge
in Si and Si in Ge do not introduce any electronic levels that can degrade the
device performance. Therefore, Ge can be introduced to the conventional Si
IC processing line readily. Indeed SiGe heterostructure bipolar transistors
(HBT) are fabricated commercially and installed in a wide variety of mobile
communication tools. Hetero-growth of Si and Ge is possible thanks to fact
that the mixture of Si and Ge always takes the diamond structure regardless
of their composition (. e., single solid phase in Si-Ge binary diagram) and
relatively small difference in the lattice constants between Si (5.431 A) and
Ge (5.658 A).
Recent development of a variety of high-dielectric-constant gate materials
such as hafnium dioxide [15, 16] and Ge oxynitride [17, 18] has allowed

forming gates on Ge with the characteristic far superior to that of GeOx.
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1.2 Germanium Defect Studies Discussed in the Present
Thesis

Despite all the advantages of Ge mentioned in the previous section,
increasing the performance of the Ge ICs comparable to today’s advanced Si ICs
and sustaining Moore’s law based partly on Ge technology requires repetition of
all developments achieved for Si with Ge. This section outlines the motivations
behind three core chapters of this thesis (Chapters 2-4), each of which
corresponds to a small but important part of a large list of “to do” for Ge. The
unified theme shared by these three chapters is investigation of defects related to
miniaturization of Ge devices.

Chapter 2 investigates behavior of defects in Ge after ion-implantation
of dopants and effect of post-implantation annealing. It is well-known that
formation of source/drain regions involves ion-implantation of dopant impurities
such as arsenic (As) for n-type MOS and boron for p-type MOS followed by
post-implantation annealing to electrically activate the dopants and eliminate
Ge defects created by implantation. The post-implantation annealing, however,
redistribute dopants via diffusion putting the severe limitation on how small
once can make the structures. Very often, the diffusion length of dopants turns
out to be much larger than the length estimated by equilibrium diffusion
constant for a post-implantation annealing temperature and time. This is due to
the fact that doping creates excess charged point defects that enhance the dopant
diffusion [19—21]. In case of the high-dose implantation of heavy elements like
As, Ge matrix can even be amorphousized and behavior of dopant distribution
during post-annealing with solid phase regrowth process can be quite
complicated. Therefore, understanding of defect behaviors in Ge associated
with implantation and post-implantation annealing is very important.

With such motivation, Chapter 2 describes experimental investigation of
Ge point defect behaviors in Ge by probing stable isotope “Ge as a marker in Ge
isotope superlattices (SLs) composed of alternating layers of stable isotope °Ge
and naturally available Ge. Ion implantation, which provides a convenient
method to produce a specified concentration profile of dopant atoms into

semiconductors, has been used extensively for the fabrication of CMOS
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transistors. While As ion-implantation has become a standard processes to
fabricate source/drain regions in n-type MOS FETs, it is known to generate
excess Ge point defects in Ge and causes amorphization of Ge host-lattices.
Therefore, As diffusion in Ge and Ge self-diffusion in As-implanted Ge [19-21]
have been studied in the past. However, a quantitative understanding of the
effects of As ion-implantation on Ge host-lattices is yet to be achieved. Chapter
2 of this thesis describes quantitative determination of average displacements of
Ge host-atoms recoiled by implanted As-atoms. Furthermore, the critical
displacement length of Ge atoms for amorphization of Ge host-lattices is
determined.

Chapter 3 describes an experimental investigation of Ge self-diffusion in
compressively strained-Ge (s-Ge). As remarked above, electron and hole bulk
mobilities in Ge are inherently higher than those in Si by a factor of
approximately 3 and 4, respectively, at room temperature. In particular, since
hole mobility in Si (500 cm?2/Vs) is about one third of electron mobility (1400
cm?/Vs), there are high expectations for Ge as a high-mobility channel material
for p-type MOS FETs. Furthermore, it is well known that application of biaxial
compressive strain on Ge by SiGe virtual substrates leads to additional
enhancements of the hole mobility thanks to the decrease in the average effective
mass of carriers. Indeed, the hole mobility of 120000 cm?/Vs [12, 13] and 3000
cm?2/Vs [14] have been achieved experimentally in biaxial compressive s-Ge at
temperatures 2K and 300 K, respectively. It is of both scientific and
technological interest to determine how self-diffusion of Ge is affected by the
biaxial strain induced by the substrate having slightly different lattice constant.
It has been well-known that self- and impurity-diffusions in Ge occur through the
vacancy mechanism [19-21]. Chapter 3 shows probes of how Ge self-diffusion is
affected by the biaxial compressive strain quantitatively and compared with
existing models of vacancy-mediated diffusion under external stress.

Chapter 4 concerns with the possibility of reducing the dimensionality of
Ge transistors further down to one-dimension. An application of Ge nanowires
(NWs) for MOS FETSs has been of great interest [22]. One-dimensional structures
suppress carrier scattering and enable fabrication of so-called surrounding gate

transistors (SGTs) [23], in which the level of leakage current can be decreased
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significantly. However, with increasing surface-to-volume ratio, the effect of
surface states and/or surface defects becomes larger in such nanowire devices.
Therefore, Chapter 4 focuses on photoluminescence (PL) characterization of Ge
NWs (~40 nm in averaged diameter) grown by the vapor-liquid-solid mechanism.
The average diameter of the nanowires is still too large to observe pure quantum
effect, 1. e., in the idealistic scenario observation of PL that is similar to high
quality bulk Ge is expected. However, previous PL studies on similar Ge NWs
reported complete absence of PL in the near-infrared (NIR) region, near the
crystalline Ge band gap, indicating that the increase of the surface fraction in
such nanowires with respect to the one in the bulk Ge has led to preferential
non-radiative recombination of electrons and holes at the surface states and/or
surface defects. With this background in mind, the significance of Chapter 4 is
observation of clear NIR PL originating from the direct-band-gap recombination
of Ge for the first time. While this observation confirmed the high quality of the
present Ge NWs, the diameter 40 nm was still too large to turn the Ge into
direct-gap semiconductors. Furthermore, a simple analysis is presented to
show that the absence of indirect-band-gap PL from the Ge NWs is most likely
due to the fact that the non-radiative recombination rate at the Ge/native oxide

interfaces is much faster than recombination across the indirect band gap.
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Chapter 2

Germanium Displacement
Induced by Arsenic
Implantation

This chapter reports quantitative evaluation of the germanium (Ge)
displacement induced by arsenic ion-implantation as a function of the depth from
the sample surface both in the amorphous and single-crystalline regions using
Ge/matGe 1sotope superlattices. The profiles of “Ge in the Ge isotope
superlattices were measured by secondary ion mass spectrometry and the sample
structure along the depth was observed by cross-sectional transmission electron
microscopy. The critical Ge displacement for amorphization induced by Arsenic
implantation is found to be 0.75 nm, which is independent of the implantation
doses. This value is 50% larger than a value of 0.5 nm for silicon [Appl. Phys.
Express 1, 021401 (2008)].

This work was a collaboration with Dr. Yasuo Shimizu (who is currently
an Assistant Professor of Tohoku University), Hiroyuki Oshikawa, and Professor
Masashi Uematsu of Keio University, and Professor Eugene Haller of University

of California at Berkeley and Lawrence Berkeley National Laboratory.
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2.1 Introduction

A renewed interest in the use of germanium (Ge) as a substrate material
of metal-oxide-semiconductor (MOS) field-effect-transistor (FET) is increasing
because carrier mobilities in Ge are inherently higher by a factor of more than 3
compared to those in silicon (Si) [1-3]. While arsenic (As) ion-implantation both
into Si and Ge are important processes for the formation of the n-channel MOS
transistors, they induce radiation damages including amorphization that can
significantly affect redistribution of the dopants during post-implantation
annealing [4—6]. Therefore, the As implantation process into Si has been studied
extensively from various perspectives [7—11]. Specifically, the critical
displacement of Si host-atoms, which is the average Si displacement along the
depth to make the structure appear uniformly amorphous by cross-sectional
transmission electron microscopy (XTEM) observation, was reported to be 0.5 nm
for the case of Si [7]. However, a quantitative understanding of the effects of As
implantation on Ge host-atoms and amorphization of Ge has not yet achieved.

This chapter evaluates quantitatively the average distance of Ge
displacements induced by As ion-implantation as a function of the depth from the
implanted surface both in the amorphous and single-crystalline regions.
Moreover, the critical value of displacement of Ge host-atoms for amorphization

1s determined.

2.2 Native Point Defects in Crystalline Germanium

Native point defects in crystalline Ge, i.e., (a) self-interstitials and (b)
vacancies, are schematically shown in Fig. 2.1. Ge self-interstitials are Ge
host-atoms which occupy a site in the crystal structure at which there is usually
not a Ge atom, or two or more Ge atoms sharing one or more lattice sites such
that the number of host atoms is larger than the number of lattice sites.
Vacancies are empty lattice sites where a Ge atom should be, but is missing. In a

crystal lattice, the source of the point defects is known to be the free surface.
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(a) (b)

Self-interstitial Vacancy

O Ge atom

Figure 2.1 Native point defects in crystalline Ge: (a) self-interstitial and (b) vacancy.

2.3 Ion-Implantation Technique

Ion implantation is a technique by which ions of a material are
accelerated by direct-current or radio-frequency electric fields and impacted into
another solid target. The ion-implantation technique is used for almost all doping
in the modern Si integrated circuits (ICs) and therefore it is essential for the IC
technology. Among techniques of semiconductor processing, ion implantation is
nearly unique in that process parameters, such as concentration and depth of the
dopant, are specified directly in the equipment settings for implantation dose
and energy, respectively. Thus, ion implantation has been used as the dominant
method of semiconductor doping because of its precise, reliable, and repeatable
control of placement of ions based on these parameters. Especially, formation of
source/drain regions in MOS transistor, a main component of ICs, are realized by
lon implantation of dopants, most commonly arsenic and phosphorus for
n-channel MOS and boron for p-channel MOS both in Si and Ge. Due to ion

implantation, however, the crystal structures of Si and Ge can be damaged or
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even destroyed by the energetic collision cascades. When ions are implanted into
crystalline Si or Ge, they collide with host-atoms constructing the crystal lattice
and kick out the atoms from the lattice sites (knock-on). The collision and
knock-on continually occur within the kinetic energy that ions initially have.
Thus, ion implantation into the crystalline structure generates excess point
defects (radiation damage), resulting in a non-equilibrium concentration of point
defects. In particular, implantation of relatively heavy ions such as As into
crystalline Ge causes a phase transition to an amorphous state. The radiation
damages significantly affect dopant redistribution during post-implantation
annealing to activate the dopant.

By motivated by these backgrounds, in this experiment, we have
investigated radiation damages of crystalline Ge induced by As ion-implantation

and determined the critical parameter for amorphization.

2.4 Growth System of Germanium Isotope Super lattice:
Molecular Beam Epitaxy (MBE)

2.4.1 Germanium Isotopes

Naturally available Ge (natGe) consists of five stable isotopes in a fixed
ratio. In order to reveal the interactions between As atoms implanted into
single-crystalline Ge and Ge host-atoms, a Ge isotope superlattice (SL) [12—16],
composed of alternating layers of "2tGe and isotopically purified °Ge, was grown
by solid-source molecular beam epitaxy (MBE). The isotope abundances in the

nat(ze and "9Ge sources used for MBE growth is shown in Table 2.1.

Table 2.1 Isotope abundances in the "tGe and "°Ge sources used for MBE growth

Abundance
0Ge 2Ge Ge “Ge 6Ge
Source
nat(e 20.5% 27.4% 7.8% 36.5% 7.8%
0Ge 96.3% 2.1% 0.1% 1.2% 0.3%

11
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2.4.2 Ultra-High-Vacuum (UHV) System in MBE

MBE is an ultra-high-vacuum (UHV)-based growth technique for
producing high quality epitaxial thin films on a surface of a heated crystalline
substrate with monolayer control of thickness. Figure 2.2 shows (a) a picture of a
MBE chamber (EW-100, EIKO Engineering Corporation), at our group, used in
this experiment and (b) a schematic illustration of the MBE growth system,
where major components of the MBE system are indicated. Keeping the UHV is
necessary for MBE growth. This is realized by separating the whole chamber into
two parts, corresponding to a load lock chamber (preparation chamber) and a
main growth chamber. A thin film sample is grown by means of molecular beams
in the main growth chamber, where UHV of ~107!! Torr is maintained by an ion
pump. The load lock chamber plays the role of an intermediary for loading the
sample from air into the ultra-high-vacuumed growth chamber, and the vacuum
pressure is maintained at approximately 10~8 Torr by a turbo and a rotary pump.
The sample is placed in the growth chamber by two steps: (1) air to the load lock
chamber and (2) the load lock chamber to the growth chamber. In Step (1), the
pumps are stopped once and the chamber is exposed to the air for inserting the
sample to the chamber and then vacuumed by the pumps again. In Step (2), a
gate valve located between the two chambers is opened and the sample is
transferred from the load lock to the growth chamber by a transfer rod. The valve
1s immediately closed after transfer. In this way, the growth chamber can always
be at ultra-high-vacuum. In order to minimize outgassing from the internal walls
and reach the UHV, a bakeout of the growth chamber at 200 °C for longer than

72 h is required for maintenance.
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(b)

Main growth chamber Load lock chamber

Transfer rod

K-cell
J— Turbo pump
& rotary pump
Close Open
%Ge source natGe source

Shutter
Figure 2.2 (a) Picture of a MBE chamber (EW-100, EIKO Engineering Corporation), at

our group, that was used in this experiment. (b) Schematic illustration of the MBE
growth system. Major components of the MBE growth system are indicated.
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2.4.3 Production and Control of Molecular Beams

Molecular beams striking a substrate are produced by resistively
heating up solid sources. In our experiment, *2tGe and "°Ge are used as the solid
sources, as in Table 2.1. They are chemically cleaned and placed in crucibles in
evaporation cells which are called Knudsen cells (K-cells). Pyrolysis boron nitride
(PBN) is chosen for the crucibles due to its low rate of gas evolution and chemical
stability up to 1400 °C. For Si sources, tantalum crucibles are used because
tantalum has a higher melting point (~3000 °C). All the crucibles are annealed at
1250 °C in the growth chamber for degassing prior to use. The mtGe and °Ge
sources are also degassed at temperatures just above the temperatures that are
used for growth. The K-cells are usually kept at a temperature of 300 °C (the
basic temperature), and for growth, they are heated up approximately to
temperatures above 1100 °C for the Ge sources and 1400 °C for the Si sources,
depending upon growing structure and sources. The control of the growing
structure at monolayer level is achieved by changing the incoming beams just by
opening and closing mechanical shutters located at the top of the K-cells. There
also exists a shutter below the substrate so that we can control when the
deposition on the substrate surface occurs and when not, even though the K-cells
are heated up and molecular beams are traveling in the growth chamber. The
operation time of the shutters of approximately 0.1 s is much shorter than the
time needed to grow one monolayer. This is important to obtain atomically
smooth and steep interfaces in the structure.

The evaporated molecules or atoms flow as beams and impinge on the
hot substrate surface, where they can diffuse and eventually incorporate into the
growing film. Once on the surface, the atoms move by surface diffusion until they
reach a thermodynamically favorable location to bond to the substrate. Molecules
dissociate to atomic form during diffusion or at a favorable site. Figure 2.3
illustrates the processes that can occur on the substrate surface. Because the
atoms require time for surface diffusion, the quality of the film is generally better

with slower growth.
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Figure 2.3 Schematic illustration of the processes occurring at the substrate surface
during film growth by MBE.

2.4.4 Growth Procedure

Growth procedure of Ge isotope SL using the ultra-high-vacuumed MBE
system is as follows. Ge or Ge-rich SiGe (will be described in Chapter 3)

substrates are chemically cleaned: they are dipped in distilled water for 5 min

15



Chapter 2. Germanium Displacement Induced by Arsenic Implantation

and cleaned by hydrofluoric acid (HF) treatment for 15 sec followed by thorough
rinse with distilled water for 3 min. This process is repeated 3 times. Then, the
substrates are put into the load lock chamber, where it is further cleaned by
annealing at 150 °C for 2 h. This removes the top layers of the substrate such as
natural oxide layers, which grow in air and contains impurities, or removes
moistures on the substrate surface. The substrate is then carried to the main
growth chamber by using the transfer rod, and again annealed at 650 °C for 30
minutes for degassing in the UHV environment and cooled down to the necessary
growth temperature of 250 °C for both substrates. Note that, for the case of Si or
Si-rich SiGe epitaxial growth, higher substrate temperatures should be used.
The substrate is continuously rotated to obtain the growth homogeneity during
growth. The total pressure in the growth chamber is approximately ~1071° Torr
during growth of Ge isotope SLs. Growth rate of each isotope source will be
described in 2.4.3. When growth is done, the inverse processes are basically
carried out. All of the K-cell shutters and substrate shutter are closed
immediately. The K-cells are gradually cooled down to the basic temperature of
300 °C to keep size and shape of the sources as same as possible because growth
rate depends on these parameters. In contrast, the substrate temperature is

quenched to avoid further reactions and/or growth on the surface.

