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Abstract

Thin film materials of the semiconductors, such as silicon (Si), germanium (Ge) or their al-
loys, are turning into the most promising functional materials in the energy technology. How-
ever, the morphologies of these semiconductor thin films must be varied to be suitable for the
different applications, e.g. a large-grained layer as the seed layer of thin film solar cells, a
porous structure for anode materials of high energy rechargeable lithium (Li) ion batteries.
Due to the collective interdiffusion process during the aluminum (Al)-induced crystallization,
in this thesis, the suitable morphologies are achieved for the corresponding applications under
the different fabrication conditions.

A large-grained Si layer can be formed by the crystallization of Si in a porous Al layer, which
is obtained by applying a bias voltage. Since the Al grain boundaries are contaminated by e.g.
oxygen (O), the diffusion of Si in the Al grain boundaries is retarded. It can lead to a reduc-
tion of the nucleation density of Si. At a certain high temperature, a collective diffusion pro-
cess of Si in Al is activated. Consequently, a large-grained Si layer with (100) texture can be
formed.

By purposely interrupting the annealing of nanocrystalline Al/amorphous Si (a-Si) bilayers, a
porous structure of the crystallized Si can be developed due to the incomplete intermixing of
Si and Al. Due to the different dominant diffusion processes of Si in Al at the different an-
nealing temperatures, the most Si diffuses along the different paths in the Al layer, such as
triple junction, grain boundary and Al bulk. Therefore, it can develop the different morpholo-
gies of the porous Si layers after the selectively etching of Al.

By introducing an amorphous Ge interlayer between the crystalline Al and amorphous Si lay-
er, the Al grain boundaries are not essential for the crystallization of the amorphous Si in con-
trast to the case in Al/Si bilayer system. Si crystallizes continuously on the pre-crystallized Ge
seeds which form initially at the original interface of crystalline Al and amorphous Ge.

The thermodynamic models to interpret the fundamentals of these different crystallization
behaviors of Si are established based on the change of the interface energy between the differ-

ent phases of the whole system during the crystallization. Using the effective diffusivity, the
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dominant diffusion process of Si in Al can be investigated to explore the morphological de-

pendence of the crystallized Si layer on the annealing conditions.



Zusammenfassung

Dunnschichtmaterialien vom Halbleiter, z.B. Silizium (Si), Germanium (Ge) oder ihre Legie-
rungen, werden als die angemessenen Funktionsmaterialien in Energietechnologie angewen-
det. Je nach den Anwendungen muss sich die Morphologie dieser Dlnnschichthalbleiter eig-
nen, wie zum Beispiel eine grobkornige Schicht als die Keimschicht fur die Herstellung der
Dunnschichtsolarzelle, eine pordse Struktur als Anodenmaterial fur die Lithium-lonen-
Batterie mit einer hohen Energiedichte. Wahrend der Aluminium-induzierten Kristallisation
der amorphen Halbleiter findet ein kollektiver Interdiffusionsprozess statt. In dieser Arbeit
wird die je nach den Anwendungen gezielte Morphologie der Halbleiterdtinnschichten tber
diese Methode unter den unterschiedlichen Herstellungsbedingungen erlangt.

Eine grobkdrnige Si-Schicht kann durch die Kristallisation in einer porésen Al-Schicht, die
mit einer Biasspannung hergestellt wurde, gebildet werden. Die Al Korngrenzen in dieser
pordsen Al-Schicht werden wie zum Beispiel durch Sauerstoff (O) kontaminiert. Deshalb
wird die Diffusion von Si in den Al Korngrenzen verlangsamt. Es fuhrt zu einer Abnahme der
Keimbildungsdichte vom Si. Hoher als eine bestimmte Auslagerungstemperatur wird ein kol-
lektiver Diffusionsprozess aktiviert. Daraus folgt, dass sich diese grobkdrnige Si-Schicht mit
(100) orientierter Textur bildet.

Uber eine gezielte Unterbrechung der Warmebehandlung von Proben mit einer nanokristalli-
nes Al/amorphes Si Doppelschichtstruktur kann sich eine pordse Struktur vom kristallisierten
Si nach dem Wegatzen von Al bilden, weil der Interdiffusionsprozess von Al und Si in der
Zwischenzeit abbricht. Bei verschiedenen Auslagerungstemperaturen diffundiert das meiste Si
entlang den unterschiedlichen Wegen in Al-Schicht, z.B. Trippellinien, Korngrenzen und Al-
Korner. Die unterschiedlichen dominierten Diffusionsprozesse von Si in Al variieren die ge-
bildete Morphologie von der pordsen Si-Schicht.

Uber die Anwesenheit einer Zwischenschicht vom amorphen Ge zwischen der kristallinen Al-
und amorphen Si-Schicht spielen die Al Korngrenzen keine entscheidende Rolle mehr fiir die
Kristallisation vom amorphen Si im Vergleich zu dem Fall vom Al/Si Doppelschichtsystem.
Si kristallisiert kontinuierlich auf den vorkristallisierten Ge Kristalliten, die sich zuerst an der

ehemaligen Grenzflache vom kristallinen Al und amorphen Ge bilden kdnnen.
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Die Fundamente, die die unterschiedlichen Kristallisationsverhaltene von Si thermodyna-
misch interpretieren konnen, werden anhand der Anderung der Grenzflachenenergien zwi-
schen den unterschiedlichen Phasen im ganzen System wahrend der Kristallisation aufgebaut.
Mit der effektiven Diffusivitat wird der dominierte Diffusionsprozess von Si in Al in den un-
terschiedlichen Temperaturintervallen ermittelt. Dadurch kann der Einfluss der Auslage-

rungsbedingung auf der Morphologie vom kristallisierten Si erkundet werden.
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Chapter 1

Introduction

Nowadays many different methods are developed to find out a simple way of the crystalliza-
tion of amorphous semiconductor materials, such as silicon (Si), germanium (Ge) or SixGe;x
alloys. Generally, the amorphous phase can transit irreversibly to the crystalline phase, pro-
vided it is, e.g., heated up to a certain high temperature (e.g. for Si above 700 °C and for Ge
above 450 °C).»®! Based on this method, some technologies were developed, e.g. solid phase
crystallization (SPC) ™ and excimer laser crystallization (ELC).™ However, these tech-
nologies are hardly for some substrates with favorable functionalities, such as conductive pol-
ymers, due to the modification or even loss of their functionalities or to decomposition at such
high temperatures. Metal-induced crystallization was adopted to be an alternative method
lowering the crystallization temperature of the amorphous semiconductor materials.*? Many
different metals or alloys can be chosen as the crystallization inducer, e.g. aluminum (Al), &
BI gold (Au),25 nickel (Ni),% 24 titanium (Ti),!?? silver-copper (Ag-Cu) alloy.”*!

Since last century, Al has also become a forerunner for the crystallization of amorphous Si,
Ge and their alloys. Compare to the other metals or alloys, Al has many advantages as the
crystallization inducer. First, due to the little solubility of Al in Si, Ge and their alloys, there is
no formation of intermetallic phases. Second, Al, as a dopant for these semiconductor materi-
als, can improve the conductivity of these semiconductor materials through a post
treatment.!*” Third, Al is one of the most abundant elements in the crust. Fourth, as one of the
amphoteric metals, Al can be easily etched off either by acids or by bases.