2.5 Characterization Techniques
2.5.1 Secondary Ion Mass Spectroscopy (SIMS)
2.5.1.1 SIMS Measurement System

Bombardment of a sample surface with a primary ion beam followed by
mass spectrometry of the emitted secondary ions constitutes secondary ion mass
spectroscopy (SIMS). Today, SIMS is widely used for analysis of trace elements
in solid materials, especially semiconductors and thin films. In this experiment,
in order to investigate behaviors of Ge host-atoms in Ge, the distribution of “Ge

1sotope in a Ge isotope SL as a marker was measured by SIMS.
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A SIMS measurement system mainly consists of a primary ion source
(ion gun), a sample chamber, an energy analyzer, a mass spectrometer, and a
detector. A primary ion beam is incident on a sample surface. The primary ions
mix with sample atoms to depths of typically 1 to 10 nm and knock out secondary
ions and atoms of the sample materials and resputtered primary ions from the
surface layers as shown in Fig. 2.4. SIMS is therefore a locally destructive
technique. These sputtered secondary particles are mass-analyzed by the mass
spectrometer and then detected by the detector. Thus, molecular composition of
the sample surface layers and distribution of sample elements as a function of
depth can be obtained. As well as secondary ions, this sputtering process
generates large numbers of electrons, which can be used to produce a physical

image of the sample surface during SIMS analysis.

Primaryion beam O

Figure 2.4 Sputtering of a sample surface by a primary ion beam. The primary ions mix
with the sample atoms and knock out secondary ions and atoms of the sample materials
and resputtered primary ions from the surface layers.
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2.5.1.2 Measurement Mode: Dynamic SIMS and Static SIMS

In SIMS analysis, there are mainly two types of measurement modes,
static SIMS (S-SIMS) and dynamic SIMS (D-SIMS). The S-SIMS mode is mostly
used as a qualitative characterization of the molecular composition of the
topmost surface layers. The D-SIMS mode 1is, on the other hand,
semi-quantitative analysis of distribution of sample elements as a function of
depth. During SIMS analysis, the sample surface is sputtered away by a primary
ion beam. For the D-SIMS mode, by continuous sputtering of the sample surface
and mass-analyzing the sputtered secondary ions, we obtain composition
information as a function of depth, called a depth profile. When sputtering rate is
extremely slow, the entire analysis consume only less than a tenth of an atomic
monolayer from the surface. This slow sputtering mode is S-SIMS. In this work,
depth profiles of 7“Ge isotope in the Ge isotope SL samples were obtained by
using the D-SIMS mode.

2.5.1.3 Primary Ion Beam

The bombarding primary ion beam produces monatomic and polyatomic
particles of sample materials and resputtered primary ions, along with electrons
and photons. The secondary particles carry negative, positive, and neutral
charges and they have kinetic energies that range from zero to several hundreds
eV. The acceleration energy of the primary ion beam affects sputter rate. Higher
primary ion energies give faster sputter rates but lower depth resolutions. The
proper choice of primary ion beam energy is important for SIMS analysis.
Primary ion beam species useful in SIMS analysis are mainly Cs* and OZ%* ions,
which are chemically active and has high ionization efficiency, i.e., secondary ion
yields. The secondary ion yield can be affected by several factors. The most
obvious factor is the intrinsic tendency of the sputtered ion to be ionized. O%* ions
are usually used for sputtering electropositive elements or those with low
ionization potentials. Cs* ions, on the other hand, are better at sputtering
negative ions with high electron affinity. The ion yield is also depends on the

sample matrix. The presence of oxygen in the sample enhances positive ion yields
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for most elements, but fluorine exhibits anomalously high positive ion yields in
nearly all samples. Furthermore, the ion yield also depends on the primary ion
beam itself. Oxygen bombardment increases the yield of positive ions and cesium
bombardment increases the yield of negative ions. These increases can range up
to four orders of magnitude. The proper choice of primary ion beam is therefore
important in enhancing the sensitivity of SIMS. The detection limit of SIMS is
severely reduced with improper selection of the ion beam. In this study, Cs*
primary ion and the acceleration energy of 1 kV was used for sputtering both As

and Ge in Ge matrix, based on the above-described concepts.

2.5.1.4 Mass Spectrometer

Mass spectrometry is an analytical technique that measures the
mass-to-charge ratio of charged particles. It is used for determining masses of
secondary particles and separating the particles in mass during SIMS analysis.
There exist several types of mass spectrometer: mainly double forcing mass
spectrometer (DF-MS), quadrupole mass spectrometer (Q-MS), and time-of-flight
mass spectrometer (TOF-MS). Each type has a number of different advantages
and disadvantages, depending on the purpose. The type of mass spectrometer
also depends on which mode, S- or D-SIMS, is used for the analysis. In this study,
PHI ADEPT-1010 D-SIMS with a Q-MS was utilized. A quadrupole mass
analyzer uses oscillating electrical fields to selectively stabilize or destabilize the
paths of ions passing through a radio frequency quadrupole field created between
4 parallel rods. Only the ions in a certain range of mass-charge ratio are passed
through the system. The Q-MS system allows us to obtain high sensitivity and

resolution depth profiles, especially of isotopes.

2.5.1.5 Depth Profiling

Monitoring the secondary ion count rate of selected elements as a
function of time leads to depth profiles. To convert the time axis into depth, a

profilometer is used to measure the sputter crater depth. A profilometer is a

19


http://en.wikipedia.org/wiki/Mass-to-charge_ratio
http://en.wikipedia.org/wiki/Radio_frequency
http://en.wikipedia.org/wiki/Quadrupole

Chapter 2. Germanium Displacement Induced by Arsenic Implantation

separate instrument that determines depth by dragging a stylus across the
crater and noting vertical deflections. Total crater depth divided by total sputter
time provides the average sputter rate. In this work, the total sputter time was
adapted so that the average sputter rate was same between different
measurements and samples in order to obtain depth profiles with a same depth

resolution.

2.5.1.6 Quantitative Analysis

Quantitative analysis by SIMS uses relative sensitivity factors defined

according to the following equation.

Ir Ig

— = RSFg— 2.1
where RSFg is the relative sensitivity factor for an element E, Iz and Cg are,
respectively, secondary ion intensity and concentration for the element E, and Iy
and Cgr are secondary ion intensity and concentration for a reference element R.
The major (or matrix) element is usually chosen as the reference. Substituting M
(matrix) for R (reference) and rearranging gives the following equation:

IgCym

Cg = RSFg . 2.2
Im

In trace element analysis, we can assume that the matrix elemental
concentration remains constant. The matrix concentration can be combined with

the elemental RSF (RSFg) to give a more convenient constant, RSF:

This RSF is a function of element of interest and the sample matrix.

Concentration of the element E, can be described as follows:

Ig

Cg = RSF (2.4)

Iv

Note that RSF and Cg have the same concentration units. This is the most
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common form of the RSF equation. Thus, RSF values convert the vertical axis

from ion counts into concentration.

2.5.1.7 Collision Cascade Model

The collision cascade model [17] explains how the primary ion beam
interacts with the sample atoms (Figure 2.5). In this model, a fast primary ion
passes energy to target atoms in a series of binary collisions. Then energetic
target atoms (called recoil atoms) collide with more target atoms. Target atoms
that recoil back through the sample surface constitute sputtered ions, atoms, and
molecules which can be collected and analyzed. The sampling depth depends on
primary ion energies. Recoiled atoms can be driven in deeper depth (penetration
depth) and producing surface mixing. Sputtering also leads to surface roughness
in the sputter craters. Lattice imperfections, either already present or introduced

by surface mixing, can be origins for roughness.

Primaryion

Secondaryions,
atoms, molecules

Sampling depth

Penetration depth

Figure 2.5 Schematic illustration of a collision cascade in a sample during SIMS analysis.
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2.5.1.8 Mixing Roughness Information-Depth (MRI) Model

These artifacts during SIMS analysis, atomic mixing and surface
roughing (described in 2.5.1.7), affect the depth profiles. In this work,
unavoidable artificial smearing of the 7“Ge depth periodicity known as the SIMS
artifacts was corrected by employing the mixing, roughness, and
information-depth (MRI) model [18]. This model considers these artificial
parameters, atomic mixing (w) and surface roughing (s). The degree of the SIMS
mixing can be described by the difference between the concentration measured
by SIMS, C(x) and the true concentration profile C°(x + w) where w is a small

distance away from, x;

dC(x) Co°(x+w) —C(x)
dx w '

(2.5)

The roughness is considered by superposition of a normalized Gaussian

broadening as described by

X+3s (X _ X/)Z
Cx) = —f CO (x)ex [— —] dx, 2.6
where s is the standard deviation. Note that there is no broadening in SIMS
depth profiles due to the information depth and this parameter is used for auger
electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS)

analysis.

2.5.2 Atomic Force Microscopy (AFM)
2.5.2.1 AFM System

Atomic force microscopy (AFM) is one type of scanning probe
microscopes, which is used to image surface structures on a nm level and to

measure surface forces. Figure 2.6 shows (a) a picture of a SPA300/SPI3800N
AFM (Seiko) that was used in this work and (b) a schematic illustration of the
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AFM system. The AFM works by scanning a semiconductor tip over a surface.
The tip is positioned at the end of a cantilever. A set of the tip and the cantilever
is called a probe. To acquire a surface image, the tip is brought down to the
surface. A piezoelectric element is used to scan the tip line by line across the
sample. As the tip is repelled by or attracted to the surface, the cantilever
deflects. In order to detect this deflection, which is as small as 0.01 nm, a laser
beam is focused on the back of the cantilever. Then the laser beam is reflected
towards a position-sensitive photodetector. Depending on the cantilever
deflection, the position of the reflected beam changes. The photodetector converts
this change in an electrical signal. A plot of the laser deflection versus tip
position on the sample surface provides the resolution of the hills and valleys

that constitute the topography of the surface.

(@) (b)

Position-sensitive
. photo detector

Cantilever

Figure 2.6 (a) Picture of a SPA300/SPI3800N AFM (Seiko) at our group that was used in
this work. (b) Schematic illustration of the AFM system.

23



Chapter 2. Germanium Displacement Induced by Arsenic Implantation

2.5.2.2 Tapping Mode (Non-Contact Mode)

The AFM can work with the tip mechanically touching the sample
(contact mode), or the tip can tap across the surface (tapping mode). For the
contact mode, an electronic feedback control keeps the resulting deflection
constant by adjusting the z position, thus the force is measured. The contact
mode has a disadvantage: the tip exerts forces to the sample. Although these
forces are only of the order of 0.1-1 nN, the pressure applied to the sample can
easily reach 1000 bar because the contact area is so small. This may lead to
structure damages. In tapping mode, the cantilever tip is stimulated to
vibrations near the resonance frequency. On approach to the surface, the
vibration amplitude of the cantilever will decrease, since the interaction force
with the surface shifts the resonance frequency. Instead of scanning the sample
at constant deflection, the surface is scanned at constant reduction of the
oscillation amplitude. As a result the tip is not in mechanical contact with the
surface during the scan. The tapping mode is less destructive than the contact
mode, because the exerted forces are in the pN range. An atomic force microscope
can reach a lateral resolution of 0.1 to 10 nm. In this work, the tapping mode was
utilized for probing the surfaces of Ge or SiGe (in Chapter 3) samples with a
NC-10T Arrow NC crystalline silicon probe (NanoWorld Inc.). The resonance
frequency is ~265 kHz.

2.5.2.3 Root Mean Square (RMS) Roughness

The AEM can evaluate the surface roughness of a sample by means of

root mean square (RMS) described by

2
RMS = \/Z(Zi _ Zlfl‘v”age) . 2.7)

Here, the scan area is divided into 512 X 512 points and the height of each point

i is described by Z;, and Z,yerage indicates the average of Z;. N is the number of
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data points (=512x512). In this work, surface roughness of the samples was

evaluated by using this RMS equation.

2.5.4 Transmission Electron Microscopy (TEM)
2.5.4.1 Interactions Between Electrons and Material

When electrons are accelerated up to high energy levels (few hundreds
keV) and focused on a thin sample, some electrons can pass through the sample
(transmitted electrons), and some scatter or backscatter elastically or
inelastically, and also many other different signals such as characteristic X-rays,
Auger electrons, secondary electrons, and light are produced (Figure 2.7). In
transmission electron microscopy (TEM), the transmitted electrons and some of

the elastically forward scattered electrons are used to form magnified images.

Incident beam

Backscattered electrons Secondary electrons

Auger electrons Characteristic X-rays
\ S Visible light

/ \ Bremsstrahlung X-rays

Elastically scatted electrons |

Inelastically scattered electrons

Direct beam

(Transmitted electrons)

Figure 2.7 Signals generated when a high-energy beam of electrons interacts with a thin
sample.
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2.5.4.2 TEM Operation System

Figure 2.8 shows (a) a schematic illustration of a TEM and (b) a
schematic ray-diagram of the multi-stage lens system of the TEM, imaging on
the screen. The TEM consists of an electron gun (E-gun), condenser lenses,
sample chamber, imaging lens system, screen, and camera chamber. The E-gun is
located at the top. A heated filament emits electrons which are then accelerated
by a voltage in the anode. A higher anode voltage will give the electrons a higher
speed. Thus, the electrons will have a smaller de Broglie wavelength according to
the equation, A = h/mv, where h is Planck’s constant, m and v are the electron
mass and velocity, respectively. The resolving power of a microscope is directly
related to the wavelength of the irradiation used to form an image. The faster the
electrons travel, the shorter their wavelength. As the wavelength is reduced, the
resolution is increased. Therefore, the resolution of the microscope is increased if
the accelerating voltage of the electron beam is increased. The electron beam
generated by the E-gun is focused by the condenser lenses onto a thin sample.
Sample thickness should be less than 60 nm. Electrons passing through the
sample (transmitted electrons and forward scattered electrons) are focused by
the imaging lens system. There are essentially two types of lenses in the imaging
lens system used to form the final image in TEM. These are objective and
projector lenses. The electrons passing through the sample are firstly focused by
the objective lens to form an image called the first intermediate image. This first
intermediate image forms the “object” for the next lens, the intermediate lens,
which produces a magnified image of it, called the second intermediate image.
This second intermediate image becomes the “object” for the projector lens. The
projector lens forms the greatly-magnified final image on the viewing screen of
the microscope. These final images can be recorded by a CCD camera in the
camera chamber. The whole system is enclosed in vacuum.

In this work, a Phillip TECNAI F12 FEI electron microscope was
employed. The acceleration voltage of the electron beam is 200 kV, which
corresponds to an electron wavelength of 0.0025 nm. The samples for TEM

observations were fabricated by Argon ion-milling.
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Figure 2.8 (a) Schematic illustration of a TEM system. (b) Schematic ray-diagram of the
multi-stage lens system of the TEM, imaging on the screen.

2.6 Growth of Germanium Isotope Superlattice

2.6.1 Growth Rate Calibration

In order to obtain a precisely-controlled thickness of isotope layers, the
growth rates of the »Ge and Ge K-cells in the MBE growth system were
calibrated. The sample structure for the growth rate calibration is schematically
shown in Fig. 2.9. An approximately-100-nm-thick n2tGe buffer layer was grown

on a Ge(001) substrate. Then, a "atGe/™Ge SL structure was grown at several
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K-cell temperatures: 1060, 1100, 1150 °C for »2tGe, and 1040, 1100, 1150 °C for
0Ge. The growth duration of the each layer was determined so that each
thickness corresponded to approximately 10 nm. The temperature of the
substrate during growth was 250 °C and the sample was rotated with a
consistent speed. The sample was measured by secondary ion mass spectroscopy
(SIMS), PHI ADEPT-1010, using a Cs* primary ion beam at 1.0 kV (see 2.5.1).
Mixing roughness information-depth (MRI) analysis (see 2.5.1) was performed to
estimate the thickness of the each layer. Figure 2.10 shows the depth profile of
74Ge 1n the Ge isotope SL along with the simulation result, where atomic mixing
w = 2.0, and surface roughness s =0.9nm in Egs. (2.5) and (2.6), respectively,
were used for the fitting. From the obtained thicknesses and the growth times of
the layers, the growth rates of the mtGe and °Ge K-cells in the MBE growth

system were determined (Table 2.2).

79Ge cap layer 1150 °C, 70min
natGe,”0Ge: 1150 °C

natGe: 20min
70Ge: 45min

natGe,’%Ge: 1100 °C

natGe: 70min

70Ge: 110min 0Ge
natGe: 1040 natGe
70Ge: 1060 °C
natGe: 70min
70Ge; 110min

T
natGe buffer layer ”10? nm

natGe(001) substrate

Figure 2.9 Schematic illustration of the n2tGe/7°Ge isotope SL grown for the growth rate
calibration. The temperatures and times shown in the figure indicate the temperatures of
the natGe and 70Ge K-cells in the MBE system and growth durations for these layers.
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Figure 2.10 MRI analysis result and SIMS depth profile of 74Ge in the »2*Ge/74Ge isotope

SL for the growth rate calibration. Atomic mixing w = 2.0 nm and surface roughness
s = 0.9 nm are used for the fitting

Table 2.2 Growth rates of 2Ge and "°Ge K-cells in the MBE growth system.

) Growth Rate (nm/min)

Cell temperature ('C) o Go 0Ge
1040 0.073 —
1160 - 0.039
1100 0.280 0.100
1150 0.753 0.308
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2.6.2 Growth Procedure and Sample Structure

By using the determined growth rates at 1150 "C (0.753 nm/min for ratGe
and 0.308 nm/min for °Ge), a Ge isotope SL, composed of the alternating layers
of n2tGe and "Ge, was grown by MBE on a (100)-oriented "2tGe substrate. Figure
2.11 shows a schematic illustration of the Ge isotope SL fabricated in this
experiment. A 100-nm-thick "2tGe buffer layer was formed prior to the growth of
the Ge isotope SL in order to achieve an atomically smooth surface. A Ge (6 nm)
/ matGe (6 nm) multilayer was grown on the buffer layer. A 6-nm-thick natGe cap
layer was grown on the top. The temperature of the substrates during the growth

was 250 °C and the sample was rotated with a consistent speed.

’°Ge cap layer 6 nm
. 0Ge(6nm)/"tGe(6nm)
Total: 18 layers
: 0Ge
natG e

natGe buffer layer ”10? nm

natGe(001) substrate

Figure 2.11 Schematic illustration of the 7°Ge (6 nm) / natGe (6 nm) isotope SL.
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2.6.3 Characterization: SIMS, AFM

The depth profile of “Ge in the as-grown Ge isotope SL as a function of
depth measured by SIMS (PHI ADEPT1010) using a Cs* primary ion beam at 1.0
kV is shown in Fig. 2.12. A periodicity of "“Ge was observed in the Ge isotope SL.
In order to estimate the layer thickness, the depth profile was reproduced by
using MRI model, and the simulation result is shown in Fig. 2.12 along with the
SIMS result. The same set of atomic mixing of w=2.0nm and surface
roughness of s = 0.9 nm as for the growth rate calibration were used for the

fitting. As expected, the thickness of the each layer is estimated to be 6 nm.

10 E ' 1 ' 1 ' 1 1 1 1
Rectangular (Ideal) shape
, O SIMS
100 F MRI model (w=2.0 nm, s=0.9 nm) E
S
SRk
C
©
ke
c
3 0
o 10
©
()
O]
N
10" - = = = = = =
2 PHI ADEPT-1010, Cs", 1.0 kV
10-2 N 1 N 1 N 1 N 1 N N
0 20 40 60 80 100 120

Depth (nm)

Figure 2.12 MRI analysis result and SIMS depth profile of 4Ge in the »2tGe/70Ge isotope
SL. Atomic mixing w = 2.0 nm, and surface roughness s = 0.9 nm, are used for the fitting.
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Furthermore, the sample surface was examined with AFM with a Seiko
SPA300/SPI3800N AFM. The AFM image of the topmost surface of the Ge
isotope SL is displayed in Fig. 2.13. The scan area is 10 X 10 pm2. The surface
RMS roughness was measured to be ~1.10 nm. The small RSM value indicates
that a high quality single-crystalline Ge isotope SL was fabricated without

impurity contamination.

il

Figure 2.13 AFM image of the topmost surface of the Ge isotope SL which was grown for
this experiment.

2.7 Experimental Procedures

The Ge isotope SL grown by MBE was cut into a number of smaller
pieces and "5As* ions were implanted into the Ge isotope SL samples at an energy
of 90 keV, which corresponded to the projected range of 40.5 nm, and with the
doses in the range between 5xX1013 and 1X10'5 cm~2. The As ion-implantation was
performed with a 7° tilt angle to avoid channeling of the ions and the beam
current striking the samples was ~50 pA. The depth profiles of 7“Ge and 7As in
the Ge isotope SL were obtained by SIMS (PHI ADEPT1010) using a Cs* primary
ion beam at 1.0 kV. XTEM observations were performed with the TECNAI F12

electron microscope operating at 200 kV.
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2.8 Ion-Implantation-Induced Heating Effects
2.8.1 Room-Temperature Arsenic Ion-Implantation

As ion-implantation was initially performed at room temperature (RT).
Figure 2.14(a)—(d) show the depth profiles of 7“Ge in the Ge isotope SLs before
and after implantation with 7As* ions at 90 keV with doses of 1x10%4, 3x1014,
5x1014, and 5x1015 cm™2, respectively, and the profiles of 7?As in each case. In
addition, XTEM images of the Ge substrates implanted under the same
conditions as the SLs samples are shown in Fig. 2.15(a)—(d). As expected, the
4Ge periodicity in the SIMS depth profiles of the Ge isotope SLs after As
implantation was perturbed compared to the profiles before implantation.
Furthermore, the mixing degree of Ge atoms in the Ge isotope SLs increases with
increasing the implantation doses. On the other hand, no amorphous layer was
observed from the XTEM images of the As-implanted samples with lowest
(1x10 ¢cm™2) and highest doses (5x10%5 cm™2) although amorphous layers with
the thickness of 80 and 90 nm were observed from the samples with the middle
implant doses of 3x10'4 and 5x10%4 cm™2, respectively. This difference indicates
that the amorphous Ge layers formed by the As ion-implantation were
recrystallized by as so-called solid phase epitaxial (SPE) regrowth due to a local
elevation of temperature caused by the implantation. Epitaxial regrowth of
ion-implanted amorphous Ge on the underlying crystal substrate occurs between
300 and 400 °C with an activation energy of 2.0 eV and a rate of 10 nm/min on
(100)-oriented Ge at 350 °C [19]. On the other hand, the rate of ion-implanted
amorphous Si is 10 nm/min on (100)-oriented Si at 550 °C [20]. The regrowth
temperature of Ge is 200 °C lower than that of Si at the same rate, which shows
that recrystallization of amorphous layers more easily occurs in Ge than Si.
Moreover, the XTEM images that we observed in this experiment suggest that
amorphous Ge layers formed by As ion-implantation were recrystallized by a
local elevation of temperature caused by implantation as we mentioned above,
and besides, the recrystallized Ge regions were amorphized again due to the

implanted ions with time.
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Figure 2.14 Depth profiles of 74Ge (solid symbols) and 75As (solid lines) in the Ge isotope
SLs measured by SIMS after As implantation at the energy of 90 keV and with the doses
of (a) 1x104, (b) 3x10%14, (c) 5x1014, and (d) 1x10'® cm™2, respectively. Dashed lines
represent the profiles of 74Ge in the Ge isotope SLs before the implantation.
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Surface

(a) 1x10** cm? (b) 3x10** cm™2

(c) 5x1014 cm™ (d) 1x10*5 cm

Figure 2.15 XTEM images of the Ge substrates As-implanted at the energy of 90 keV
with the doses of (a) 1x1014, (b) 3x1014, (c) 5104, and (d) 1x105 cm~2, respectively.

2.8.2 Low-Temperature (77 K) Arsenic Ion-Implantation

In order to avoid regrowth of amorphous Ge layers due to
implantation-induced heating, the implantation temperature of 77 K was chosen
in this study by attaching the samples directly to a holder cooled down using
liquid Na. The temperature of the substrate during implantation was below
—100 °C. Figure 2.16 compares between the SIMS depth profiles of the samples
implanted with the dose of 1104 cm=2 at room- and liquid-N2- temperatures.
This observation confirmed that the temperature difference did not affect the
mixing degree of Ge atoms due to implantation in SIMS depth profiles. We also
confirmed that no recrystallization occurred during argon (Ar) ion milling
prepared at RT, by comparing the XTEM samples prepared by Ar ion milling at
room- and liquid-Nz- temperatures. The results obtained from the

liquid-Ns-temperature implantation will be discussed below.
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Figure 2.16 Comparison between the depth profiles of 74Ge in the Ge isotope SLs
implanted with 75As* at 90 keV with the dose of 1x10!4 cm~2 at liquid-Ne- (open circles)
and room- (solid line) temperatures. The dashed line represents the depth profile of 74Ge
in the Ge isotope SL before implantation, i.e. the as-grown Ge SL. The open squares
represent the depth profile of 7>As implanted into the Ge isotope SLs.
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2.9 Determination of Germanium Displacements

Figure 2.17 shows the depth profiles of As and 7“Ge in the Ge isotope
SLs before and after As implantation at 90 keV with the doses of (a) 1x10'4 and
(b) 5x10'4 cm~2. In order to reproduce such perturbed depth profiles of 7“Ge in the
Ge 1sotope SLs with the characteristic length of Ge atomic displacement as a
function of the depth x from the surface, the following simulation model based on

a convolution integral [7] was employed;

Cafter—implant(x) :f Cbefore—implant(xy ) : g(X - X’ )dX’- (2-8)

Here, Cifter—implant(X) and Cpefore—implant(X) correspond to the concentration
distribution of 7“Ge in the SLs after and before implantation, respectively. g(x)

1s a Gaussian function described by

1 x?
X) =—exp|———|, 2.9
g(x) NoTE) p[ 20(x)2] (2.9)
where o(x) is the displacement of Ge host-atoms due to implantation as a

function of the depth x;

(x—p)?

| (2.9)

o(x) = kexp [—
where k, p, and d are the parameters of peak amplitude, peak position, and
peak width, respectively. It is known that the distribution of the displacement of
atoms by ion implantation can be approximated well by a Gaussian except for the
tails [21]. The “Ge SIMS depth profiles after implantation are reproduced by
appropriately perturbing the originally rectangular profiles of 7*Ge shown in Fig.
2.12 using Eqgs. (2.8) — (2.9). In parallel, unavoidable artificial smearing of the
4Ge depth periodicity known as the SIMS artifacts was corrected by the MRI
model described in Egs. (2.5) and (2.6). The profiles of 74Ge perturbed by the
convolution integral model were in turn broaden by the MRI model using the set

of w=2.0nm and s = 0.9 nm, already determined for the as-grown SL in 2.6.1.
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Figure 2.17 Depth profiles of 7“Ge (upper profiles) and 75As (lower profiles) in the
0Ge/matGe isotope SLs implanted with 5As* at 90 keV and with doses of (a) 1x104 and (b)
5x1014 cm~2, respectively. In the upper profiles, the dashed line and the solid symbols
represent the 7“Ge SIMS intensity before and after As implantation, respectively.
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Figure 2.18(a) shows the SIMS depth profiles of "Ge in the Ge isotope SLs
implanted with 5X10'3 cm~2 along with calculated profile using k = 2.0, p = 24,
and d = 31 nm. This allows us to plot the distribution of the Ge displacement
with the maximum of 2.0 nm situating at 24 nm from the surface [Fig. 2.18(b)].
The XTEM image of the same sample is shown in Fig. 2.18(c). The XTEM image
shows that amorphization due to the As implantation occurred between the
surface and ~66 nm in depth, while the deeper region of x > 66 nm remained
single-crystal. Note that smeared but clearly existing periodicity of 7“Ge is
observable even in the amorphous region. By comparing the displacement of Ge
atoms shown in Fig. 2.18(b) with the XTEM image shown in Fig. 2.18(c), we find
that the region where o¢ is larger than 0.75 nm appears “uniformly amorphous”
in the XTEM image. Therefore, we define o = 0.75 nm as the critical value of
the Ge displacement for amorphization. Figures 2.18(d)—-2.18(G) show similar
results for the samples implanted with the doses of 1x10 and 5x10'* cm~2. We
find k=3.2, p=24, and d =31 nm for the 1x10 cm=2 dose, and k= 8.1,
p =24, and d =31 nm for the 5xX10* cm=2 dose. The XTEM images shown in
Figs. 2.18(f) and 2.18() indicate that amorphization takes place between the
surface and ~77 nm in the sample with the 1x104 em~2 dose, and ~92 nm in the
sample with the 5x10'* cm~2 dose. Here the critical displacement of Ge atoms for
amorphization oc = 0.75 nm remains the same and does not depend on the doses.
Therefore, amorphization occurs when Ge atoms are displaced in the direction of
the depth by average 0.75 nm and more. This oc = 0.75 nm is 50% larger than
oc = 0.5 nm for Si [7]. This difference may be attributed to the fact that Ge—Ge
bonding energy in Ge is smaller than that of Si—Si in Si [22]. Therefore, Ge atoms
are more easily displaced but at the same time also more easily brought back to

the substitutional sites than Si.
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Figure 2.18 (a) Depth profiles of 7“Ge (upper profiles) and "5As (lower profile) in the °Ge /
nat(Ge isotope SLs implanted with >As* at 90 keV and with the dose of 5X1013 cm™2. In the
upper profiles, the solid symbols represent the SIMS data and the solid line represents
the simulation result. (b) The displacement of Ge atoms induced by As implantation as a
function of the depth from the sample surface with the same scale as (a). (c) XTEM
image of the sample with the same condition with the depth scale same as (a)—(b). The
same set of figures for the samples As-implanted at 90 keV with the dose of 1x1014 and
5x1014cm~2 are shown in (d)—(f) and (g)—(@), respectively.
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2.10 Conclusions

In conclusion, we have quantitatively evaluated the displacement of Ge
host-atoms induced by As ion-implantation using Ge isotope SLs. We found that
amorphous layers formed by the RT implantation were recrystallized due to a
local elevation of temperature caused by the implantation, and therefore
liquid-N2-temperature implantation was employed. We reproduced SIMS data
using the convolution integral model and obtained good agreements between
experimental data and simulation results. We showed that the critical
displacement of Ge atoms necessary to make the structure appear amorphous by
XTEM is 0.75 nm, which is independent of implantation doses. This value is 50%

larger than a value of 0.5 nm for silicon [7].
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Chapter 3

Self-Diffusion in Germanium
under Biaxial Compressive
Strain

This chapter presents the effect of biaxial compressive strain on Ge
self-diffusion. Under a compressive biaxial strain of ~0.71%, Ge self-diffusion has
been measured using an isotopically controlled Ge single-crystal layer grown on a
relaxed Sio2Geos virtual substrate. The self-diffusivity is enhanced by the
compressive strain and its behavior is fully consistent with a theoretical
prediction of a generalized activation volume model of a simple vacancy-
mediated diffusion, reported by Aziz et al [Phys. Rev. B 73, 054101 (2006)]. The
activation volume of —(0.65+0.21) times the Ge atomic volume quantitatively
describes the observed enhancement due to the compressive biaxial strain very
well.

This work was a collaboration with Professor Masashi Uematsu of Keio
University, Dr. Yusuke Hoshi, Assistant Professor Kentarou Sawano, and
Professor Yasuhiro Shiraki of Tokyo City University, Dr. Maksym Myronov of
The University of Warwick, and Professor Eugene Haller of University of

California at Berkeley and Lawrence Berkeley National Laboratory.
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3.1 Introduction

Compressively strained Ge (s-Ge) grown on a relaxed Sii«Gex virtual
substrate is attracting much attention as a promising candidate for next
generation higher mobility p-type metal oxide semiconductor (MOS) field effect
transistors (FETs) owing to its high hole mobility [1-3]. Knowledge of
self-diffusion in Ge under compressive biaxial stain, which is required to
understand the kinetics of the dopant diffusion and activation, is essential for the
development of the s-Ge based MOS technology. In addition, the investigation of
self-diffusion is important, not only to design appropriate device processing
schemes, but also from the physics point of view. Self-diffusion is the most
fundamental process of atomic transport in a solid. A study of self-diffusion can
provide valuable information on the properties of native point defects, which are
responsible for the diffusion processes. In particular, Ge self-diffusion in Ge
takes place by a simple vacancy-mediated mechanism. The s-Ge matrix is,
therefore, an ideal system to study and to understand the effect of strain on
self-diffusion in a solid.

Recently, Si and Ge self-diffusion in relaxed Sii«Gex has been widely
investigated by probing the concentration profiles of stable or radio isotopes as
tracers in relaxed SiixGex epitaxial layers (0 < x < 1) [4-8]. In this case, a
decrease in the activation enthalpy with increasing Ge content, x, has been
observed. The influence of compressive strain on the Si/Ge interdiffusion has
been described in the literature by Cowern et a/ [9]. In their case, enhanced Ge
diffusion has been observed. On the contrary, the number of self-diffusion studies
in strained materials is extremely limited. Zangenberg et al have reported
retardation (enhancement) of Ge self-diffusion in Sio9Geo: under the tensile
(compressive) strain of 0.21% [4]. However, a theoretical description of the
observed phenomena was not achieved because of the complication induced by
the existence of two constituents, Si and Ge, and due to multi-diffusion
mechanisms involving interstitials and vacancies. Aziz et al [10-12] have
theoretically predicted the thermodynamic effects of hydrostatic pressure and
biaxial strain on dopant- and self-diffusion mediated by the simple vacancy and

interstitial mechanism in a crystalline solid based on a generalized activation
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volume model. They demonstrated the consistency of the prediction for antimony
(Sb) diffusion in hydrostatically compressed Si and in biaxially strained Si
(tensile) and SiGe (compressive). For self-diffusion, however, the theoretical
finding has never been experimentally tested.