In this work, by varying the character of the Al layers and post treatment conditions, different
crystallization mechanisms induced by Al in these semiconductor thin films will be elaborat-
ed, as well as the various morphological structures that can be tailored to fit optimally the

functions suitable to be used in the different applications of energy technology.
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1.1 Seed Layer for thin film solar cells

The normally low angle grain boundaries or the high-X coincidence site lattice (CSL) bounda-
ries and the contaminations in them generally cause a high recombination activity between
conducting electrons and holes.’”® Therefore, in order to fabricate Si thin film solar cells with
high efficiency, Si grains as large as possible are needed. However, by the direct deposition of
Si on foreign substrates, the resulting Si layers possess usually small grains and poor crystal-
lographic quality.?® As a consequence, an initial step is needed to earn a thin Si layer with
large grains (> 10 um) and good crystallographic quality to be usable as a seed layer for fur-
ther epitaxial thickening of Si to a few tens of micrometers.

There are two prominent techniques which can be used to fabricate a Si seed layer: laser crys-
tallization and metal-induced crystallization.[* 2" 28] Laser crystallization is still not suitable
for industrial application due to the low productivity (scanning over the whole area with a
narrow beam is usually slow) and high maintenance costs. In comparison with laser crystalli-
zation, metal-induced crystallization achieves the lowering of the crystallization temperature
of amorphous Si with low maintenance costs and little limit on the geometry of the area. It
can be a potential solution for the industrial application.

Since last century, the researchers have found several candidates to be applied for the crystal-
lization of Si with large grains, e.g. Au,*™ Ni,*> 2% Ag ®% etc.. However, many undesired
grain boundaries (the normal low-angle grain boundaries or the high-X CSL boundaries) are
formed in the Si films created by these metals. In addition, all these metals can either form an
intermetallic phase with Si or contaminate the Si grains heavily.®” Such a contamination
leads to the recombination between the conducting electrons and holes, as well as to the low-
ering of the efficiency of the Si thin film solar cells. On the contrary, Al acts as an acceptor
dopant in Si, forms no intermetallic phase and diffuses in bulk Si relatively slowly. Thus, it is
considered to be the best candidate of the metal-induced crystallization progress for forming
the Si seed layer.

The morphology of the crystallized Si layer depends on the character of Al layers. Generally,
the enlarging of Al grains is beneficial for crystallization of Si into the large grains.® Fur-
thermore, an Al oxide buffer layer between Al and Si layer as diffusion barrier can also en-
hance the crystallization of amorphous Si into the large grains.*? Usually, the crystallized Si,
which is induced by an Al layer and used as seed layer, possesses the average grain size about
10 to 15 um.B#3* However, it is still a challenge to get even larger Si grains.

In this work, we explored the crystallization of amorphous Si by using the Al layers with very
different morphology. Instead of using a compact Al layer as usual, a porous Al layer is de-
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veloped by applying an extra bias voltage during the deposition. Compared to the generally
applied crystallization of Si induced by a compact Al layer, the nucleation density of Si in
such porous Al layers is reduced and the grain size distribution in this case becomes signifi-
cantly wider. With the aid of an Al oxide layer, Si can crystallize into even larger grains. The

average grain size we have reached in this case can was even larger than 20 pm.

1.2 Anode material for Li ion batteries

In addition to the Si solar cell technology, Si-based materials as typical anode materials are
attractive candidates for the high capacity energy storage in Li ion battery (4200 mAh/g), ex-
ceeding that of the widely used graphite insertion anode (372 mAh/g) by more than a factor of
10.]

Unfortunately, during the lithiation of a Si anode, a high volume expansion (~ 300 % for a-
Sit*! and ~ 400 % for c-Sit*) occurs. It leads to electrode pulverization/delamination, electri-
cal contact loss and early capacity degradation. As observed in 1 pum thick samples, the capac-
ity of continuous Si thin films fades seriously after several cycles with repeating volume ex-
pansion and contraction.®”! According to the lithiation-induced deformation in Si lattice, K. J.
Zhao et al. suggested a theoretical critical dimension size of Si (130 nm), to solve these prob-
lems.B*®! This prediction agreed well with the experimental observation.!*® “? Therefore, Si
nanostructures have been exploited, such as nanopowder, nanowires and nanoparticles. !
In addition, during the lithiation, Si reacts with the organic electrolyte and forms an unstable
inherent solid electrolyte interphase (SEI phase).!! This irreversible reaction leads to the
lowering of coulombic efficiency. In order to overcome this problem, surface coating to create
an artificial passivation layer on Si, e.g. an conformal auxiliary Al oxide layer, has been prov-
en to be an effective approach.*®!

To get the better performance of the Si anode, effective binders/additives are also used to be
applied alternative strategies, such as fluoroethylene carbonate (FEC), carboxymethyl cellu-
lose (CMC) and polyacrylic acid (PAA).16!

Unfortunately, for the green productions or commercial industrial fabrication, these above-
mentioned conventional solutions are not suitable, due to the demand of the dangerous chemi-
cals (e.g. hydrofluoric acid) to generate the nanostructure or extra chemicals as additive and
binder. The extra coating process of Al oxide layer with controllable nanometer thickness is
typically realized by atomic layer deposition (ALD) which brings more costs. Due to these
impediments, the application of Si anodes for Li ion batteries stays nowadays still at the ex-

perimental stage.
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As usual, Al-induced crystallization of amorphous Si was widely applied to produce a contin-
uous polycrystalline layer as seed layer for thin film solar cells. In this work, different to the
other traditional methods, we develop a porous Si layer by Al-induced crystallization with
purposely interrupting the post treatment. These procedures require a very thorough analysis
of the diffusion currents and reaction kinetics during the various processing steps. As will be
seen, after an almost final selective etch of Al with the alkali solution, a conformal auxiliary
oxide layer with several nanometers is formed concomitantly on the nano-structured Si layer.
This produced Si layer prevents the deleterious SEI layer to form and thus optimally satisfies
the structural and functional demands as an anode material for lithium ion batteries. Due to
the continuity and conveniency of this method, it can be a potential solution for the industrial

manufacturing of Si anode.

1.3 Fundamental research on Al/Ge/Si trilayer system

By inducing an Al layer, the crystallization temperature of Si is decreased to 165 °C,"°! how-
ever, it is still too high for substrates with favorable functionalities but lower maximum pro-
cessing temperature, e.g. the conductive polymers. On the other hand, in order to realize ener-
gy-efficient fabrication, it is desirable to reduce the crystallization temperature as much as
possible.

Due to the lower crystallization temperature of Ge in an Al layer and the complete miscibility
between Si and Ge,® %! in this work, an amorphous Ge layer between the crystalline Al and
amorphous Si layer is incorporated to change the crystallization temperature and mechanism
of Si. A thermodynamic model is developed to interpret the crystallization of Si in this trilayer
systems as well as to estimate the crystallization temperature of Si in this case.



Chapter 2
Al-induced Crystallization

Meta-induced crystallization of amorphous semiconductor thin films, preferentially Si, Ge or
their alloys films, mostly by using of an Al layer has attracted considerable interest in recent
decades.[** 1 %2 X-ray diffraction has proved that Al can induce the crystallization of these
amorphous semiconductor materials below their eutectic temperature (e.g. for Si 577 °C and
for Ge 424 °C).1***3 Combining the experimental results by valence energy-filtered transmis-
sion electron microscope (VEFTEM) and the thermodynamic calculation, Z. M. Wang estab-
lished a model to explain the process of Al-induced crystallization.®® *4 According to this
proposition, the whole process can be divided into three steps: 1) Al grain boundary wetting
by amorphous semiconductors; 2) interface or grain boundary nucleation of semiconductor
crystals; 3) continued crystallization of semiconductors.”” In this chapter, the fundamentals
about the Al-induced crystallization of amorphous Si and Ge layer will be explained.
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2.1 Grain boundary wetting by amorphous semiconductors

Compared to the covalent bonds in the bulk a-Si (or a-Ge), the bonds between the Si (or Ge)
atoms at the interface with the Al layer are weakened due to the screening effect by the free
electrons in Al Iayer.[55] These relative weakly bonded Si (or Ge) atoms are named here ‘free’
atoms. Since the activation energy for the diffusion of these interface-adjacent ‘free’ atoms
are reduced, the mobility of these atoms is much higher than that of the atoms in the bulk a-Si
(or a-Ge). These atoms can easily diffuse along the different interfaces, e.g. the Al grain
boundaries or the a-Si (or a-Ge)/c-Al interfaces. In case the Al grain boundaries can be wetted
by the segregation of the ‘free’ Si (or Ge) atoms due to the energetic favorable conditions,
these short circuit diffusion paths can provide the heterogeneous sites for the nucleation of
these amorphous phases at the low temperatures.™® ¢!