This chapter reports on an experimental study of self-diffusion in Ge
under biaxial compressive strain. The experimental observation is quantitatively
described in terms of the behavior of the vacancies in Ge by means of the

activation volume with relevant previous experimental diffusion results.

3.2 Basics of Self-Diffusion in Germanium
3.2.1 Diffusion Equation

Diffusion equation is the mathematical model of diffusion phenomena
using partial differential equation, first reported by Adolf Fick (1829-1901) in
1855 [13]. Here, we derive the one-dimensional diffusion equation. The mass flux
(J) of a diffusion component is defined as the mass of the diffusion component
flowing per unit time through unit cross sectional area. Fick found by direct
observation that the magnitude of the mass flux is proportional to the magnitude
of the concentration gradient at that point, i.e.

J(x) = —Da—c, (3.1)
0x
where C is the concentration of the diffusion component and D is the diffusion
coefficient (diffusivity). Eq. (3.1) is kwon as Fick’s first law.

In order to obtain more useful relation, we consider a mass-flow small
volume with unit cross sectional areas along the x axis, as shown in Fig. 3.1.
Mass conservation is a general physical constraint that may be imposed on
diffusion system. If the mass fluxes entering at x = x and leaving at x = x + dx
in the mass-flow small volume do not balance, a net accumulation (or loss) occurs

in the volume. Thus, the mass balance may be expressed as

inflow — outflow = accumuration rate. (3.2)
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Y unit cross
sectional area
4

.

T J(x +dx)

dx

Figure 3.1 Mass-flow small volume with unit cross sectional areas along the x axis

Therefore, if dx is very small, the mass flux at x = x, J(X), can be described by
using the flux at x = x + dx, J(x + dx), as follows:

0]

J(x) = J(x + dx) — dx (—) (3.3)

0x
Furthermore, the time derivative of the concentration (9C/dt) represents the
time rate of change of the concentration within the small volume. Thus,
J(x) — J(x + dx) can be described by

d]

J(x) = J(x + dx) = dx (%) — —dx (&) (3.4)

By inserting Eq. (3.1) into Eq. (3.4), we can obtain Fick’s second law:

(3.5)

OC_ 0 (D6C>
ot ox\ ox/

In addition, if the diffusivity D is constant, Eq. (3.5) simplifies to the linear form

of Fick’s second law:
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aC 92C

=D (3.6)

Fick’s second law shown in Eq. (3.6) is also called the linear diffusion equation

and widely used to obtain diffusivities in materials.

3.2.2 Germanium Self-Diffusion Mechanism

Elements diffusing in semiconductors such as Si and Ge are classified

i

into either “slow” or “fast” diffusers in relative manners. Fast diffusers have
diffusivity that is many orders magnitude larger than that of slow diffusers. The
large difference between fast and slow diffusers is caused by the different
diffusion mechanisms, which are closely related to their incorporation in the
lattice. Fast diffusers, such as copper, lithium, hydrogen, or iron, are
predominantly interstitially dissolved and move by jumping from one interstitial
site to another interstitial site without any contribution of point defects
(self-interstitials (I) and vacancies (V)). Slow diffusers, such as common group III
and group V dopants, are substitutionally dissolved and require point defects for
their diffusion processes.

Diffusion of host atoms, i.e., self-diffusion, in Si and Ge is also mediated
by point defects as well as slow dopant diffusers. In the slow diffusion, the
diffusivity depends on which point defect dominates the diffusion process and
self-diffusion in Ge is different from self-diffusion in Si in that sense. The
self-diffusion mechanisms involving self-interstitials and vacancies are called
Iinterstitialcy and vacancy mechanisms, respectively. For the interstitialcy
mechanism as shown in Fig. 3.2(a), a self-interstitial (I) replaces a lattice atom
(As), which then becomes a self-interstitial in return. The reaction can be
described by

[ A+ L (3.7)

For the vacancy mechanism (Fig. 3.2(b)), a lattice atom is replaced by a

neighboring vacancy (V) and the reaction is described by
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Ve Ag+ V. (3.8)

It is known that self-diffusion in Si takes palace via both Si self-interstitials and
vacancies, depending on diffusion temperature [14]. On the other hand,

self-diffusion in Ge is mediated by simply the vacancy mechanism [15].

(a)

| < A+

(b)

O Lattice atom (substitutional atom) (A,)
. Self-interstitial (1)

Vacancy (V)

Figure 3.2 Mechanisms of self-diffusion for a two dimensional lattice: (a) Interstitialcy
and (b) vacancy mechanisms. Ge self-diffusion takes place by simply the vacancy
mechanism, while Si self-diffusion takes place via both mechanisms.
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3.2.3 Germanium Self-Diffusivity

Typically, diffusivity, D, depends on temperature and the temperature

dependence is described by an Arrhenius expression:

HM
D =Dy exp <— m) (3.9

Here, HM is the activation enthalpy of migration, kg is the Boltzmann constant,
and T is the absolute temperature. D, is the pre-exponential factor and
described by

SM
D, = ya?vexp (—) ) (3.10)
kg

where y is the geometrical constant, a is the lattice parameter, v is the
attempt frequency and SM is the entropy of migration.

As mentioned in 3.2.2, the self-diffusion in Si and Ge takes place via
point defects. Therefore, the concentrations of the point defects should be taken
into account for the self-diffusivities. The equilibrium concentrations of point

defects, CE 3, are given by

Cry Sty Hiy

LV — exp (¥ — V) 3.11

= e (1) e (13) @1
where N is the atomic density (5x10%2 cm™® for Si and 4.4x1022 cm~® for Ge), Sfy
and Hf v, respectively, are the entropy and activation enthalpy of defect

DSD

formation. Thus, the self-diffusivity, , 1s described as a sum of two terms

corresponding to the two types of point defects:

Ceq eq
DSP = f, L pl 4 f, ¥ pV. (3.12)

No No
Here, D; and Dy are the diffusivities of I and V. f; and fy are the correlation
factors for I and V, respectively, and in the diamond structure f; ~ 0.73 and
fy = 0.5 are known. By substituting Egs. (3.9) and (3.11) to Eq. (3.12), the

self-diffusivity becomes

49



Chapter 3. Self-Diffusion in Germanium under Compressive Biaxial Strain

SSD HSD
DSD = fyaz\)eXp <E> exp <— kB—T>, (313)
where SSP = SM + SF, HSP = HM 4+ HF, Furthermore, by describing D, by
SSD
DD = fya?v exp <—> (3.14)
kg
the self-diffusivity, DSP, can be described by

HSP
DSP = D3Pexp <— m) (3.15)

It has been experimentally demonstrated that Si self-diffusion in Si
takes palace via both Si self-interstitials and vacancies in the temperature range
of 735 to 1388 °C [14]. Specifically, at high temperature above approximately
900 °C, Si self-interstitials dominate the self-diffusion, and at low temperature
below 900 °C, the vacancy-mediated self-diffusion dominantly occurs [14].

Therefore, Si self-diffusivity describes by a sum of two exponential terms [14]

495 eV
T ) +0.0023 exp (—

3.6 eV) cm?

—. 1
T (3.16)

D3P = 2175.4 exp (— 5

B
Here, the first term represents Si self-diffusion due to the self-interstitial
mechanism. The second term represents Si self-diffusion due to the vacancy
mechanism. On the other hand, it has been experimentally demonstrated that
Ge self-diffusion is predominantly mediated by the vacancy mechanism in the
wide temperature range of 429 to 904 °C and the reported Ge self-diffusivity [15]

1S

3.13 eV) cm?

) — (3.17)

DD = 25.4 cexp (— S

The enthalpies of vacancy-madiated self-diffusion in Si (the second term) and Ge

are very smilar.
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3.3 X-Ray Diffraction (XRD) Technique Used for Strain
Analysis

3.3.1 Biaxial Strain in Crystal Lattice

When a crystal with a lattice constant, a, is biaxially strained, the
horizontal (in-plane) strain (g;) and vertical strain (g,) are respectively given by
a —a a, —a

g = a , €, = a . (318)

Here, a; and a; are the horizontal and vertical crystal lattice constants,
respectively. Furthermore, in general, the stress-strain relationship in cubic

crystal lattice is described using the elastic coefficient tensor as follows:

(Thox] Ci1 €2 €2 O 0 0 [ &x
Tyy Ciz €11 €2 O 0 0 iyy
T;z Ci2 €2 ¢1 0 o O 7z
Toy| |0 0 0 cuw 0 O |28y (3.19)
Tys l0 0 0 0 Cug O J|2€yzl
—sz— 0 0 0 O 0 C44, ZSZX

In the biaxially-strained crystal lattice, T,, in Eq. (3.19) becomes zero, and
therefore €,, =€), &4 = €y, = g 1s obtained. Then the relationship between the

in-plane (g;) and vertical (g,) strain can be given by

2C
g, = ——2¢g. (3.20)
C11

By inserting Eq. (3.18) into Eq. (3.20), the relationship:

2Cipa —a
a, =a (1 Mkl ) (3.21)
C11 a

can be obtained. The relevant material properties of Si and Ge at 300 K are
shown in Table 3.1.
In addition, the crystal lattice constant of a relaxed SiixGex crystal

(agige) [16] is given by
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Table 3.1 Relevant material properties of Si and Ge at 300 K.

Si Ge
Crystal lattice constant (A) 5.4310 5.6575
Elastic coefficient c;; (x101° N/m?) 16.58 12.4
Elastic coefficient ¢y, (x101° N/m?2) 6.39 4.13
dsiGe — (1 — x)aSi + Xdge — 0.0270x + 00270X2 (322)

The elastic coefficients of SiixGex (cisjiGe) are described using the elastic
coefficients of Si (Cisji) and Ge (cge) by

CiSjiGe — (1 — X)Cisji + XCi(]-;e. (3.23)

3.3.2 X-Ray Diffraction Measurement System

In this work, strain of the samples was determined by using X-ray
diffraction (XRD), X’pert MRD, at Shiraki group of Tokyo City University. A
cupper anode target was used as the X-ray source. Ka! X-rays A=1.5406 A) were
produced through an asymmetric Ge[220] crystal monochrometer as the incident
beams. Figure 3.3 shows a schematic illustration of the X-ray measurement
system utilized in this experiment. Omega (w) is the angle between the incident
X-rays and the sample surface, phi (@) is the angle of the in-plane sample
rotation, and psi () is the tilt angle of the sample. The sample stage is adjusted
with respect to the incident X-ray beams by using the above-mentioned 3 angles.
2-theta (20) is the angle between the incident X-rays and the detector. The
relationship between 26 and w will be described below.

Figure 3.4 shows a schematic illustration of a reciprocal lattice space in
the X-ray measurement system, where the angles, o and 20, satisfy the Bragg’s
condition (n=0) at a reciprocal lattice point (hkl), which corresponds to a set of
lattice planes (hkl) in the real space lattice, and the Bragg’s condition is
described by
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Detector @_‘ §

Reflected (0o01)
beam Incident

beam

Sample

Figure 3.3 Schematic illustration of the X-ray diffraction measurement system that was
used in this work.

Qy
(001) &~~~ -

I

1
O=m+A \R=2

: " Diffracted wave

(hkl)plane [A /29

\d[hkll ! .
\K\A CO: n :|de8xwave

Sample

—

Ewald sphere

Figure 3.4 Schematic image of a reciprocal lattice space in the X-ray diffraction
measurement system. The angles, o and 20, satisfy the Bragg’s condition (n=1) at a
reciprocal lattice point (hkl), which corresponds to a set of lattice planes (hkl) in the real
space lattice
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1
2R sin6 = . (3.24)
[hKI]

Here, R is the radius of the Ewald sphere, corresponding to the inverse of the
incident X-ray wavelength, 1/A . dppiy is the interplanar spacing of the lattice
planes (hkl). Delta (A) is defined as the angle between the reciprocal lattice
vectors (001) and (hkl), and can be described by

1
0=w+4A cosA=—— (3.25)
vhZ + k2 + 12
Furthermore, from this figure, horizontal (Q,) and vertical (Qy) reciprocal lattice

units can be described by

= R{cosw — cos(20 — w)} (3.26a)

* 7 dino

Qy = R{sinw + sin(260 — w)}, (3.26b)

~ diooy

where dpko) and djge is the interplaner spacing of the lattice planes (hkO)

and (001), respectively, and given by

a

d[hkO] = m (3273)
aL

d[OOl] = T (327b)

By experimentally changing the angles, ® and 26, in the X-ray measurement
system shown in Figs. 3.3 and 3.4, a mapping image of (Qy, Qy), 1.e., reciprocal
space map (RSM), can be obtained. By using Eqs. (3.26) and (3.27), the
horizontal and vertical lattice constants (ajanda,) of the crystal lattices in the
sample can be determined. Furthermore, by substituting the determined lattice
constants to Eq. (3.18), the in-plane and vertical strain of the crystal lattices can
be obtained. The single scan, so-called “w — 26 scan”, using the X-ray diffraction

system was also utilized for strain analysis.
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3.4 Growth of Silicon-Germanium Virtual Substrate
3.4.1 Reversed Linear Graded Technique

In order to produce biaxial compressive strain to a Ge 1isotope
superlattice (SL) for the self-diffusion study, a Ge-rich SiGe virtual substrate
was employed. In this section, the growth method and structural analysis of a
natSig onatGeo s virtual substrate used in this experiment is presented.

High quality Ge-rich SiGe buffers are typically achieved by two major
techniques by using chemical vapor deposition (CVD). The one is through a two
temperature growth method directly on (001)-oriented Si substrates. The other is
by a slow grading of a buffer structure, which for such high-composition layers
leads to a relatively thick structure, typically 8-12 pm. In this work, a reverse
linear graded (RLG) buffer layer [17] was employed. The feature of the RLG
method is that the alloy content is graded down from a relaxed pure Ge
interlayer grown on a Si wafer to the required final composition instead of
grading up from the Si wafer, which produces a high Ge composition SiGe
relaxed buffer of relatively small thickness (~a few pm) and high quality with

very few defects and smooth surface.

3.4.2 Growth Procedures and Sample Structure

By using the RLG method, a »2tSipsm2tGeo.s virtual substrate was grown,
in collaboration with Dr. Maksym Myronov of The University of Warwick, by
reduced-pressure CVD in an ASM Epsilon 2000 reactor with germane (GeHs) and
dichlorosilane (SiH:2Cls) as gaseous precursors. As already mentioned in Chapter
2, matSi and "2tGe, respectively, indicate naturally available Si and Ge with the
fixed abundances: natSi: 28Si: 92.2%, 2951 4.7%, 30S1: 3.1%, and "2tGe: 9Ge: 20.5%,
2Ge: 27.4%, Ge: 7.8%, Ge: 36.5%, and 6Ge: 7.8%. Figure 3.5 shows a
schematic illustration of the Sio2Geos/RLG SiGe/Ge/Si(001) virtual substrate
grown by the RLG method. Firstly, a 1000-nm-thick Ge interlayer was grown on
a Si(001) substrate. Then the RLG SiGe layer was deposited on the Ge interlayer,

with the Ge content reducing linearly from x=1 to x=0.8 over a thickness of 800
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Constant Siy ,Geg g 1000 nm
. layer |
Sip ,Geg g A
Reverse liner graded 800 nm
(RLG) layer | (27.5%/um)
100% Ge > x
Ge layer 1000 nm

Si (001) substrate

Figure 3.5 Schematic illustration of the Sio.2Geos/RLG SiGe/Ge/Si(001) virtual substrate
employed in this work. An effective grading rate for the 800-nm-thick RLG Sii-xGex layer
(from x=1 down to x=0.8) is 27.5 %/pum in Ge content.

nm, corresponding to an effective grading rate of 27.5 %/um in Ge content.
Finally, a 1000-nm-thick constant composition relaxed »2tSigp2m2tGeos layer was
grown on the top. The grading was achieved by keeping the GeHs flow constant
and reducing the SiH2Cl: flow.

3.4.3 Characterization: TEM, XRD, AFM

3.4.3.1 Cross-Sectional Transmission Electron Microscopy

In order to determine the threading dislocation density reaching the top
surface, a dilute Schimmel etchant with a bulk etching rate of 2.1 nm/s followed
by cross-sectional transmission electron microscopy (XTEM) observations was
employed. The XTEM observations were performed along the {011} plane using a
JEOL 2000FX TEM operating at 200 kV. After a 5-min Schimmel etch, a
threading dislocation density of ~4x106cm=2 was measured from the average of
30 XTEM images each with an area of 8.2x103 num2. A XTEM image of the virtual
substrate was shown in Fig. 3.6 [17].
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Figure 3.6 XTEM image of the Sio2Geo.s/RLG SiGe/Ge/Si(001) virtual substrate [17].

3.4.3.2 X-Ray Diffraction

(004) w — 26 scan and an asymmetrical (224) RSM measurements using
the XRD system, X’pert MRD, (described in 3.3.2), were performed to determine
structural parameters of the relaxed Sio2Geos virtual substrate such as the
crystal lattice constants, strain, and relaxation. Figure 3.7 shows a (004) w — 28
scan rocking curve and an asymmetrical (224) RSM image of the Sio.2Geo.s virtual
substrate, in which the peaks of the Si(001) substrate, constant composition
Si0.2Geo.s layer, and Ge interlayer are observed. The continuous intensity between
the Sio2Geos and Ge peaks originates from the 800-nm-thick RLG Sii-«Gex layer
(from x=1 down to x=0.8). Table 3.2 summarizes the structural properties of the
constant SiGe layer on the top, calculated by inserting the peak values obtained
from the rocking curve and RSM image into the equations shown in 3.3. As
expected, the Ge content of the constant composition SiGe layer is found to be
80% from the RSM observation. The vertical lattice constant, a,, of the constant
SiGe layer is consistent between the two method. From Eqgs. (3.19) and (3.20),
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the lattice constant of a fully relaxed Sio2Geos crystal is calculated to be
asige = 5.608 A. From the values of agjce and a;, the in-plane strain of the
constant SiGe layer was found to be 0.02%. Furthermore, the relaxation was
measured to be 107% relative to the Si(001) substrate. The XRD observations

confirm that the constant composition Sio2Geo.s layer is almost fully relaxed.
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Figure 3.7 (a) (004) w — 20 scan rocking curve and (b) asymmetrical (224) RSM of the
SiGe virtual substrate employed in this experiment.

Table 3.2 Structural properties of the constant composition SiGe layer in the

virtual substrate obtained by XRD observations.

(004) w — 26 scan Asymmetrical (224) RSM
a, (A [a;, a,] (A) Ge content (%)
5.600 [5.620, 5.598] 79.7
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3.4.3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) observations were performed to evaluate
the sample surface condition with a SPA 300/SPI 3800N AFM (Seiko). Figure 3.8
shows an AFM image of the topmost surface of the relaxed Sio2Geos virtual
substrate. The scan area is 10 X 10 pm?. A cross-hatch pattern is observed in the
image. This cross-hatch pattern is typical of graded structures due to the strain
field generated by misfit dislocations running in orthogonal directions during
growth of the graded layer. The measured average of the surface RMS
(root-mean-square) roughness was 1.4 nm. The small RSM value indicates that

the sample surface is enough smooth to grow s-Ge layers on the virtual substrate.

[um]

Figure 3.8 AFM image of the topmost surface of the Sio.2Geo.s virtual substrate. The scan
area is 10 X 10 pm?2. The surface RMS roughness is found to be 1.4 nm
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3.5 Growth of Biaxial Compressive Strained Germanium
Isotope Supperlattice

3.5.1 MBE Growth Condition of Silicon-Germanium

Growth of a biaxial compressive s-Ge isotope SL was achieved by
sandwiching a Ge isotope SL by relaxed SiGe layers, i.e., a relaxed SiGe/s-Ge
1sotope SL/relaxed SiGe heterostructure. In this section, the growth method,
procedure and the structural analysis of the heterostructure are presented.

A n2atGe/0Ge 1sotope SL composed of alternating layers of mtGe and
isotopically enriched °Ge was grown on the n3tSig2n2tGeos virtual substrate,
characterized in 3.4, by solid-source molecular beam epitaxy (MBE) (described in
2.4). A ratSigomatGeos buffer layer was MBE-grown on the m2tSigsatGeos virtual
substrate prior to the growth of the Ge isotope SL, in order to obtain an
atomically smooth surface and avoid contaminating the Ge isotope SL by means
of embedding impurities adsorbing onto the air-exposed surface. The abundances
of the sources used for the MBE growth are "°Ge: 20.5%, 2Ge: 27.4%, 3Ge: 7.8%,
4Ge: 36.5%, and 6Ge: 7.8% for natGe, 28511 92.2%, 29S1: 4.7%, and 30Si: 3.1% for
natSj - and 9Ge: 96.3%, 72Ge: 2.1%, 3Ge: 0.1%, *Ge: 1.2%, and "Ge: 0.3% for °Ge,
respectively. The composition x of "tSi;«"2tGey of the buffer layer was controlled
by the mtSi and "2tGe K-cell temperatures in the MBE growth system. To obtain
the composition x as a function of the »2Ge K-cell temperature, multilayer
structures of matSi;2tGex with different x were grown on (001)-oriented Ge
substrates by keeping the 12tSi K-cell temperature constant at 1440 °C and
gradually changing the »tGe K-cell temperature between 1080 and 1170 °C. The
temperature of the substrate was kept at 250 °C during the MBE growth and
rotated with a constant speed. The compositions x of the natSi;-matGex multilayer
structures were determined by measuring the concentration profiles of Si and Ge
in the samples by secondary ion mass spectroscopy (SIMS) with a PHI
ADEPT-1010 microscopy. Figure 3.9 shows natSi;«"2tGex composition x as a
function of the n2tGe K-cell temperature. From this figure, the ntGe K-cell
temperature for the natSig2natGeos growth was determined to be 1105 °C.
Furthermore, the growth rate of natSip2n2tGeos at the natSi (1440 °C) and ™Ge
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Figure 3.9 natSi;.natGey composition x as a function of the natGe K-cell temperature in the
MBE growth system. The »2tSi K-cell temperature is constant at 1440 °C during growth.

(1105 °C) K-cell temperatures was determined to be 0.378 nm/min.

We also confirmed that the composition of the natSio2n2tGeo.s buffer layer
grown by MBE agreed with that of the virtual substrate grown by CVD, by
growing a single "2tSig2"2tGeo s layer on a Ge(001) substrate at the n2tSi (1440 °C)
and tGe (1105 °C) K-cell temperatures followed by an asymmetric (224) RSM
analysis.

Moreover, the matSigon2tGeo.s buffer layer was grown on the matSig omatGeo.s
virtual substrate and the top surface was imaged by AFM (SPA 300). The surface
RMS roughness was found to be 1.4 nm after the buffer growth. This indicates
that threading dislocation density reaching the top surface was kept to the

minimum (~4x10%cm™2).
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3.5.2 Growth Procedure and Sample Structure

In order to chemically clean the surface of the mtSigsmatGeos virtual
substrate, the substrate was dipped in distilled water for 5 min. Then the
substrate was cleaned by hydrofluoric acid (HF) treatment for 15 sec followed by
thorough rinse with distilled water for 3 min. This process repeated 3 times.
Figure 3.10 shows a schematic illustration of the relaxed »tSig2m2tGeo.s/biaxial
compressive s-Ge isotope SL/relaxed matSip22tGeos heterostructure fabricated in
this work. Firstly, a 50-nm-thick »2tSigp2"2tGeo.s buffer layer was MBE-grown on
the natSigonatGeos virtual substrate by using the natSi K-cell temperature of
1440 °C and the r2tGe K-cell temperature of 1105 °C, and the growth rate
determined in 3.5.1. The MBE growth of a Ge isotope SL consisting of alternating
layers of °Ge and "2tGe was performed on the n2tSip202tGeos buffer layer by using
the mtGe and Ge K-cell temperatures of 1150 °C and the growth rate
determined in 2.6.1. The thickness of each layer was 8 nm. Finally, a 50-nm-thick
relaxed natSig onatGeo.s cap layer was MBE-grown on the top as a stressor by using
the same "2tSi and natGe K-cell temperatures as for the buffer layer. Two natGe (10
nm) barrier layers sandwiching the Ge isotope SL were inserted to avoid
interdiffused Si reaching the Ge isotope SL during diffusion annealing. The total
thickness of the strained Ge layer was 60 nm including the Ge isotope SL and
barrier layers. The temperature of the Sio2Geos virtual substrate during the
MBE growth was 250 °C and the substrates were rotated with a same constant
speed.

In addition, an unstrained Ge isotope SL, a simple "2tGe(8nm)/°Ge(8nm)
SL grown on a (001)-oriented Ge substrate [18-21], was also fabricated to
observe self-diffusion in unstrained Ge as a control. The unstrained Ge SL was

grown under the same growth conditions as the s-Ge SL.
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Figure 3.10 Schematic illustration of the relaxed ratSipsm2tGeos (50 nm)/biaxial
compressive s-Ge isotope SL (60 nm)/relaxed 12tSigonatGeos heterostructure fabricated in
this work.

3.5.3 Characterization: SIMS, XRD, TEM, AFM

3.5.3.1 Secondary Ion Mass Spectroscopy

The heterostructure sample was measured by SIMS with PHI
ADEPT-1010 for Ge self-diffusion evaluation. Figure 3.11 shows the depth profile
of Ge in the as-grown heterostructure in SIMS intensity. A periodicity of "“Ge
was observed in the s-Ge isotope SL sandwiched by the relaxed Sio2Geos layers.

The Si and Ge contents in the heterostructure quantified by using SIMS
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standard samples of Sio2Geos and Ge (x=1), respectively, are also shown in the
figure. As predicted, a Ge (Si) content of approximately 80% (20%) in the SiGe
cap and buffer layers was obtained. The thicknesses of the SiGe cap and s-Ge
layers were measured to be approximately 50 and 60 nm, respectively. Note that
the intensity of 7“Ge in the Sio2Geos layers is higher than that in the s-Ge layer
because of the inherent high SIMS sensitivity of Ge in SiGe compared to that in
Ge. For simulation, the intensity of Ge in SiGe is calibrated to be 80% relative to

that in s-Ge to avoid overestimating Ge inter-diffusion from SiGe into s-Ge.

—o—"Ge ---- Si (%) Ge (%)
— " 100
a0
— 80
> g 470 o\o
. & ~
2 S {60 =
© o B 5 o
: 0 - .
; SiGe cap layer : g %8 %8 SiGe {50 <
= 50nm P93 %8 o buffer layer o
L % % % 50nm {40 ©
QO ()
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8 petTTTTm s-Ge layer ,O,r 20
N . 60nm h
" i : 110
1 1 I“ Y I 1 :.I 1 1 0
0 20 40 60 80 100 120 140 160
Depth (nm)

Figure 3.11 Depth profiles of 74Ge (solid symbols) in SIMS intensity, and Si (dashed line)
and Ge (solid line) in content (%). The 7“Ge intensity corresponds to the left vertical axis.
The Si and Ge contents correspond to the right vertical axis.
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3.5.3.2 X-Ray Diffraction

The structural properties such as the lattice constants, strain, relaxation,
and composition of the heterostructure were determined by (004) w — 26 scan
and asymmetrical (224) RSM measurements using the XRD system, X’pert MRD.
Figure 3.12(a) shows the (004) w — 20 scan rocking curves before and after the
MBE growth of the heterostructure. The peak of the s-Ge layer was observed
after the growth. The peak broadening of s-Ge was observed due to its small
thickness (~60 nm), according to Scherrer’s Formula [22]. The asymmetrical
(224) RSM image of the sample after the heterostructure growth is displayed in
Fig. 3.12(b), in which the peaks of the Si(001) substrate, constant composition
SiGe layers, Ge interlayer, and s-Ge isotope SL were observed. Tables 3.3—3.5
summarize the quantitative values of the structural properties of the constant
composition Sio2Geos and s-Ge layers determined from these XRD measurements.
The vertical lattice constants of the constant composition Sio2Geos and s-Ge
layers are consistent between the two methods. A good agreement between the
in-plane lattice constant values of the s-Ge and relaxed Sio2Geos layers was
obtained The in-plane relaxation of the s-Ge SL compared to the underlying
relaxed Sio2Geo.s layer was calculated to be 6.0%. There results confirm that the
s-Ge isotope SL was almost fully strained relative to the Sio2Geos layer. The
biaxial compressive strain of 0.71 % was obtained from the s-Ge isotope SL
relative to unstrained Ge. This strain corresponds to an in-plane stress of 0.95
GPa.
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Figure 3.12 (a) (004) o — 20 scan rocking curve before (lower) and after (upper) the MBE
growth of the relaxed »atSip 2n2tGeo.s/s-Ge isotope SL/relaxed natSig 2natGeo.s heterostructure.
(b) Asymmetrical (224) RSM of the sample.

Table 3.3 Vertical lattice constants of the constant composition SiGe and s-Ge
layers obtained from the (004) w — 20 scan rocking curve.

SiGe s-Ge
a; (A 5.601 5.685
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Table 3.4 Structual properties of the constant composition SiGe layers
determined from the asymmetrical (224) RSM.

[ay, a;] (A) [5.615, 5.602]
Ge content (%) 79.6
asice (A) 5.608
Relaxation to Si (%) 104

Table 3.5 Structual properties of the s-Ge layer determined from the
asymmetrical (224) RSM.

[a, a;] (A) [5.617, 5.685]
& to Ge (%) 0.71
Relaxation to Sio2Geo.s buffer (%) 6.0

3.5.3.3 Transmission Electron Microscopy and Atomic Force Microscopy

Finally, the sample was examined with XTEM with a JEM-2100 F TEM
accelerating at 200 kV and AFM with a Seiko SPA300/SPI3800N AFM using a
NC-10T Arrow NC crystalline silicon probe (NanoWorld Inc.) to evaluate the
dislocation density and surface condition. Figure 3.13(a) shows a XTEM image of
the heterostructure. The actual thicknesses of the relaxed SiGe cap, s-Ge, and
relaxed SiGe buffer layers were measured to be 50, 60, and 50 nm, respectively.
The XTEM observation confirmed that the low threading dislocation density
reaching the top surface (~4x10% cm~2) remained throughout the MBE growth of
the heterostructure. The AFM image of the top surface is displayed in Fig.
3.13(b). The scan area is 10 X 10 pm?2. The surface RMS roughness was measured
to be 1.7 nm. These observations show that we achieved growth of a high quality
s-Ge isotope SL with low threading dislocation density and small surface

roughness.
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Figure 3.13 (a) XTEM image of the relaxed natSipsnatGeos / s-Ge isotope SL / relaxed
natSjj onatGeg s heterostructure grown by MBE. (b) AFM image of the top surface of the
sample. The scan area is 10 X 10 pm?2. The surface RMS roughness was measured to be
1.7 nm.

3.6 Diffusion Annealing
3.6.1 Annealing Procedure

Figure 3.14(a) shows a picture of a resistive furnace at our group that
was used in this experiment. The furnace can provide maximum temperature of
1500 °C. Figure 3.14(b) shows a picture of the samples placed on a quartz boat
located at the edge of the quartz tube of the furnace. The quartz boat was
equipped with a quartz port at the edge. The samples placed on the quartz boat
were inserted into the middle of the furnace by using the quartz port. In order to
measure the sample temperature during annealing, a well-calibrated
thermocouple in the quartz port was placed right below the samples. The
temperature was monitored and recorded by a PC shown in Fig. 3.14(a)

throughout annealing. The fluctuation of temperature was found to be less than
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+2 °C. Figure 3.14(c) displays a picture of a Si wafer in which 3 thermocouples
are embedded at regular intervals. The temperature that the thermocouple
placed below the samples indicates was calibrated by comparing it to the actual
sample temperature monitored with the thermocouples embedded in the Si
wafer.

The Ge isotope SL sample characterized in 3.5 was cut into a number of
smaller pieces and they were annealed at various diffusion temperatures
between 475 and 600 °C for 0.5-61 h in the resistively heated furnace under a
flow of 99.999% Ar at 1.3 I/min. As shown in Fig. 3.14(b), the samples were placed

face to face with bulk Ge samples in order to avoid Ge loss from the surface

during diffusion annealing. All the samples were cleaned by using the procedure
described in 3.5.2.

Figure 3.14 (a) Resistive furnace employed in this work. (b) Samples placed on a quartz
boat located at the edge of the quartz tube of the furnace. The samples were placed face to
face with bulk Ge samples in order to avoid Ge loss from the surface during diffusion
annealing. (¢) Si wafer in which 3 thermocouples are embedded at regular intervals for
monitoring the actual sample temperature.
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3.6.2 Strain Analysis after Diffusion Annealing

Structural properties such as the lattice constants, strain, relaxation,
and composition of the heterostructure after diffusion annealing were also
determined by (004) w — 26 scan and asymmetrical (224) RSM measurements
using XRD. Figure 3.15 shows the (004) w — 26 scan rocking curves of the
samples before and after diffusion annealing at 550 °C for 1, 3, and 6 h. These
data show an excellent agreement between the intensity peak position of the
s-Ge layer before and after the diffusion annealings. From the RSM data shown
in Fig. 3.16, compressive strain of the s-Ge layer after the diffusion annealings at
550 °C was found to be 0.71% for 1 h, 0.68% for 3 h, and 0.66% for 6 h, which is
well within the 8% relaxation compared to the initial strain (0.71%). XTEM
observations with a JEM-2100 F TEM operating at 200 kV before and after the
diffusion annealings (Figure 3.17) showed that the low threading dislocation
densities of 4x10%® cm~2 remained constant during the annealings. Importantly,
these results confirm that the heterostructure remained pseudomorphic to the

underlying Sio2Geo.s layers throughout the diffusion annealings.