By the diffusion of the ‘free’ Si (or Ge) atoms into the Al grain boundaries, two new a-Si (or
a-Ge)/c-Al interfaces may form replacing one original c-Al/c-Al interface (Fig. 2.1). Thermo-

dynamically, if the total energy of the newly formed interfaces between a-Si (or a-Ge) and c-

interf

Al (yéﬁfﬁr{fsﬂ O Y(any/(Ge}) iS lower than the original c-Al grain boundary energy (y&%), the Al-
grain boundaries can be wetted by the second phase of amorphous semiconductors.®” Other-
wise, the ‘free’ atoms would like to diffuse through the Al grain boundaries and segregate on

the surface of Al layer.

interf § ,
¥ (Al /(si or Ge) free’ atoms

GB
¥ (a1

Al Al ymert el Al Al

—> .
a-Si (a-Ge) wetine a-Si (a-Ge)

Fig. 2.1 Wetting in the Al grain boundaries by the ‘free’ Si or Ge atoms

Fig. 2.2 plots the calculated Al grain boundary energy )/83) and the newly formed interface
energy between crystalline Al and amorphous semiconductors (2 X yégff/r{gi} or2 x y&ff}‘"{gi})
in dependence of the temperature. The original Al grain boundary energy y ., is higher than
the total interface energy 2 X y(afs/is;; (red curve in Fig. 2.2) or likewise 2 X y{ai5Ge; (blue

curve in Fig. 2.2).5%9 |
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Fig. 2.2 The total interface energy before and after the wetting with the ‘free’ Si and Ge atoms: black
line: the original c-Al grain boundary energy; red line: total newly formed interface energy be-
tween a-Si and c-Al; blue line: total newly formed interface energy between a-Ge and c-Al.
Both differences between before and after wetting with Si or Ge atoms i.e. the driving force for

wetting are positive. Thereby, the Al grain boundaries may be wetted by the ‘free’ Si or Ge at-

oms to reduce the total interface energy. °*

The a-Si/c-Al interface energy is slightly higher than that of a-Ge/c-Al interface. The driving

force for the Al grain boundary wetting by a-Si or a-Ge phase (AyS!"A16B or Ay§einAlGB)
can be described by:

Ay AR = v — 2y s Eq.1

By§e ™A =y - 2Vl ice Eq.2
The positive values of Ay " A1GB or AySein AlGB gatisfy the wetting condition of the Al grain

boundaries by the ‘free’ Si or Ge atoms and reduce the total system energy

2.2 Interface and grain boundary nucleation of semiconductor

crystals

Without the aid of Al, the phase transformation from amorphous Si or Ge to their crystalline
phases could occur only at temperatures above 700 °C for Si and 500 °C for Ge.!*! Therefore,
the homogeneous nucleation in the bulk a-Si or a-Ge is impossible at the lower temperatures.
But the ‘free’ Si or Ge atoms, which diffuse into the Al grain boundaries or at the interface
between c-Al and amorphous Si or Ge, could form nuclei heterogeneously at the lower tem-



8 Al-induced Crystallization

peratures (Fig. 2.3). Due to the interface energy between the crystalline Al and amorphous

semiconductors (yggf;r{gi} or yéﬁff/r{fGe}) being lower than that between the crystalline Al and

crystalline semiconductors (yggf;jr(gi) or yggfff(i;e)), the amorphous semiconductors are thermo-
dynamically stable at first. At a critical thickness, however, the differences between the inter-
face energy due to the amorphous and crystalline semiconductor phases can be compensated

by the crystallization of the amorphous semiconductor phases.

4 ML

interf
yat][)e;(Si or Ge)

2 ML

interf
y(Si or Ge)/(Si or Ge)

Fig. 2.3 The nucleation possibilities for the crystalline phase by Al-induced crystallization: 2 mono
layers (2 ML) at the interface between a-Si and c-Al; 4 mono layer(4 ML) in the c-Al grain

boundaries

There are two nucleation possibilities for Si or Ge, at the Al grain boundaries or at the inter-
face between c-Al and a-Si (or a-Ge). As a consequence of the two newly formed interfaces
between Al and the semiconductor phases at the Al grain boundaries (Fig. 2.3), the critical

thicknesses for the nucleation of a-Si and a-Ge at the Al grain boundaries can be expressed

by:

interf interf
perit _ 2 (viaisyisn — Viabyisi) Eq.3
Siat AIGB — _AGcryst q-
(Si)—{si}
interf interf
pcrit _ 2 (V<A1>/<Ge> - V(Al)/{ce}) Eq. 4
Ge at AIGB — _AGcryst q
(Ge)—{Ge}

Analogously to the case of the nucleation of amorphous semiconductors at the interface with
Al, the critical thickness for the nucleation at the interface between the c-Al and amorphous

semiconductors can be described by:

interf interf interf
perit  _ Yan/si + ¥isiy/isiy ~ Y(an/isi LS
(Al)/{si} — _AGETSt q.

(si)—-{si}
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interf interf interf
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(Al)/{Ge} — _AGEYSt q.

(Ge)—{Ge}
= 5 T T T T T
o
4 h,, at Al GBs
© \
© Si
c 4
o \
E \
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2 3l .
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R e = S——
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Fig. 2.4  Critical thickness for nucleation as the function of temperature: the red solid line: the critical
thickness for the nucleation of Si at Al grain boundaries; the blue solid line: the critical thick-
ness for the nucleation of Ge at Al grain boundaries; grey solid line: the thickness of the wet-
ting layer by the a-Si or a-Ge at Al grain boundaries; the red dotted line: the critical thickness
for the nucleation of Si at the interface between a-Si and c-Al; the blue dotted line: the critical
thickness for the nucleation of Si at the interface between a-Ge and c-Al; grey dotted line: the
thickness of the wetting layer by the a-Si or a-Ge at the a-Si (or a-Ge)/c-Al interface

Fig. 2.4 shows the curves of the critical thicknesses for nucleation as a function of tempera-
ture. Z. M. Wang et al. assumed that the thickness of the wetting layer at the interface between
the a-Si or a-Ge and c-Al is 2 monolayers (2 ML), while that in the Al grain boundaries is 2 x
2 monolayers (4 ML) (Fig. 2.3).°% The critical thickness for nucleation of Si at the c-Al/a-Si
interface is larger than 2 ML (red dotted line in Fig. 2.4). Therefore, Si cannot nucleate there.
Exceeding a certain temperature i.e. about 150 °C, the critical thickness for the nucleation of
a-Si at Al grain boundaries will be less than 4 ML (red solid curve in Fig. 2.4). Consequently,
a-Si may nucleate at the Al grain boundaries above this temperature. Comparatively, the criti-
cal thicknesses for the nucleation of a-Ge for the both possibilities are less than the thickness
of the a-Ge wetting layer (blue curves in Fig. 2.4). Thus, Ge can crystallize either at a-Si/c-Al

interface or at Al grain boundaries.
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2.3 Continued crystallization of semiconductors