Ge constant SiGe

as-grown
550C 1H
550C 3H
550C 6H

Intensity (arb.unit)

32.5 33.0 33.5 34.0 34.5
Theta (°)

Figure 3.15 (004) @ — 26 scan rocking curves of the samples before and after diffusion
annealing at 550 °C for 1h, 3h, and 6h.
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Figure 3.16 Intensity peaks of the Si substrate, relaxed Sio2Geos layers, and
compressively s-Ge layers examined with asymmetrical (224) RSM using XRD system (a)
before and after annealing at 550 °C for (b) 1 h, (¢c) 3 h, and (d) 6 h.
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SiGe virtual substrate
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Figure 3.17 XTEM images of the samples (from the surface, the relaxed Sio2Geos cap
layer, compressively s-Ge isotope SL, Sio2Geos buffer layer, and Sio2Geos virtual
substrate) (a) before and after diffusion annealing at 550 °C for (b) 1 h, (¢c) 3 h, and (d) 6 h.

3.7 Self-Diffusion in Germanium under Biaxial Compressive
Strain

3.7.1 Self-Diffusion Model

The depth profiles of concentration of isotope 7“Ge in the compressively
s-Ge isotope SL before and after diffusion annealing were measured by SIMS.
The Ge self-diffusivities in compressively s-Ge were determined by fitting the
SIMS depth profiles by using a partial differential equation solver, ZOMBIE [23].

In this section, a self-diffusion model utilized for the ZOMBIE simulation is
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presented.
As detailed in 3.2, self-diffusion in Ge takes place by simply vacancies.
We simulated the 7™Ge profiles according to the vacancy mechanism. The

self-diffusion reaction can be described as:
"V o "Geg + V, (3.28)

where V and 7*V represent the V of Ge (matrix) and ™Ge (diffusing atom),
respectively. "*Geg represents a substitutional 7“Ge. The reaction leads to the

following set of coupled partial differential equations:

aC74—Ge
———=G 3.29
5t (3.29)
6C74V Kl aC74V
=—(D — :
5t 6x< T > G (3.30)
oCy 0 dCy
—V = —(Dy—=2)+G .
ot ax< v ax) (33D
where C; (x = 74Ges, 74y, and V) is the concentration of x, and Dy is the
diffusivity of x. G represents the generation term:
G == ka74V - kbC74GeSCV (332)

where ki and ki, respectively, are the rate constants donating forward and
backward directions. Eqgs. (3.29) — (3.31) were solved numerically by ZOMBIE.

3.7.2 Determination of Germanium Self-Diffusivities

Figure 3.18 shows the depth profiles of 7“Ge in the heterostructure of the
samples measured by SIMS using a PHIADEPT1010 with a Cs* primary ion
beam accelerated at 1.0 kV before and after annealing at 550 °C for 1-6 h along
with the simulation results by ZOMBIE. We obtained a Ge self-diffusivity value
of 6.40x107'8 cm?%s for this case. Figure 3.19 compares the temperature
dependencies of the Ge self-diffusivities in the strained and unstrained Ge

obtained in this work. The Ge self-diffusivities in the unstrained Ge agree with
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those obtained for bulk Ge reported in Ref. 15. The experimentally obtained Ge
self-diffusivities are described by the Arrhenius expression shown in Eq. (3.9).
In this study, D3P=35.8 cm?/s and H5P=3.07 eV for compressively s-Ge, and
D§P=17.1 cm?%s and HSP=3.11 eV for unstrained Ge were obtained. The latter set
of values agrees with D3P=25.4 cm?/s and H5P=3.13 eV reported for bulk Ge in
the temperature range of 429 to 904 °C [15]. Therefore, the enhancement of the
Ge self-diffusivity by a factor of 3.5 due to the compressive biaxial strain of 0.71%
is experimentally established in the temperature range of 475 to 600 °C.
Annealing at higher temperatures introduces the relaxation of s-Ge and at lower
temperatures does not induce a large enough change in the 7“Ge concentration

profile for SIMS evaluation.

initial simulation

o 550°C1lh © 550°C3h 550 °C 6h

Ge intensity (arb. unit)

74

60 70 80 90 100 110 120
Depth (nm)

Figure 3.18 SIMS and simulated depth profiles of 74Ge in the relaxed Sio.2Geos/ s-Ge
1sotope SL / relaxed Sio.2Geos heterostructures. Dashed line, open circles, open squares,
and open triangles represent the SIMS depth profiles before and after annealing at 550
oC for 1, 3 and 6 h, respectively. Solid curves are the simulation results.
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Figure 3.19 Temperature dependences of Ge self-diffusivities in compressively strained
and unstrained Ge. The open squares and open circles, respectively, represent the
temperature dependences of Ge self-diffusivities in compressively strained and
unstrained Ge obtained in this work. The solid lines show the best fits based on an
Arrhenius expression. The dashed line represents the temperature dependence of Ge
self-diffusivities in unstrained Ge reported in Ref. 15.
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3.7.3 Discussion: Activation Volume Model

In this section, the origin of the enhancement by a factor of 3.5 is
discussed. It is well-established that Ge self-diffusion in unstrained Ge is
mediated by the simple vacancy mechanism [15, 21, 24, 25]. The similarity
between the activation enthalpy of s-Ge and that of unstrained Ge, as shown in
Fig. 3.19, allows us to assume that the simple vacancy mechanism is also
responsible for Ge self-diffusion in Ge with a compressive biaxial strain of 0.71%.
The effect of biaxial strain on diffusivity has been characterized by the change in

activation enthalpy, Q' with biaxial strain, e, [9-12, 26, 271,

, dlnDSP
Q = —kgT

B .
aebiax T

(3.33)

By employing Eq. (3.33) and our self-diffusivities, we deduced the change in the
activation enthalpy of Q' = — 1344 eV per unit compressive strain. For Sb
diffusion, Kringhej et al [26] reported Q = —13+3eV per unit strain for
compressively strained Sio91Geoos and Q = —17+5eV for tensile Si. The
similarity of the activation enthalpy of Sb to that of Ge is understandable since
they both diffuse via the simple vacancy mechanism [4].

Moreover, it has been proposed that the effect of stress (pressure) on
diffusion in solids can be thermodynamically treated by the concept of an
activation volume [10—12, 24, 28, 29]. The change in the activation enthalpy with
compressive strain can be explained by the activation volume based on the
behavior of native point defects. From transition state theory, self-diffusivity can
be written as [11, 12, 28, 29],

SD
DSD = va2vfex & 3.34

where y is the geometrical constant, a is the lattice parameter, v is the
attempt frequency, and f is the correlation factor. Here, GSP is the Gibbs free
energy of point defects responsible for the self-diffusion processes and described

as

GSP = HSP — TSSP, (3.35)
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with the activation entropy SSP . From Egs. (3.9),(3.34),and (3.35), the

pre-exponential factor DP in Eq. (3.9) can be described including SSP as

SSD
DSP = ya?vfexp <— —> (3.36)

kg

In addition, the activation enthalpy HSP is given by
HSP = ESP + pvSP, (3.37)

Here, p is the hydrostatic pressure, and ESP is the activation energy for
self-diffusion. HSP at atmospheric pressure is a good approximation equal to.
ESP. From Egs. (3.34),(3.35) and (3.37), the activation volume can be given by

the pressure derivative of the Gibbs free energy for self-diffusion:

aGSP
VSD = wral (3.38)
Plp
In addition, the pressure derivative of self-diffusivity is described as
dlnDSP dln(ya?v aGSP
kg T _ g r2ntavdl . (3.39)
ap - ap T ap -

Since the first term on the right hand side of Eq. (3.39) represents a small
correction well within a few percent of V5P, the observed increase in D3P with p
is attributable to the activation volume term [24, 28, 29]. Therefore, VSP can be

described by

dlnDSP

VSD = —k,T

, (3.40)
and becomes positive (negative) when DSP decreases (increases) with p. For the
case of the vacancy mechanism, V5P is the sum of two components:

VSD = vF +vM, (3.41)

where the formation volume, VF, is the volume change of the system upon
formation of a vacancy in its standard state, and the migration volume, V¥, is

the additional volume change when the vacancy reaches the saddle point in its
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migration path [10-12, 24]. VF and VM for a simple vacancy mechanism are
schematically shown in Fig. 3.20. For a (001) thin-film geometry, the
predominant source of vacancies is the free surface [10—12]. When a vacancy is
created in crystalline Ge, one Ge atom leaves a lattice site and migrates to the
surface. The resulting increase of the crystal volume corresponding to one Ge
atomic volume (Qg,) is 2.26x1072° m3/atom [30]. However, VF depends on the
degree to which the atoms surrounding the vacancy relax toward the vacancy
center. Thus, VSP is decreased by the relaxation volume (VR) which takes a
negative value. In addition, VM is also negative due to the fact that the diffusing
atom via a vacancy 1s expanding a constriction at the saddle point in its
migration path [24]. Then, the activation volume of the Ge self-diffusion under

hydrostatic pressure is described as

VSD = Qe + VR + VM, (3.42)
Formation Migration
VF =Qce + VR vM
Free surface (001) Free surface (001)

Depth

® Ge lattice atom
) Vacancy
@ Diffusing atom

Figure 3.20 Schematic volume changes upon vacancy formation and migration for a
simply vacancy mechanism. Work produced by interaction with applied stresses (thin
arrows) affects self-diffusivity.
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and is smaller than +Qg,.. Aziz et al. [10—12] further generalized the activation
volume for a non-hydrostatic stress state by defining an activation strain tensor.

The formation strain tensor (VF) is described as

0 VR
4+ —

VF = Qe 3

0

1
1 . (3.43)
1 1
The first term on the right-hand side of Eq. (3.43) shows the volume change
corresponding to Qg. at the free surface when a vacancy is created inside the
crystal. The second term indicates that the relaxation volume propagates out
elastically to surfaces and provides equal contributions in all directions [11]. In

addition, the migration strain tensor (VM) is defined as

vV = A , (3.44)
Vi

where VM and Vl}vl are the volume changes perpendicular and parallel to the
direction of the net transport at the saddle point in its migration path. Under
hydrostatic stress, the activation volume is the scalar activation volume
conventionally defined in Eq. (3.42), which is the sum of the trace of Eq. (3.43),
Qce + VR, and that of Eq. (3.44), VM. In the presence of biaxial stress (oy;.y), the
work needed to create a lattice site at the surface is zero because there is no
normal force at the surface. Furthermore, the part of VR that propagates on the
free surface and interacts with the zero normal stress does not contribute to the
work performed against the stress field. Therefore, the contribution of the
activation volume to self-diffusion under biaxial stress via the wvacancy

mechanism, V52, can be described as

2
S
Volx = §VR +VM -y (3.45)
which is dominated by the relaxation and migration volume terms. Therefore,
VoD is negative. According to the strain tensor model and activation volume
described in Eq. (3.40), the activation volume of self-diffusion under biaxial

stress can be described as
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dlnDyD

SD _
Vbiax - _kBT
aobiax T

, (3.46)
Based on Eq. (3.46) and the Ge self-diffusivities obtained experimentally (Dy5,,)
in this work, we find, V52 =—(0.65+£0.21)Q¢.. V52, ~ —Qg. implies that upon the
formation and migration of a vacancy, there exists a strong inward constriction of
the lattice. The increase of Ge self-diffusivities in s-Ge results from the decrease
of the activation enthalpy by the negative work performed against the stress field,
obiaxvlfgx. The compressive biaxial strain of 0.71% is expected to produce a small
change of —0.9+0.03 eV in the activation enthalpy. From the fittings by the
Arrhenius expression, the difference between the activation enthalpy of
self-diffusion in compressively strained Ge, 3.07 eV (this work), and in
unstrained Ge, 3.13 eV (Ref. 15), can be found to be —0.06 eV (=3.07-3.13 eV).
This value is within the accuracy of the value of —0.09+0.03 eV deduced from the
generalized activation volume model. Furthermore, from the comparison
between the biaxial and hydrostatic stress states [Eqs. (3.42) and (3.45)], the
following relationship can be given:
3

VP — = Viiax = Qge + (Vi - V1Y), (3.47)
If the anisotropy in VM is negligibly small, the right-hand side of Eq. (3.47)
should become +Qg,. Aziz et al. [10-12] have described the contribution of the
activation volume under biaxial stress, Vggx, to the diffusion as - (Q' /Y), where
the biaxial modulus, Y, is the ratio of Young’s modulus to one minus the Poisson
ratio. For the Sb diffusion [11, 12], they have demonstrated the consistency of the
predicted relationship by the values of Q' reported by Kringhej et al. [26] and an
activation volume V =+0.66 Q determined for hydrostatically compressed Si in
their work. The results are V+ (3/2)(Q/Y) = (+1.20 + 0.33)Q for tensile Si and
V+(3/2)(Q/Y) = (+0.93+0.20)Q for the compressively strained SiGe alloy,
which agrees with the prediction of +1Q (Y = 180.5 GPa for these cases). Werner
et al [24] reported positive values of the activation volume (VSP) for Ge
self-diffusion in Ge under hydrostatic pressure in the temperature range of 603
to 813 °C. Inserting the V5D, deduced in this study and V5P = +0.24Q¢. at 603
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oC reported in Ref. 20 into Eq. (3.47), we find VSP — (3/2)VD, = (+1.22 +
0.21)Qge, which is fully consistent with the +1Qg. prediction. It is important to
note that the analysis used here assumes that self-diffusion mediated by
vacancies in the SLs reaches thermal equilibrium quickly during annealing,

which is also consistent with our experimental results.

3.8 Conclusions

In conclusion, we have designed and conducted an experiment to reliably
obtain the Ge self-diffusivity in biaxially compressed Ge. The compressive strain
enhances Ge self-diffusion. The degree of the enhancement is described
quantitatively by the theoretical prediction of a generalized activation volume

model of a simple vacancy-mediated diffusion [10-12].
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Chapter 4

Near-Infrared
Photoluminescence from
Germanium Nanowires

This chapter reports observation of near-infrared photoluminescence
from free-standing, vertically aligned germanium nanowires grown on a
(111)-oriented silicon substrate. The energy of the photoluminescence peak is
very close to that of the bulk crystalline germanium direct band gap. The
intensity shows an approximately quadratic dependence on excitation laser
power and decreases with decreasing temperature. The peak position exhibits a
red-shift with increasing laser power due to laser-induced heating of the
germanium nanowires. These observations indicate that the photoluminescence
originates from the direct-band-gap recombination in the germanium nanowires.

This work was carried out in collaborations with Kevin Huang, Shruti
Thombare, Marika Gunji, Shu Hu, and Professor Mark Brongersma of Stanford

University, and Toyofumi Ishikawa of Keio University.
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4.1 Introduction

Over the last decade, nanoscale semiconductor structures with low
dimensionality (D) such as quantum wells (2-D), nanowires (1-D), and
nanocrystals (0-D) have attracted much attention due to their remarkable
physical properties and possible applications in nanoscale electronic and
optoelectronic devices [1, 2]. In particular, an application of Ge nanowires (NWs)
for MOS FETs has been of great interest, primarily because of the small band
gap of Ge, its high carrier mobilities and its compatibility with silicon integrated
circuits. [3]. One-dimensional structures suppress carrier scattering and enable
fabrication of so-called surrounding gate transistors (SGTs) [4], in which the
level of leakage current can be decreases significantly. However, with increasing
the surface-to-volume ratio, the effect of surface states and/or surface defects
becomes larger in such nanowire devices. Photoluminescence (PL) is a powerful
tool for assessing the structural quality of materials because detection of
band-edge PL generally requires a low density of surface state and/or surface
defects. Therefore, the PL properties of Ge NWs are of great interest.

There have been several reports on the observation of near-infrared
(NIR) PL, near the crystalline Ge band gaps, from Ge quantum wells in various
structures [3-7]. For lower-dimension structures, visible PL from Ge
nanocrystals embedded in several different oxide matrices [8—13] have been
investigated. The origin of the observed blue PL has been discussed extensively
and is attributed to defects at the nanocrystal/matrix interface or in the matrix
itself. In addition, NIR PL due to radiative recombination of quantum-confined
carriers in Ge nanocrystals embedded in silicon dioxide matrices [14],
wire-shaped Ge islands grown on Si substrates [15], and Ge quantum wires
self-aligned at step edges on Si [16] have been investigated. For Ge nanowires
(NWs), Audoit et. al [1] have measured ultraviolet (UV) PL from Ge NWs
encased within mesoporous silica hosts. In this case the strain imposed on the
wires by the matrix may have induced the UV PL in the NWs. On the other hand,
despite the great number of reports on light-emitting indirect gap Si nanowires
as well as the synthesis of high quality free-standing Ge NWs and their

structural [17-19] and electrical [20, 21] characterization, surprisingly little
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attention has been given to PL properties of the free-standing Ge NWs. Kamenev
et al [22] have investigated PL from free-standing Ge NWs grown on Si
substrates in the NIR wavelength region. The Ge NWs, however, did not show a
PL signal near the crystalline Ge band gap, most likely due to the presence of a
high density of non-radiative recombination centers at the interface between Ge
and the native oxide layer combined with the high surface-to-volume ratio of
nanowires.