After the initial crystallization, the ‘free’ Si atoms may further diffuse into the c-Al/c-Si inter-
face to reduce the total system energy by the newly formed a-Si/c-Al and a-Si/c-Si interfaces

(Fig. 2.5). The same holds for the Ge/Al system. The driving force for the further wetting is

given by:
Siin (Al)/(Si) _ _i f i f i f
AVDlm /B0 = Vzglt)e/QSi) - (V(lglt)e}r{Si} - )/(lgit)%Si}) Eq.7
Gein(Al)/(Ge) _ _ interf interf interf
AVDe " V= V(lgic)e/r(ce) - (V(IXIt)e/r{Ge} - V(lggf/r{ce}) Eq.8

The positive driving force indicates that the further wetting by the ‘free’ Si (or Ge) is energet-

ic favorable.
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Fig. 2.5 The total interface energy of continued wetting at the c-Si/c-Al (or c-Ge/c-Al) interface with
the Si (or Ge) ‘free’ atoms: the red solid line: the interface energy between c-Si and c-Al; the
blue solid line: the interface energy between c-Ge and c-Al; red dotted line: the total interface
energy of the by ‘free’ Si atoms wetted c-Si and c-Al interface; blue dotted line: the total inter-

face energy of the by ‘free’ Ge atoms wetted c-Ge and c-Al interface [50]

Similar to the cost of initial crystallization, this further wetting by the amorphous Si or Ge is
thermodynamically stable until to a critical thickness, where beyond the wetting layer begins
to crystallize also. There are two possibilities for the further crystallization of the wetting
phases, which is located between the c-Si (or c-Ge)/c-Al layers (Fig. 2.6 left): 1) continuous
crystallization at the c-Si (or c-Ge)/c-Al interface (Fig. 2.6 middle); 2) new nucleation of Si
(or c-Ge) at the c-Si (or c-Ge)/c-Al interface (Fig. 2.6 right).
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Fig. 2.6~ Two possibilities for the continued crystallization after the further wetting by the amorphous
phase: a) continued crystallization at the c-Si (or c-Ge)/c-Al interphase boundaries; b) new nu-
cleation at the c-Si (or c-Ge)/c-Al interfaces.

Analogously to the calculation of the critical thickness for the nucleation of the amorphous

semiconductors, the critical thickness for the continuous crystallization of a-Si and a-Ge can

be described by:
yinterf_ _ (yinterf_ + yin_terf_ )
perit _ Y{AL)/(si) (AD)/{Si} (si)/{si} Eq.9
Si grain growth — _AGcryst q.
(Si)—{si}
interf interf interf
perit _ V(lglf/r(Ge) - (V%Xl)e/r{ce} + Y(lge(;;{ce}) 1
Ge grain growth — AGcryst Eq' 0
~SY(Ge)-{Ge}

Similar to the previous case, the critical thickness for the new nucleation of a-Si and a-Ge can
be calculated by:

interf interf interf interf
perit _ (riansisy + visivesn) — (Vanyisiy + Visiisi) o 11
Sinew nucleation — _AGcryst q.
(Si)—{si}
interf interf interf interf
perit _ (V<A1>/<Ge> + V<Ge>/<ce>) — (V<A1>/{ce} + y(Ge)/{Ge}) Ea.12
Ge new nucleation — AGcryst q.
— 2Y(Ge)—{Ge}

The critical thickness for the new nucleation of a-Si (or a-Ge) is larger than the thickness of
the wetting layer by the ‘free’ Si (or Ge) atoms, 2 ML (Fig. 2.7). In this case, it is thermody-
namically unfavorable for the new nucleation of the amorphous semiconductors at the inter-
face between the crystalline Al and the crystallized semiconductors. In the case of the contin-
uous crystallization, there is less than 2 ML needed. Thus, the amorphous phase crystallizes

continuously on the preexisting crystallites.
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Fig. 2.7 Critical thickness for the continued crystallization as a function of temperature: red solid line:

continued crystallization of a-Si; blue solid line: continued crystallization of a-Ge; grey solid

line: the thickness of the wetting layer by the a-Si or a-Ge %,

Combined with section 2.2, the grain growth of Si is restricted to the preexisting nuclei that
crystallized at the Al grain boundaries. Comparatively, Ge grows simultaneously on both
types of nuclei formed at the Al grain boundaries and at the a-Ge/c-Al interface. Consequently,

a-Ge crystallizes kinetically faster than a-Si at the same temperature.



Chapter 3

Sample Characterization

The physical and chemical properties of the samples in this work were investigated with dif-
ferent methods, such as morphological structures, crystallographic information, chemical
compositions and electrochemical performances. The experimental setup of these different

characterization methods will be provided in this chapter.
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3.1 Morphological characterization

3.1.1 Scanning electron microscopy

To investigate the surface morphology, scanning electron microscopy (SEM) is a good candi-
date besides the conventional optical microscopy. Compared to the optical microscopy, the
resolution of the SEM equipment can reach down to the nanometer scale. Using the corre-
sponding detectors for the different signals, such as the secondary electrons, backscattered
electrons, the surface of the sample could be investigated to get different information, e.g.
material contrast, surface topology. In this work all the specimens were investigated by a Carl
Zeiss LEO 1530-VP microscope. The accelerating voltage was chosen between 3 to 20 kV.

3.1.2 Focused ion beam

Besides scanning electron microscopy (SEM), focused ion beam (FIB) can also image the
surface morphology of the samples. Instead of the electron beam in SEM, the Ga-ion beam is
used as the beam source in FIB. The gallium (Ga) ions possess a much higher kinetic energy
due to their much larger mass. Therefore, the surface of the sample could be easily etched by
the Ga-ion beam with a certain high current. The lower current was chosen to image the sur-
face morphology or the microstructure of the cross-section. The cross-sectional images in this
work were operated by FIB200 from company Fei. For the ionic etching and polishing the
current was adjusted to 1000 pA and 150 pA respectively, while it was varied from 4 to 11 pA
to image the surface or cross-sections. The whole process was operated at an accelerating
voltage of 30 kV.

3.1.3 Transmission electron microscopy

To investigate the samples with an atomic scale, high resolution atomic images of the samples
were obtained by the high resolution transmission electron microscopy (HRTEM) with JEOL
4000FX microscope. With this measurement method the crystalline phases can be graphically
differed to the amorphous phases. The whole processes were operated at an acceleration volt-
age of 400 kV.

3.2 Crystallographic characterization

3.2.1 X-ray diffraction

X-ray diffraction (XRD) is one of the nondestructive analysis techniques used for the material
science. With this characterization method the crystallographic information about the crystal-

linity, texture as well as the lattice structure of the sample can be directly analyzed by the
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peaks’ positions and their intensities. In addition, XRD can also provide indirectly the infor-
mation about the internal stress and the dislocation density.
In this work, the crystallinity of each specimen was investigated by a Philps X"Pert MRD Pro

diffractometer in 6-20 geometry.
3.2.2 Electron backscattering diffraction

Applying a conventional optical microscopy, some crystallographic information of the sample
can be determined, such as the grain size or different phases by the different contrasts or col-
ors. However, the information about the orientation of each grain is lacking. As compared to
the optical microscopy, the X-ray diffraction (XRD) can give the general information about
the texture of the sample. But the distribution or the mapping of the grain orientation and
grain size cannot be illustrated. Electron backscattering diffraction (EBSD) is evaluated by an
auxiliary secondary detector mounted in the scanning electron microscope (SEM). It com-
bines the advantages of the optical microscopy and X-ray diffraction. In this work the EBSD

measurement was performed using a detector from Oxford Instruments, named ‘HKL Chan-

nel 5.
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Fig.3.1  a) Functionality of the EBSD measurement °¥; b) Diffraction pattern from Si collected at 20

kV accelerating voltage

Fig. 3.1a illustrates the principle of the EBSD measurement. The primary electron beam is
focused on the surface of a sample tilted at 70°. The electron beam scattered by the surface is
then diffracted by the lattice planes based on the Bragg’s law. Then on a phosphor screen,
which stands in front of the CCD camera, the Kikuchi bands are detected (Fig. 3.1b). Using
the Hough-transformation the lattice orientation at this point can be calculated. The measured

region is scanned from a pixel to another. Consequently, a color-coded mapping from the in-
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vestigated region can be achieved, which provides the graphical information about the grain
size and orientation as well as the grain boundary character, even the local lattice strain.