In this chapter, we report what are, to our knowledge, the first NIR PL
observations from free-standing, vertically aligned Ge NWs and discuss the
origin of the observed NIR PL.

4.2 Germanium Nanowire Growth

4.2.1 Vapor-Liquid-Solid (VLS) Mechanism

There exist several bottom-up techniques to synthesize semiconductor
nanowires, the most commonly studied of which is vapor-liquid-solid (VLS)
growth mechanism. Some of the techniques which have been used to synthesize
nanowires by the VLS mechanism are chemical vapor deposition (CVD),
molecular beam epitaxy (MBE), pulsed laser ablation, and thermal evaporation.
The VLS mechanism was proposed in 1964 as an explanation for Si whisker
growth from the gas phase in the presence of a liquid gold (Au) droplet placed
upon a Si substrate [23]. The growth of a crystal through direct adsorption of a
gas phase on to a solid surface is generally very slow due to its high reaction
energy. The VLS mechanism overcomes this by introducing a catalytic liquid
alloy phase, which is capable of forming a eutectic mixture with the nanowire
material. The metal catalyst is heated above the eutectic temperature in the
presence of a vapor containing the nanowire material and then can rapidly
adsorb the vapor to supersaturation levels, and from which crystal growth can
subsequently occur from nucleated seeds at the liquid-solid interface. With
continual feeding of the vapor reactive species into the liquid alloy, this solid
grows in length as a pillar (nanowire) while the liquid droplet alloy remains at

the tip of the pillar. The size and position of the wires are determined by that of
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the metal catalysts. The physical characteristics of nanowires grown in this
manner depend, in a controllable way, upon the size and physical properties of
the liquid alloy. Lithography techniques can also be used to controllably
manipulate the diameter and position of the metal catalysts.

Ge NWs used in this study were grown on a (111)-oriented Si substrate
using colloidal Au nanoparticles as the catalysts by using CVD. Figure 4.1 shows
a schematic illustration of the VLS growth mechanism for the case of
Au-nanoparticle-catalyzed Ge NW growth on a Si(111) substrate using germane
(GeH4) as the precursor. According to the Au-Ge binary phase diagram shown in
Fig. 4.1(a), mixing Au with Ge greatly reduces the melting temperature of the
liquid alloy as compared to the alloy constituents. The melting temperature of
the Au:Ge alloy reaches a minimum temperature of 361 °C, i.e., eutectic
temperature (Teutectic), when the ratio of its constituents is 72:28 Au:Ge. This
point in a phase diagram is known as a eutectic point. As shown in Fig. 4.1(b), (1)
a Si(111) substrate on the surface of which solid Au nanoparticles with a specific
diameter exist is prepared by using colloidal solution with Au nanoperticles. The
Au nanoparticles are solid at a temperature just above the Au-Ge eutectic
temperature. (2) The substrate is annealed at temperatures higher than the
eutectic temperature and vapor Ge is deposited by means of GeHs gaseous

mixture reaction described by

GeH, (g) — GeHz(g) + Hz(g) (5.1a)
GeH(g) — Ge(g) + Ha(8) (5.1b)

and then Au-Ge alloy droplets are created on the substrate surface. (3) Since Ge
has a much higher melting point (~938 °C) than that of the eutectic alloy, Ge
atoms precipitate out of the supersaturated liquid-alloy droplets underneath the
droplets, which is nucleation of a single-crystalline Ge NW. Then the pillars
(NWs) with a diameter that equals to that of the droplets grow and the droplets

rise from the surface.
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Temperature (°C)
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Si(111) substrate

Liquid Ge-Au alloy
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Figure 4.1 (a) Au-Ge alloy phase diagram. (b) Schematic illustration of the VLS growth
mechanism for the case of Au-nanoparticle-catalyzed Ge NW growth on a Si(111)
substrate using germane (GeH.) as the precursor. The numbers in the diagram (Fig. (a)),
(1)—(3), correspond to the stages (1)—(3) of the VLS growth shown in Fig. (b).
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4.2.2 Two-Temperature Growth Method

As mentioned above, temperatures above the Au-Ge eutectic
temperature (~361 °C) are ideally required to obtain epitaxial growth of Ge NWs
from Au colloids on Si substrates. However, at these high temperatures of growth,
there is deposition of Ge on the sidewalls of the growing Ge NW, which competes
with the catalyzed deposition at the tip and causes tapering of the nanowires. A
tapered Ge NW is illustrated in Fig. 4.2(a). The nanowire base is formed first and
presents for more time during reactive gas flow, resulting in the base being wider
than the tip. The tapered nanowire significantly affects the device characteristics
because the electronic structure of nanowires depends on nanowire diameter.

Recently, it has been revealed that Ge NW growth from Au catalyst at
lower temperatures such as 280 °C can be performed without tapering but the
epitaxial relation with the substrate is not presented [19]. It has been also known
that the initial nucleation step can be performed at temperatures as low as
350 °C. These phenomena may be closely related to the change of the
Gibbs-Thomson pressure in nanostructures [19]. In order to obtain epitaxially

oriented untapered nanowires, a two-step temperature profile has been proposed:

(@) (b)

Liquid Au-Ge alloy

Catalyzed

deposition of T )

Ge at the tip D S
:360 C Growth step

280 °C, 28 min

|

Deposition of Ge
on the side wall
: tapering
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Nucleation step
350 °C, 2 min

v

Time

Figure 4.2 (a) Schematic image of a taped Ge NW. (b) Proposed two-step temperature
profile for Au-nanoparticle-catalyzed Ge NW growth.
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a temperature above 350 °C is used to nucleate the nanowires, and then the
temperature is lowered below 280 °C for wire growth, as shown in Fig. 4.2(b). The
two temperature procedure leads to the growth of Ge NWs that have uniform
diameter and are epitaxially aligned to the <111> direction of the substrate with

a strong preference for vertical growth.

4.2.3 Germanium Nanowire Growth System

All growth experiments were performed in a lamp-heated, cold-wall
quartz tube reactor (Figure 4.3) [24]. Lamping heating permits fast heating and
cooling rates. The tube is cooled using both water and air, which serves to
minimize deposition on the reactor walls and allow for faster cooling times after
NW growth. The samples are placed on a dummy Si wafer, which rests on a Si
carbide susceptor, which in turn rests on another Si wafer with an attached
thermocouple. Power to the lamps is controlled through a feedback loop using a
proportional-integral-differential controller. The samples are loaded into the
reactor through a load lock, which has a base pressure of ~10-¢ Torr. There are
eleven gas lines, the flow rate of each being controlled by a separate mass flow
controller. The total pressure in the reactor is controlled by a butterfly valve

adjusted by a pressure controller.

S1 Wafer
(4t06)

. Quartz Reactor
Air - Water Cooled

Load-Lock
» )
Gas Exhaust
Lamp Bank

Figure 4.3 Schematic of a lamp-heated, cold-wall quartz tube reactor which was used in
this experiment [24].
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4.2.4 Growth Procedure and Condition

The Ge NWs used in this study were grown using colloidal gold catalyst
particles of 40 nm diameter via the vapor-liquid-solid mechanism, as described in
4.2.1. Substrates were Si (111) (n-type dopant P, resistivity ranging from 1500 to
2500 Q-cm). All of the substrates were cleaned in freshly made Piranha (4
volumes of H2S04/1 volume of 30% by mass aqueous H202) followed by a
thorough rinse with deionized water. Then the Au colloids were spin coated on
the substrate at 3000 rpm. Nanowire growth was carried out in the cold-walled,
lamp-heated, CVD chamber (see 4.2.3). In order to grow denser nanowires for PL
measurements, we used the two-temperature growth method at higher
temperatures than usual (than proposed one in Fig. 4.2.(b)) but for shorter
growth time: nucleation step at 375 °C for 2 min and growth step at 360 °C for 20
min, with a GeHs precursor diluted with H2. The GeHs partial pressure was
maintained at 1 Torr in a total chamber pressure of 30 Torr. These Ge NWs were

not intentionally doped.

Q
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£ 360 °C, 20 min

- |
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Figure 4.4 Two-step temperature profile that was used in this work to grow denser Ge
NWs for PL. measurements.
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4.2.5 Characterization: SEM, TEM

Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) were used to characterize the crystal structure, growth
direction, diameter, and length of the Ge NWs which were grown in this
experiment. The TEM observations confirmed that the Ge NWs were found to be
epitaxial with a <111> growth orientation and single crystalline in nature. No
dislocations were detected in the Ge NWs during the TEM observations. Figure
4.5 shows an SEM image of the Ge NWs. The SEM image reveals that these Ge
NWs were vertically aligned on the Si (111) substrate with an average diameter

of 40 nm and an average length of 5 pm.

Figure 4.5 SEM image, taken at a 45 tilt angle, of Au-catalyzed Ge NWs grown on a
Si(111) substrate. This image shows the average diameter and length of the Ge NWs of 40
nm and 5 pm, respectively.
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4.3 Basics of Photoluminescence from Germanium

4.3.1 Photoluminescence (PL)

Photoluminescence (PL) is the spontaneous emission of light from a
material under optical excitation. PL investigations can be used to characterize a
variety of material parameters. PL in a simple energy band diagram of
semiconductors is illustrated in Fig. 4.6. When light of sufficient energy is
incident on a semiconductor material, photons are absorbed and electrons at the
valence band are excited to the conduction band. Eventually, these excitations
relax with time, and the excited electrons return to the valence band and
recombine with holes in the valence band. If radiative relaxation (recombination)
with emission of photons occurs, the emitted light is called PL, which can be
experimentally collected and analyzed. In particular, when electrons in the
conduction band recombine with holes in the valence band without involving
defects, or intermediate states in the band gap, this recombination process is
called band-to-band recombination (Figure 4.6), which radiatively occurs.
Typically, band-to-band radiative recombination occurs from the edge of
conduction band to the edge of valence band and emits light at an energy which
nearly equals to the energy of the band gap. Therefore, the emitted light is called
band-edge PL. Thus, PL spectra obtained from PL measurements provide the
transition energies, which can be used to determine electronic energy levels in
semiconductor material. The intensity of the PL signal provides information on
the quality of surfaces and interfaces, because detection of band-edge PL
generally requires a low density of surface and interface recombination centers.
Surfaces and interfaces usually contain a high concentration of impurity and
defect states, which affects band-to-band radiative recombination. Dangling
bonds often provide numerous midgap states that facilitate rapid non-radiative
recombination. PL analysis is non-destructive and requires very little sample
manipulation or environmental control. However, the fundamental limitation of
PL analysis is its reliance on radiative events, as remarked above. Materials
with poor radiative efficiency, such as low-quality indirect-band-gap

semiconductors, are difficult to study via PL.
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=

%" Conduction band

| =
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Figure 4.6 Schematic illustration of PL in a simple energy band diagram of
semiconductors. This radiative recombination path displayed in the diagram shows
band-to-band recombination.

4.3.2 Band Structure of Bulk Germanium

Figure 4.7 shows a schematic energy band diagram of bulk Ge. The
energy is plotted as a function of the wavevector, k, along the main
crystallographic directions in the crystal, since the band diagram depends on the
direction in the crystal. Table 4.1 summarizes the basic energy separations in the
Ge band diagram at 300 K. Band-gap energies generally change with
temperature due to electron-phonon interactions on the corresponding electronic
state. This is called band-gap renormalization. Ge is an indirect band gap
semiconductor as well as Si. The conduction band minimum and the valence
band maximum do not occur at the same value for the wavenumber. The valence
band edge (maximum) is located at the center of the Brillion zone, i.e., the I’

valley (k =< 000 >). The conduction band minimum is located at the L valley
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(k =< 111 >) with a relative energy of 0.66 eV at 300 K. This energy separation
is so-called indirect band gap (Ey) in Ge. The energy separation between the
valence band maximum and a conduction band minimum at the I' valley (Ery) is
0.8 eV at 300 K. This is so-called direct band gap in Ge. An important feature of
Ge band structure is that the conduction band minimum at the I" valley with the
relative energy of 0.80 eV is only 0.14 eV higher in energy than the L valley
minimum with the relative energy of 0.66 eV (at 300 K). Therefore, there has
been considerable interest in radiative recombination processes in Ge because of
the possibility of achieving direct-band-gap semiconductor action in this

indirect-band-gap semiconductor.

Energy
3
Conduction band
X
r
Ex ¢ Er, ] L
AE
<100> | frog b <>
[
Eso Wavevector k
! / Heavy holes
Valence band Light holes
Split-off band

Figure 4.7 Schematic energy band diagram of bulk Ge. The energy is plotted as a function
of the wavevector, k, along the main crystallographic directions in the crystal. The basic
energy separations, Ex (x=g, I'1, I'2, X, SO) and AE, in the Ge band diagram are shown in
Table 4.1.
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Table 4.1 Energy separations in the band diagram of bulk Ge (Figure 4.7) at 300 K.

Energy (eV)
Indirect band gap (L) Eq 0.66
Direct band gap (I'1) Erq 0.80
Energy separation (['2) Er 3.22
Energy separation (X) Ex 1.2
Energy separation AE 0.85
Energy spin-orbital splitting (I') Eso 0.29

4.3.3 Band-Edge Photoluminescence in Bulk Germanium

In bulk Ge, mainly two types of band-edge PL can be observed,
corresponding to direct band-to-band radiative recombination and indirect
band-to-band radiative recombination involving phonon emission and absorption
processes [25—33]. The two band-edge PL processes are illustrated in Fig. 4.8.
Electrons pumped from the valence band to the conduction band near the T
valley relax to the conduction band edge at the I'" valley and then majority of the
electrons rapidly scatter to the X valley and subsequently to the conduction band
minimum, i.e., the L valley, within a time scale of picoseconds [34]. Therefore,
majority of the electrons excited to the conduction band eventually recombine
with holes in the valence band via the conduction band edge at the L valley
(Figure 4.8(b)). This indirect band-to-band recombination is a radiative
recombination process, which emits infrared light, so-called indirect-band-gap
PL. However, the recombination process also requires participation (absorption
and emission) of phonons to conserve momentum, which is a non-radiative
process. Therefore, the emitted photon’s energy, hv, becomes hv =E; — hw,
where h is Plank’s constant, v is the photon’s frequency, and hw represents the
energy of the phonon involved in the recombination process. On the other hand,

electrons remaining at the edge of the I'" valley directly recombine with holes in
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the valence band without involving phonons (Figure 4.8(a)). The phonon
momentum is negligible compared to the electron momentum so that in the
recombination process the electron’s k vector does not change. This direct
band-to-band recombination emits infrared light at an energy which nearly
equals to the direct band gap (hv = Er), so-called direct-band-gap PL. Although
the number of electrons in the central I' valley is much less than the number in
the L valley, the recombination rate across the direct band gap far exceeds that
across the indirect band gap because phonons are required for indirect-band-gap

recombination [25, 28].

(a) (b)

Conduction
Energy band Energy
L \
s """""""w"a'".'"u'""" '.'."'
Ery Direct-band-gap PL E Indirect-band-gap PL
W hv=E, ’ W hv=E -hw

k k
<100> <111> <100> <111>
Valence
band

Figure 4.8 Schematic of band-edge PL in bulk Ge: (a) direct-band-gap PL, and (b)
indirect-band-gap PL involving phonons. For direct-band-gap PL, electrons in the
conduction band directly recombine holes in the valence band and the emitted photon’s
energy 1s described by hv = Ep;. For indirect-band-gap PL, electrons in the conduction
band recombine with holes in the valence band involving phonons and the emitted
photon energy becomes hv = E; — hw, where hw represents the phonon’s energy.
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4.4 Photoluminescence Measurement Conditions

A picture of the NIR set-up which was utilized in this work, at
Brongersma group of Stanford University, is shown in Fig. 4.9. The samples were
excited by means of a frequency doubled Nd:YAG diode-pumped solid-state laser,
emitting continuous-wave at a wavelength of 532 nm (Spectra Physics Millennia
Pro Laser). The emitted light was dispersed in a Spectra Pro 2750 spectrometer
in the wavelength range from 1100 to 2200 nm and collected by a liquid
nitrogen-cooled strained-InGaAs detector. The laser beam was focused onto the
sample surfaces through a 10X microscope objective having a 0.26 numerical
aperture. The incident laser power on the samples surfaces was varied between
10 and 40 mW. The laser power density at 40 mW excitation is estimated to be
approximately 10~20 mW/cm2. All measurements were performed under
atmospheric pressure. Quantum confinement effects should be negligible in our
NWs because the diameter (~40 nm) of the NWs is larger than the exciton Bohr
radius (~24 nm) of Ge [9].