To avoid the shadowing from the surface roughness, the specimens must be polished, to get a
smooth surface. The samples were embedded with ‘Crystalbond’ mounting wax (Part No. 40-
8150, Company Buehler) on an Al sample holder at first. Subsequently, they were grinded
with sand paper (SiC paper, grit 600, Company Struers) and then polished with 1 um diamond
suspension through an automatic polisher (Tegra Pol-35, Company Struers). Every 15 minutes
the samples were inspected under the optical microscope to control the polished depth. Final-
ly, they were fine polished with 1/4 um diamond suspension on a vibratory polisher (Vibrom-

et 2, Company Buehler).

3.3 Chemical compositional characterization

3.3.1 Energy dispersive X-ray spectroscopy, Auger electron spectroscopy

and X-ray photoelectron spectroscopy

The chemical composition can be determined usually by three methods, e.g. energy dispersive
X-ray spectroscopy (EDX), Auger electron spectroscopy (AES) and X-ray photoelectron
spectroscopy (XPS). In EDX and AES measurement the electron beam is operated as a prima-
ry excitation (Fig. 3.2a and b), while an X-ray beam is applied in XPS measurement (Fig.
3.2c). To investigate the chemical composition, the emissions of the different characteristic
signals are collected with the corresponding detectors. The characteristic X-ray radiation is
utilized for EDX measurement (Fig. 3.2a), while the kinetic energy of the Auger electrons is
measured for the material characterization in AES (Fig. 3.2b). During the XPS measurement

the photoelectron are detected and evaluated (Fig. 3.2c).

e emitted e e emitted e’ e photo-e

Fig. 3.2 Functionality for characterization of the chemical composition: a) EDX; b) AES; ¢) XPS

In this work, an EDX detector from ‘Oxford instruments’ was mounted in the SEM equip-

ment, Carl Zeiss Leo 1530-VP. The measurement was operated at an accelerating voltage of
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10 kV. The chemical composition of the surface and surface-near volume of the specimen was
investigated by Auger-electron spectroscopy (AES) depth profiling, as well as the local analy-
sis in a scanning Auger microscope (JEOL JAMP-7830F) equipped with a secondary electron
microscope. A focused 10 keV electron probe of 20 nm spot size was used to determine the

local composition at the regions of interest.
3.3.2 Electron energy loss spectroscopy

The chemical composition can be also analyzed through electron energy loss spectroscopy
(EELS). The measurements in the core-loss range were operated in a Zeiss EM912 Omega
microscope at 120 kV. The element mappings of the low-loss region were carried out at the
sub-elecronvolt sub-angstrom microscope ‘SESAM’ (Company Carl Zeiss, Germany) using
an accelerating voltage of 200 kV. The SESAM is equipped with field-emission gun, a sym-
metric electrostatic Omega-type electron monochromator and an in-column MANDOLINE
energy filter. A series of energy-filtered images were recorded in the range from 14 to 30 eV
using a slit of 0.45 eV. The acquisition time per frame was 10 s with a CCD binning of two.
The specimen drift in the image series was corrected by using the script “statistically deter-

mined spatial drift correction” (SDSD correction).!®%

3.4 Electrochemical performance characterization

To test the electrochemical performance of the Si thin films as anode material for Li ion bat-
teries, the samples were assembled into a Swagelok cell as working electrodes (Fig. 3.3). Pure
Li foil delivered by ‘Aldrich’ was used as the counter electrode. On the electrodes the glass
fiber (GF/D) from ‘Whatman’ was employed as the separator to the electrolyte. Between the
electrodes, 1 M LiPFg in a non-aqueous mixture of ethylene carbonate (EC) and dimethyl car-
bonate (DMC) with a volume ratio of 1:1 (Ube Industries Ltd) was filled as electrolyte. The
cells were assembled in an Ar-filled glove box. Subsequently, charge-discharge measure-
ments were performed at room temperature under different rates from 0.1C to 8C (1C denotes
the current density to theoretically achieve complete reaction to form Li»,Sis phase within 1 h)

in a voltage range of 0.01-1.5 V on an Arbin MSTAT battery test system.
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Fig. 3.3
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Chapter 4
Large-grained Si induced by Porous Al
Layer

Large-grained Si layers with good crystallographic quality can be applied as the seed layers
for further epitaxial thickening to be the thin film solar cells. Using a compact Al layer to in-
duce the crystallization of an amorphous Si layer, the crystallized Si with an average grain
size of 10 to 15 um is achieved. However, it is still a challenge to get even larger Si grains. In
this chapter, the crystallization behavior of an amorphous Si layer induced by a porous Al
layer will be investigated, to explore the difference on the crystallographic results and the

crystallization process to the compact Al layer.
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4.1 Fabrication

e Substrate Preparation

Before the layer deposition, glass substrates (Hevasil 102) were rinsed with ethanol in an ul-
trasonic cleaner to remove the contaminations on the surface. Subsequently, the substrates
were placed in a multi-target DC sputtering system with ultra-high vacuum. When the base
vacuum pressure reached below 1-107 mbar, the substrates were cleaned with Ar* ions for 1

minute.
e Layer Deposition

A 750 nm thick Al layer was deposited with an electrical power of 100 W under different bias
voltages varied from -100 to -200 V. As a reference sample, an Al layer with the same thick-
ness was coated on glass substrates. The electrical power was also 100 W without applying a
bias voltage. After sputtering the Al layer, a 1000 nm thick Si layer was deposited with an
electrical power of 100 W. The whole deposition progress was kept at room temperature. The
structures of these as-deposited samples are sketched like Fig. 4.1a.

On the other glass substrates the Al layer was coated with the same electrical power and the
bias voltages varied also from -100 to -200 V. After the deposition of the Al layer, they were
annealed in the oven under 333 mbar (250 torr) Ar atmospheres at 400 °C for 5 hours to form

a thin Al oxide layer. Afterwards a 1000 nm thick Si layer was deposited with 100 W in the

same sputtering chamber. The layer sequence is sketched like Fig. 4.1b.

Al oxide buffer layer
c-Al (750 nm) c-Al (750 nm)

a) Quarz b) Quarz

Fig. 4.1 Structure construction of Al-Si bilayer system

e Post Treatment

To find out the differences in the crystallization behavior of the amorphous Si, all samples
were investigated after annealing in a vacuum oven at 400 °C for 15 hour. Then they were
annealed further at the same temperature for longer time till a continuous c-Si layer was

formed.
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4.2 Results

4.2.1 Morphologies of Al layers

Compared to the compact Al thin film deposited with the normal conditions (Fig. 4.2a), a po-
rous Al layer can be formed with a bias voltage (Fig. 4.2b). Applying a bias voltage, Al ada-
toms are accelerated and fly to the substrate with higher kinetic energy. When the adatoms
reach the surface of the substrate, they need certain time to reach an equilibration position, to
form a compact layer. However, the next adatoms arrive too “quickly” at the surface. They
keep the earlier arrived adatoms from reaching the equilibration position. Therefore, atoms

are “frozen” in the nonequilibration positions and a porous layer can be formed.