10x micros'cbp
objeﬁtive

CW 532 nm laser

Spectrometer
& Detector

Figure 4.9 Picture of the NIR PL set-up, at Brongersma group of Stanford University,
utilized in the measurements
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4.5 Near-Infrared Photoluminescence from Germanium
Nanowires

4.5.1 Room-Temperature Measurements

Figure 4.10(a) displays the NIR room-temperature PL spectra of the Ge
NWs measured with different excitation laser powers between 10 and 40 mW.
One broad peak emerges and exhibits a monotonic shift toward longer
wavelength of up to ~130 nm (~60 meV) with increasing excitation laser power.
To confirm that the Si (111) substrate did not play any part in the observed PL
from the Ge NWs, we performed the same experiments on a Si (111) bare
substrate identical to the ones used in NW growth, with the same measurement
conditions. The spectrum of the Si (111) substrate shows only one peak near the
crystalline Si indirect band gap ~1.11 pm (~1.12 eV) and no other peaks are
detected in the longer wavelength region. Therefore, the observed NIR PL
originates from the Ge NWs. For further comparison, PL from bulk Ge (Ge (111)
substrates: p-type dopant Ga, resistivity ranging from 1.8 to 2.3 Q-cm) has been
measured under the same conditions. As shown in the inset to Fig. 4.10(a), we
have observed two PL peaks, corresponding to band-edge recombination through
the crystalline Ge direct band gap at 1.55 pm (0.80 eV) and indirect band gap at
1.77 pm (0.70 eV) in increasing order of wavelength. Both the direct- and
indirect-band-gap PL peak positions of the bulk Ge are insensitive to excitation
laser power, in contrast to the PL peak behavior of the Ge NWs. In addition, the
peaks in the inset to Fig. 4.10(a) are consistent with previous reports on PL from
Ge [25-33]. Figure 4.10(b) summarizes the PL peak positions as a function of
excitation laser power for both samples. The PL peak position of the Ge NWs
with 10 mW laser excitation agrees with the direct-band-gap PL peak position of
the bulk Ge. This agreement suggests that the observed PL from the Ge NWs

originates from direct-band-gap radiative recombination.
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Figure 4.10 (a) NIR room-temperature PL spectra of Ge NWs, measured at different
excitation laser powers between 10 and 40 mW. The numbers below the spectra indicate
the excitation laser powers impinging on the samples surfaces. The inset shows NIR
room-temperature PL spectra of bulk Ge, measured under the same optical conditions as
the Ge NWs. (b) PL peak wavelengths (left) and energies (right) of the bulk Ge and the
Ge NWs as a function of excitation laser power at the samples surfaces.
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Figure 4.11 Integrated PL peak intensities of bulk Ge and the Ge NWs as a function of
excitation laser power, measured at bath temperature of 300 K (room temperature). The
scale 1s logarithmic along both axes.

Figure 4.11 displays integrated PL peak intensities as a function of
excitation laser power for both samples. Note that the scale is logarithmic along
both axes. For bulk Ge, the exponent is nearly equal to 1 for indirect-band-gap
PL and ~1.9 for direct-band-gap PL. It is known that the intensity of PL is
proportional to the square of the injected carrier concentration provided that the

material is undoped since each emitted photon is generated from a recombination
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involving an excess electron-hole pair [27]. The recombination rate is then
proportional to the product of the concentrations of electrons and holes and each
of those is proportional to the excitation laser power [27]. The nearly quadratic
dependence observed for the direct-band-gap PL from the bulk Ge matches well
with the expected one. Because the concentration of the electrons in the L valley
of the Ge conduction band is significantly higher than that in the I' valley, the
probability of a three-carrier-mediated Auger process with energy transferred to
a second electron should also be relatively high [27, 29]. Auger recombination, a
process that competes with non-radiative recombination, leads to a linear
dependence for the case of indirect-band-gap PL in the bulk Ge [27, 29]. The
integrated PL peak intensity of the Ge NWs is very close to that of the
direct-band-gap PL in the bulk Ge under the same measurement conditions and
shows a nearly quadratic dependence on excitation laser power with an exponent
of ~1.8. These results strongly suggest that direct-band-gap recombination is
responsible for the PL detected from the Ge NWs.

4.5.2 Low-Temperature Measurements

In order to verify our interpretation, we also performed low-temperature
PL measurements on both of these samples, placing them in a thermal stage
(Linkam THMS600) cooled down to liquid-nitrogen temperature (77 K) at lowest.
Figure 4.12 shows the low-temperature PL spectra of (a) the bulk Ge and (b) the
Ge NWs. As shown in Fig. 4.12(a), with decreasing bath temperature, the
indirect-band-gap PL peak of the bulk Ge sharpens and its intensity drastically
increases. For the direct-band-gap transitions in bulk Ge (see inset to Fig.
4.12(a)), with decreasing bath temperature, the PL peak position shifts towards
shorter wavelength and the intensity decreases and disappears at bath
temperatures below 170 K. The data in Fig. 4.12(a) suggest that this occurs
because the direct-band-gap PL is completely overwhelmed by the strong
indirect-band-gap PL. The reduction of direct-band-gap PL with decreasing
temperature is attributed to reduced occupancy of the I" valley due to the sharper
energy distribution of the carriers [25, 27]. The PL peak from the Ge NWs has

the same tendency. As shown in Fig. 4.12(b), with decreasing bath temperature,
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the PL peak position of the Ge NWs shifts towards shorter wavelength and the
intensity decreases continuously. The peak becomes unobservable at bath
temperatures below 130 K. The similar behavior of the PL spectrum of the Ge
NWs to that of the direct-band-gap PL component of bulk Ge provides further
support for the conclusion that the observed PL from the Ge NWs is due to

direct-band-gap recombination in the Ge NWs.
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Figure 4.12 NIR PL spectra of (a) bulk Ge and (b) Ge NWs, measured at different bath
temperatures. The inset in (a) shows the direct-band-gap PL spectra of the bulk Ge in the
wavelength range of 1.40 to 1.60 pm. The numbers above the spectra indicate the bath
temperatures. The excitation laser power impinging on the both samples is 40 mW.
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4.5.3 Laser-Induced Heating Effects

We now turn our attention to the origin of the redshift of the PL peaks of
the Ge NWs shown in Fig. 4.10(a). This can be explained by laser-induced
heating and subsequent heat trapping within the ensemble of dense NWs (Figure
4.5). It is well-known that at elevated temperatures the PL peak shifts towards
longer wavelength at a constant pressure due to thermal expansion of the lattice
and renormalization of band-gap energies by electron-phonon interactions on the
corresponding electronic states [35—37]. The latter effect gives the predominant
contribution as shown in Ref. 35—37, which will not be discussed further here. In
a dense NW array, a fraction of the scattered PL and laser light as well as
thermal radiation emitted by the NWs is confined within the array, causing
ensemble heating [38—40]. Such heating effects cause the redshift and thermal
broadening of the direct-band-gap PL observed in our measurements of Ge NWs
[38—40]. This effect is not significant in bulk Ge because the light as well as the
thermal radiation are more readily able to escape from the illuminated sample
region to its surroundings [38, 39].

In order to estimate the temperatures of the Ge NW ensemble during the
PL measurements, we performed PL. measurements on bulk Ge at temperatures
between 300 and 470 K under atmospheric pressure and approximated a linear
temperature coefficient of direct-band-gap transitions of Ge. We find the value of
AE/AT = —4.4 X 10™* eV in this temperature range, which is consistent with
previous investigations [35—37]. Figure 4.13 displays the comparison of the PL
peak energies of the Ge NWs as a function of excitation laser power measured at
a bath temperature of 300 K and the linear temperature dependence of
direct-band-gap recombination in the bulk Ge. The excellent agreement also
supports our assumption that the PL from the Ge NWs originates from
direct-band-gap recombination. These data indicate that the temperature of the
NWs can reach 450 K with 40 mW laser excitation for the Ge NW arrays
investigated. It is worth noting that the laser-induced heating effects alone
cannot explain the absence of indirect-band-gap PL from the Ge NWs because
measurements at estimated-temperatures below 190 K did not show any

significant PL signal near the indirect-band-gap recombination.
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Figure 4.13 Fit of PL peak energies of Ge NWs as a function of excitation laser power at
bath temperature of 300 K (filled squares) to a linear temperature dependence of
direct-band-gap recombination in bulk Ge in the temperature range of 300 to 470 K
(dashed line) obtained in this work.

4.6 Discussion: Surface Effects

Several publications have previously indicated that carrier trapping at
surface defects and subsequent non-radiative recombination dominates carrier
relaxation in semiconductor NWs [34, 41-43]. A thin native oxide layer forms on
air-exposed Ge surfaces. The resulting surface states can be categorized as either
“slow” or “fast” [34, 44—46]. Slow surface states are either in the oxide layer or on
its surface, influencing carrier transport on timescale of seconds to hundreds of

seconds [34, 44—46]. The influence of the slow surface states on carrier transport
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through Ge NWs has been extensively characterized in Ref. 47. In contrast, fast
surface states reside at the interface between Ge and the oxide layer and are
chiefly involved in recombination on a timescale of nanoseconds or less [34,
44-46]. Carrier traps associated with fast surface states may be responsible for
the failure to observe a strong PL signature for indirect-band-gap transitions in
the Ge NWs studied in this work. The non-radiative recombination lifetime of
photogenerated carriers via GeOx/Ge nanowire interface states, tT,.s, can be
approximated as [48, 49]
1 4S
— (5.2)

’
Tors d

R

where S is the surface recombination velocity and d is the NW diameter. Using
the reported surface recombination velocity of bulk Ge with a native oxide
coating, S = 1300 cm/s [50], in Eq. (5.2), gives a value of T, = 1 ns for these
undoped nanowires. In contrast, the radiative recombination lifetime for the
indirect-band-gap PL in intrinsic Ge is ~ 1 s, as determined by photoconductivity
measurements [51] and detailed balance calculations from photon absorption
data [52]. This suggests that electrons in the L valley are very likely to recombine
non-radiatively in the Ge NWs prior to their radiative recombination. Both
experimental [31] and theoretical [53] results indicate that, even if the density of
occupied states in the I' valley of intrinsic Ge is far lower than that of the L valley,
the rate of direct-band-gap recombination is greater for electrons near k = 0.
The data in Figs. 4.10—13 suggest that the rate of radiative recombination via the
direct band gap exceeds 1/t,.s for the present nanowire experiments.

Very recently, much effort has been devoted to enhancing and controlling
direct-band-gap emission in bulk Ge and Ge thin films. It has been shown that
the PL intensity of direct-band-gap recombination in bulk Ge can be increased
compared to that of the phonon-mediated indirect-band-gap recombination by
simply increasing the excitation laser power [27-29]. The enhancement of
direct-band-gap PL in bulk Ge [27, 32] and Ge-on-insulator [32] by
high-concentration doping has been demonstrated. Furthermore, stronger
enhancement of direct-band-gap transitions than indirect-band-gap transitions

in bulk Ge under mechanical biaxial tensile strain [26, 54] and tensily strained
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Ge layer with a &doping SiGe layer on Si and Si-on-insulator [55] has also been
reported. Our observations of direct-band-gap emission from the Ge NWs are
important for future Ge-NW-based optoelectronic devices and indicate that the
size effect of NW diameter on non-radiative recombination rate expressed in Eq.
(5.2) can be used to engineer important photonic properties. We expect that
surface passivation of the wires through chemical treatments, growth of a high
quality oxide layer, or growth of a semiconductor shell on the side walls may
increase the radiative-to-non-radiative recombination ratio of direct-band-gap

transitions, making Ge NWs even more attractive for device applications.

4.7 Conclusions

In conclusion, we have measured NIR PL of vertically aligned,
free-standing Ge NWs grown on a Si(111) substrate. The Ge NWs give one broad
PL peak near the crystalline Ge band gap ~1.55 pm (~0.8 eV). The observed PL
peak is shifted towards longer wavelengths with increasing excitation laser
power due to laser-induced heating and subsequent heat trapping within the
dense array of NWs. In addition, the PL peak intensity shows a nearly quadratic
dependence on excitation laser power and decreases with decreasing
temperature, as can be seen in the direct-band-gap PL behavior of bulk Ge. These
observations indicate that efficient direct-band-gap recombination is responsible
for the observed PL from the Ge NWs. On the other hand, no peak was observed
at the wavelength expected for indirect-band-gap PL. It was suggested by an
analysis that carrier traps associated with fast surface states situating at the Ge
NW/Ge native oxide interfaces might have been responsible for the absence of the

indirect-band-gap PL.
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Chapter 5

Conclusions

The present thesis has focused on understanding of defect and surface
behaviors in germanium (Ge).

Chapter 2 presented an experiment investigation of the effect of arsenic
(As) impurity ion-implantation on the host Ge atomic displacement and
amorphization. The Ge samples were cooled down to liquid-nitrogen
temperature during implantation since the same implantation performed at
room temperature led to elevation of the sample temperature causing
redistribution of Ge atoms displaced by the As bombardment. Ge isotope
superlattices (SLs), composed of alternating layers of stable isotope °Ge and
naturally available Ge (*2tGe), were grown by solid-source molecular beam
epitaxy (MBE). As was ion-implanted into the Ge isotope SLs from the surfaces
with doses in the range of 5x13 to 5xX14 cm™2 at an energy of 90 keV. Ge
host-atoms were displaced by collisions with implanted As ions and a part of the
crystalline Ge region underwent a phase transition into an amorphous state. As a
result, the 7Ge periodicity in the depth profiles of the SLs measured by
secondary ion mass spectroscopy (SIMS) after implantation was perturbed
compared to the profiles before implantation. The degree of Ge mixing in the SLs
increased with increasing implantation doses. The average length of the Ge
displacement due to the collisions with As ions was obtained by reproducing the
SIMS depth profiles of 7“Ge by a numerical model based on convolution integrals.

Further observation of the sample structures by cross-sectional transmission

111



Chapter 5. Conclusions

electron microscopy (XTEM) revealed that amorphization occurs in the region
having the Ge displacements larger than 0.75 nm. This critical displacement for
amorphization, 0.75 nm, was found to be independent of implantation doses.
Interestingly, this critical value is 50% larger than 0.5 nm of silicon [1].

Chapter 3 presented the effect of compressive biaxial strain on
self-diffusion in Ge. Growth of a biaxial compressive strained-Ge (s-Ge) isotope
SL, composed of alternating layers of stable isotope °Ge and 2tGe, was achieved
by sandwiching a Ge isotope SL by relaxed m2tSig222tGeo.s layers. This sample was
cut into smaller pieces and annealed at various temperatures in the range of
475-600 °C and the duration of 0.5—61 hours. The compressive biaxial strain in
the SL was found to be 0.71% before the diffusion annealing by an (224)
asymmetrical reciprocal space mapping (RSM) in X-ray diffraction. RSM and
XTEM observations after annealing confirmed that the s-Ge isotope SL remained
pseudomorphic to the sandwiching relaxed Sio.2Geo.s layers. The self-diffusivities
in s-Ge were determined by reproducing the SIMS depth profiles of “Ge in the
Ge 1isotope SLs by a partial differential equation solver using a series of
differential equations involved in our analysis. It was found that self-diffusivity
in Ge was enhanced by the compressive biaxial stain. The degree of the
enhancement was fully consistent with a theoretical prediction of a generalized
activation volume model for a simple vacancy-mediated diffusion developed by
Aziz et al. [2-4]. The activation volume of —(0.65+0.21) times the Ge atomic
volume reproduced the experimentally observed enhancement very well.

Chapter 4 presented the first observation of near-infrared (NIR)
photoluminescence (PL) from Ge nanowires (NWs). Ge NWs with an average
diameter of 40 nm were grown vertically on a (111)-oriented Si substrate via
vapor-liquid-solid mechanism using chemical vapor deposition. The samples
were excited by means of a frequency doubled Nd:YAG diode-pumped solid-state
laser, emitting continuous-wave at a wavelength of 532 nm. The incident laser
power on the sample surfaces was varied between 10 and 40 mW. The Ge NWs
yielded one broad PL peak centered at the wavelength near the crystalline Ge
band gap ~1.55 pym (~0.8 eV) with luminescence spanning between 1100 and
2200 nm. The peak position shifted to longer wavelength with increasing

excitation laser power due to laser-induced heating and subsequent heat
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trapping within the dense array of NWs. The PL peak intensity showed a
nearly quadratic dependence on excitation laser power and decreased with
decreasing temperature in the manner similar to the behavior of the
direct-band-gap PL from bulk Ge. Based on these observations, it is concluded
that direct-band-gap recombination was responsible for the observed PL peak
from the Ge NWs. On the other hand, no peak was observed at the wavelength
expected for indirect-band-gap PL. Analysis of carrier recombination rates
using data in the literature suggests carrier traps associated with fast surface
states situating at the Ge NW/Ge native oxide interfaces may have been

responsible for the absence of detectable indirect-band-gap PL.
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