Fig. 4.2  Surface morphology of Al layer prepared with different sputtering parameter: a) a compact

Al layer (without applying a bias voltage); b) a porous Al layer (with applying a bias voltage).

4.2.2 Grain growth of crystallized Si layer

Upon annealing at 400 °C for 15 hours, Al induces the crystallization of the amorphous Si.
Using the optical microscope, the microstructure of the crystallized Si is studied. Due to the
difference of the optical contrast between Al and Si, the crystallized Si can be distinguished
from the Al matrix (Al: bright phase in Fig. 4.3; Si: dark phase in Fig. 4.3).

In the compact Al layer, amorphous Si crystallizes all over the Al grain boundaries and trans-
its into small grains connecting to each other (Fig. 4.3a). In the porous Al layer (100 W with -
100 V bias voltage), Si crystallized in dendrites with much lower nucleation density and larg-

er grains (Fig. 4.3b). These crystallized large Si dendritic grains may consist of Si subgrains.
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Fig. 4.3 Optical microscopy image of crystallized Si grains after annealing at 400 °C for 15 hours: a)

with compact Al layer; b) with porous Al layer.

4.2.2.1 Crystallographic analysis of single Si grains

To analyze the crystallographic characters of a single large Si grain (such as grain orientation,
type of grain boundaries), EBSD measurements were performed. According to the results of
the color-coded orientation mapping (Fig. 4.4a), a large Si grain consists of subgrains with
different orientations. Since the lattice distortion deteriorates the sharpness, width as well as
the position of the Kikuchi-bands, the quality of the Kikuchi band indicates the distortion in
the Si lattice. The worse band contrast reflects the lower quality of Kikuchi band and the
higher distortion in the lattice due to the higher internal strain in the bulk of the subgrains
(Fig. 4.4b). Therefore, the local distortion in each Si subgrain can be investigated qualitatively
in this way. From characterizing the grain boundaries in a large Si grain (Fig. 4.4c), most of
these Si grain boundaries are CSL X3 boundaries (red lines in Fig. 4.4c). Sometimes, as a con-
sequence of the interaction between two CSL X3 boundaries, a CSL X9 boundary (purple lines
in Fig. 4.4c), i.e. the second order of CSL X3 boundary, is developed from the meeting points
of two CSL X3 boundaries. Combined with Fig. 4.4b the subgrains with higher band contrasts
(darker subgrains) have neighbours with lower band contrasts (brighter subgrains). It indicates
that the lattice distortion in the Si subgrains can be relaxed by the formation of the twins.
Since Si possesses relatively low stacking fault energy, the twins are constructed to reduce the
developed internal strain in the Si subgrains. CSL £3 has a much lower energy (30 mJ/m?)
than other CSL grain boundaries, for example X9 (664 J/m?).%% Therefore, the most formed
subgrain boundaries in the Si large grains are X3 boundaries.
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Fig. 4.4 EBSD images of a crystallized Si grain upon porous Al layer: a) orientation mapping; b) band
contrast (lowest quality in black, while highest quality in white); c) characterization of grain
boundaries (black lines are normal low angle grain boundaries, red lines are CSL X3 bounda-

ries and purple lines are CSL X9 boundaries).

J. Chen, D. Cavalcoli et al. proved by electron-beam-induced current that the recombination
activity between the conducting electrons and holes in these CSL boundaries is very weak.*>
81 Therefore, the existing of these CSL grain boundaries is not responsible for reducing the
efficiency of the thin film solar cells. The black lines in the mapping (Fig. 4.4c), the normal
low-angle grain boundaries, are the recombination centers between the conducting electrons
and holes. Therefore, the grain size of a Si grain could be defined as the grain area surrounded
by the normal low-angle grain boundaries (the black lines). The CSL boundaries (colored
lines) are not considered for the determination of the grain size.
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4.2.2.2 Crystallographic analysis of continuous c-Si layers

After further annealing, a continuous crystalline Si layer is formed. After the polishing with
the diamond suspensions, the exchanged Al in the upper layer could be removed. Using
EBSD measurements performed on the continuous c-Si layers in several different regions of
each sample, the crystallographic information about the grain size distribution and orientation
mapping can be obtained by the color-coded mappings.

The Si layer crystallized by a compact Al layer and without an Al oxide buffer layer possesses
the narrowest grain size distribution and the smallest average grain size, d = 1.1 um (Fig.
4.53). H. Kim et al. proved experimentally, with the aid of an alumina buffer layer, the aver-
age grain size of crystallized Si increased.®? Indeed, a compact Al layer with an Al oxide
buffer layer induces the crystallization of the Si layer with a wider grain size distribution and
a larger average grain size of 4.4 um (Fig. 4.5b). Compared to the above-mentioned cases, a
porous Al layer has a greater influence on the formation of large-grained Si layer than the Al
oxide buffer layer. In this case, the average Si grain size reaches to 12.4 um and the grain size
distribution of crystallized Si becomes much wider (Fig. 4.5¢). Some Si grains exceed 35 um.
Therefore, under both promoting influences (i.e. using a porous Al layer and an Al oxide
buffer layer), very large Si grains could be consequently formed. The average grain size of
this crystallized Si layer reaches 23.5 um. The maximal Si grains are over 90 um (Fig. 4.5d).
In additions, from Fig. 4.5d it is obvious that there are much fewer twin boundaries in (100)
grains (grains in red) than in the grains with other orientations (grains in other colors), be-

cause the (100) planes are less densely packed planes.
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buffer layer (orange).
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4.3 Discussion

4.3.1 Crystallization of Si induced by a porous Al layer

In the compact Al layer, every Al grain boundary is ready to be wetted by the ‘free’ Si atoms.
As soon as the a-Si wetting layer exceeds the critical thickness, Si nucleates in the Al grain
boundaries (Fig. 4.6a).°” As a consequence, due to the high nucleation density, Si can hardly

crystallize into large grains.
a) . g oA AR g

Fig. 4.6 Cross-section of annealed samples with different Al layers: a) in the compact Al layer Si crys-
tallized generally all over the Al grain boundaries (annealed at 400 °C for 1 hour); b) in po-
rous Al layer Si diffused along the inner surface of the pores in Al layer and then crystallized

heterogeneous on the surface of substrate (annealed at 400 °C for 15 h).

In contrast, the crystallized Si grains induced by a porous Al layer are much larger (Fig. 4.6b
comparing with Fig. 4.6a). In the porous Al layer, Al grain boundaries can be partially con-
taminated by O. These contaminated Al grain boundaries are not likely the active nucleation
site for amorphous Si. Furthermore, the porous structure of Al possesses overall lower density
of Al grain boundaries. It leads to lower nucleation probability of c-Si in the Al grain bounda-
ries and thereby the formation of large Si grains. Unlike the crystallization of Si induced by
the compact Al layer, Si deposited on the porous Al layer crystallizes heterogeneously on the
glass substrate (comparing Fig. 4.6a and b)

Fig. 4.7 describes schematically the above-discussed crystallization mechanism of Si. Due to
the high deposition rate many defects can be formed within the bulk Al grains, e.g. vacancies,
dislocations. At the certain high annealing temperature (e.g. 400 °C) the intragranular diffu-
sion, which involves the pipe and lattice diffusion, should occur (violet arrow Fig. 4.7). On
the other hand, the inner surface of pores in Al layer offers another convenient diffusion path
for the Si atoms (red line in Fig. 4.7). Therefore, a collective diffusion process can take place.
During the annealing the free Si atoms can move through the Al grains by the intragranular
diffusion. Once they reach the pores in Al grains, they would diffuse along the inner side in
the Al pores till the surface of the substrate. As soon as the critical thickness of crystallization
is reached, Si nucleated heterogeneously on the surface of the substrate and grew laterally
further (Fig. 4.7). From these two reasons the large crystalline Si grains can be developed by a
porous Al layer. However, due to lower nucleation density, lower effective diffusivity and
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longer diffusion path, the formation of a continuous crystalline Si layer needs more time com-

paring to the crystallization induced by a compact Al layer.
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Fig. 4.7  Crystallization process of amorphous Si in porous Al layer

4.3.2 Texture evolution of Si in dependence on the grain size

With the aid of the EBSD color-coded mapping (Fig. 4.5), the grain orientation distribution in
dependence on the average grain size can be investigated.(Fig. 4.8) Fig. 4.8 shows that the
fraction of the (111) orientated Si grains decreases with increasing Si grain size, while the
fraction of (100) Si grains increases.

Generally, the texture development in thin films is controlled by the minimization of its total
energy which consists of elastic strain, interface and grain boundary energy.'®? Therefore, the
total energy in the case of the Al induced crystallized Si layer can be described:

AG = AG, + AG; + +AGgp Eq.13

AG,, AGj and AGgg stand for the elastic strain energy developed in crystallized Si layer, the
difference in the interface energy between a-Si and Si grains to the glass substrate and total

grain boundary energy.
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Fig. 4.8 Texture frequency in dependence on the grain size of the crystalline Si

As a consequence of the asymmetric diffusion between Si atoms in Al layer and Al atoms in
Si layer, an internal stress would be developed during annealing.>* With the further continu-
ous growth of the crystalline Si, the internal stress i.e. the elastic strain energy AW, increased.
Analog to the model from J. M. Zhang and P. Sonnweber-Ribic,'®* ¢ the elastic strain energy

developed in crystallized Si layer AG, can be described by:

AG, = Z xi " (Muiy — Ma_s;) - €2 Eq.14
x; stands for the fraction of the grains in every orientation. ¢ means the elastic lattice strain in
the Si grain with (hkl) orientation. My, Masi express respectively the elastic modulus in
(hkI) Si grains and amorphous Si.
Based on the suggestion from P. Sonnweber-Ribic,®? the change of the total interface energy
AG; during the crystallization of Si layer with a constant thickness h can be calculated by:

Vi ~ Via—s;i
AG, = zxi ( i(hkl) - ia Sl) Eq.15

iy and y;,_; stand for the interface energies of the Si grains with (hkl) orientation and

amorphous Si to the glass substrate. h means in this case the thickness of the Si layer.

The grain boundary energy in the whole c-Si layer can be expressed by:

1
AGgp = 7 z xGB; * AYGB; Eq.16
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7 notes the average grain size in the crystalline Si layer. xgg, and Ay g, stand for the fractions
of the different grain boundaries and the corresponding grain boundary energy, respectively.

According to four above-mentioned factors, the change of the favored texture in Fig. 4.8 can
be explained by the following. (111)-orientated Si grains have lower interface energy to the
substrate but higher strain energy as compared to the (100)-orientated Si grains. To minimize
the total energy of the whole system, the texture with the favorite orientation develops in de-
pendence on whether AG, or AG; dominates. With a small average grain size of Si, the total
system energy can be reduced by more (111) Si texture because the (111) interface energy
dominates. With the increasing grain size of Si, the strain energy and grain boundary energy
become dominant. The total system energy can be reduced through the development of (100)
Si texture Fig. 4.8 indicates that there exists a transition from (111)-texture to (100)-texture of

the formed c-Si layer upon a critical average grain size of Si.

4.4 Conclusion

The porous Al layer has a positive influence on the formation of a large-grained Si layer. The
grain boundary diffusion of Si in the Al layer can be retarded due to the contaminations in the
Al grain boundaries. At relatively high temperatures, a collective diffusion process could be
activated in this case. Besides the retarded grain boundary diffusion of Si in the porous Al
layer, the free Si atoms can also diffuse through the bulk Al grains via the defects in the Al
grains, e.g. dislocations, vacancies. Moreover, the Si atom also diffused along the inner sur-
face of the pores in Al layer. This whole collective diffusion process leads to a lower nuclea-
tion density and slower crystallization velocity. This influence can be even enhanced with an
Al oxide buffer layer.

To reduce the developed internal stress during the crystallization, many CSL X3 twin grain
boundaries are formed in the large Si grains except in the grains with (100) orientation. Due to
the low recombination activity in these twin grain boundaries, the grain size of Si can be de-
fined by the surrounded normal grain boundaries. With the increasing of the grain size the
distortion energy will be dominant. Above a critical grain size the Si grain prefers to develop
the (100) texture.






Chapter 5
Porous Si Layer by Al-induced Crystal-

lization

Si is one of the most attractive candidates as anode material for the high capacity Li ion bat-
teries. Due to the huge volume expansion during the lithiation, a porous structure of the Si
layer is required to increase the durability. The porous structure of the Si layers is achieved by
interrupting the post treatment of the Al-induced crystallization process of the nanocrzstalline
Al/amorphous Si bilayers. The crystallized porous Si layers are investigated with different
methods, such as TEM, SEM, FIB AES, XPS etc. To test their electrochemical performances,
they are mounted in a Swagelok-cell as working electrodes. The thermodynamic and Kinetic

fundamentals of the formation of these porous Si layer are discussed in the following sections.
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5.1 Fabrication

e Substrate Preparation

Pure Ti foils (99.6%, Goodfellow) or pure Ni plates were used as substrates for the deposition
of Si/Al bilayers. The substrates were cleaned with ethanol in ultrasonic bath to remove or-

ganic contaminants from the surface before film deposition.
e Layer Deposition

After reaching a background vacuum pressure less than 1x10” mbar, the substrates were
cleaned with Ar” ions for 1 min. The Si/Al bilayers were deposited by sequentially sputtering
Si target and Al target in a high-vacuum multi-target DC sputtering system. At first, a 1500
nm thick Si layer was deposited by using a sputtering power of 100 W in an Ar atmosphere of
5.9x10° mbar, followed by depositing a Al layer in different thickness (from 150 nm to 1500
nm) with 200 W under the same Ar pressure. The deposition processes were accomplished
under room temperature. The Al/Si bilayers were constructed as shown in Fig. 5.1

c-Al (1500 nm) c-Al (150 nm)
a) Ti (or Ni) b) Ti

Fig.5.1 Structure construction of Al/Si bilayer system for Li ion battery

e Post Treatment

The deposited Si/Al samples were then annealed in a vacuum oven at different temperatures
(varied from 180 °C to 600 °C) for different time (varied from 5 minutes to 80 hours) to find
out the optimal annealing conditions to build the suitable morphologies of the Si layer as an-

ode materials.

e Chemical Etching

The annealed samples were further etched by 1 mol/L NaOH solution to remove Al, which
served as sacrificial template. Finally, they were flushed with distilled water and dried with
Ar.
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5.2 Results

5.2.1 Crystallization of a-Si at different temperatures

It is known that the different diffusion processes can be activated at different temperatures. To
investigate the influences of the annealing temperature on the morphology of the porous Si
layer, the samples were annealed at different temperatures and characterized with different
methods.

5.2.1.1 Crystallization of a-Si below the eutectic point
e Crystallization of a-Si in Al triple junctions

An a-Si/c-Al bilayer sample (the deposited layer sequence is sketched in Fig. 5.1a) was an-
nealed at 200 °C (i.e. much lower than the eutectic point of Al-Si system 577 °C) for 60
hours. Fig. 5.2 is a secondary electon image of the structure and the yellow circles mark out
the Si diffused from the layer underneath. Therefore, it can deduce that the Si diffuse along
the triple junctions of Al grains rather than along the planar Al grain boundaries at this tem-

perature.

Fig. 5.2  Al/Si bilayers that were annealed at 200 °C for 10 hours crystallized in the triple junction of Al

grains at first (the yellow circles are c-Si)

Fig. 5.3 shows the cross-section of an a-Si/c-Al bilayer sample. From the different material
contrasts, Al and Si can be easily distinguished from each other. In Fig. 5.3a (bright phase: Al;
dark phase: Si), it could be observed that Si diffused upwards into the Al layer, while Al
moved downwards into the original a-Si layer. The Si atoms prefer to diffuse vertically and
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the diffusion trails are thin and long in the direction of z-axis. After etching of Al, porous Si
frameworks are developed in the upper layer, while many nano-sized pores are formed in the

lower layer.

after etching

Fig. 5.3 Cross-section of Al induced crystalline Si at 200 °C for 60 h: a) before etching (bright phase:
Al; dark phase Si); b) after etching.®

After the selective etching of the Al component, the surface morphology of the crystallized Si
layer can be inspected by scanning electron microscopy (SEM) (Fig. 5.4). The nano-sized thin

frameworks consisted of c-Si are developed on the surface (Fig. 5.4).

Fig. 5.4  Overview surface SEM images of porous Si films annealed at 200 °C for 60 hours (a) and the

corresponding overview SEM images with 45 tilt (b)

e Crystallization of a-Si in Al grain boundaries

An a-Si/c-Al bilayer fabricated structurally like Fig. 5.1a was annealed in a vacuum oven at
450 °C (i.e. slightly under the eutectic point of Al-Si system of 577 °C) for 30 min. Al com-
ponent was etched with alkali solution.

Fig. 5.5 shows the corresponding microstructures by focused ion beam microscopy (FIB) and
scanning electron microscopy (SEM). The initial a-Si/c-Al bilayer with Al on top was depos-
ited on a polished Ti foil substrate at room temperature. The distinct interface between the Si
and Al sublayers is seen by the contrast of the FIB image (Fig. 5.5a). The structural state of
the samples after annealing is depicted in Fig. 5.5b. Si diffused upwards into the Al layer,



Porous Si Layer by Al-induced Crystallization 35

likely along the Al grain boundaries. Al penetrated into the area of the initial a-Si. At a certain
stage, a discontinuous c-Si layer formed above the original a-Si sublayer (called the primary
crystallized Si, PC-Si) as shown in Fig. 5.5c. After an alkali solution removed practically the
entire Al, this layer was only loosely connected to the substrate-attached Si by statistically
distributed 'bridges’. This remaining frail Si layer was easily removed by washing with dis-
tilled water, probably aided by the development of a compressive stress field as outlined be-
low. A final nano-columnar architecture was left attaching to the substrate as shown in Fig.
5.5d, e and f.
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; L T
SC-Si + exchanged Al

Fig. 5.5 Cross-sectional FIB images: a) before annealing, Al layer (bright) was deposited on Si layer
(dark); b) after annealing at 450 °C for 30 min; c) after etching with NaOH solution; d) final
columnar structure of SC-Si; €) shows the overview surface SEM images of Al,Os-coated SC-
Si nano-columns annealed at 450 °C for 30 minutes and the corresponding overview SEM im-
ages with 45 tilt ).1% %!

An amorphous Si layer was fabricated as reference sample, which is evidenced by the corre-
sponding X-ray diffraction (XRD) analysis (green curve in Fig. 5.6). After the annealing of a-
Si/c-Al bilayer sample under vacuum, the Si (111), (220) and (311) peaks were detected (red
curve in Fig. 5.6), which confirmed the crystallization of a-Si. As indicated by the disappear-
ance of Al peaks (blue curve in Fig. 5.6) the Al layer was etched with the alkali solution. The
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loose PC-Si layer was flushed away during the cleaning with distilled water, which is reflect-

ed by the weakened Si peaks.

Al(111)
5,‘&1/11) Si(220) si(311)
\‘/ A .4 (c) after etching
Ve 7
- A~ (b) after annealing

T Ti Ti Ti =
Ti i '
A\ o — (a) as-deposited

30 40 50 60 70 80
2-Theta-Scale

Fig. 5.6 XRD patterns of the sample at the different stage: a) as-deposited Si film (green); b) Al/Si
bilayer after annealing at 450°C for 30 min (red); c) nano-columnar SC-Si thick film after an-

nealing and Al etching (blue) on Ti substrates. The diffraction peaks of Ti substrate, Al tem-

plate, Si active material are labelled.[%* %!

The processing steps to fabricate Si films with a nano-columnar microstructure are summa-
rized in Fig. 5.7. An a-Si/c-Al bilayer is deposited on a conductive substrate, which doesn’t
react with Li ion electrolyte, likewise Ti, Cu, Ni, TiN. According to the interpretation from Z.
M. Wang, the formation of this corrugated c-Si layer is the result from the intermixing be-
tween Si and Al and Al induced crystallization of Si.’% 5% The diffusion of Si in Al grain
boundary plays a very important role. However, at this intermediate annealing temperature
(450 °C), some other diffusion processes could also be activated, e.g. volume diffusion.
Which diffusion process is dominant, will be discussed in the following section. During an-
nealing, the ‘free’ Si atoms diffuse practically into the Al grain boundaries to reduce the grain
boundary energy of Al. Exceeding a critical thickness, Si crystallizes in the Al grain bounda-
ries. Simultaneously, the Al atoms squeeze downwards into the original a-Si sublayer. With
further annealing, the intermixing proceeds until Si- and Al-layers are progressively ex-
changed. At a certain stage, a discontinuous c-Si is formed above the original a-Si sublayer.
This crystalline Si layer is named primary crystallized Si (PC-Si). Due to the intermixed Al,
the lower a-Si layer also begins to crystallize. The crystallized Si in the lower original a-Si
sublayer is called secondary crystallized Si (SC-Si). The intermixing between Al and Si layer
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evolutes the compressive stress in upper original c-Al sublayer and the tensile stress in lower
original a-Si sublayer.® As a consequence of the build-up of this large stress gradient at the
interface between upper and lower layer, the PC-Si layer is loosely connected to the SC-Si
after the etching of the Al. The remaining frail PC-Si layer could be easily removed by wash-

ing with distilled water. Finally, the nano-columnar architecture is developed.

GB wetting by a-Si Si crystallization at GBs

Iadadnd

e Anneal

N

o et ]
Squeezing Al into a-Si
& forming a-Si+Al zones  Anneal

Lateral grain growth of PC-Si
PPN,

_ PC-Si
SC-Si
AI ZTCh Anneal S
Hake
Construction of SC-Si+Al Forming SC-Si+a-Si+Al zones
Nano-columns Layer exchange

Fig. 5.7  Annealing/etching steps to construct nano-columnar Si thick films from Al/Si bilayers. It in-
cludes (1) Al grain boundary wetting and splitting by a-Si, (2) crystallization of a-Si and crys-
talline Si growth at Al grain boundaries, (3) transport of Al downwards into original a-Si,
leading to secondary crystallization of Si therein, (4) Al-induced layer exchange, (5) etching off
Al and leaving behind nanostructured Si thick films.

5.2.1.2 Crystallization of a-Si above the eutectic point

The Si porous framework is in this work prepared as thick film by starting with the deposition
in a high-vacuum multi-target direct-current (DC) sputtering system of an Al/Si bilayer with
asymmetric sublayer thicknesses (i.e.1500 nm for Si and 150 nm for Al, sketched like Fig.
5.1b). A polished Ti foil substrate kept at room temperature serves as substrate. A cross-
sectional focused-ion-beam (FIB) image of as-deposited film specimen is shown in Fig. 5.8a.
The specimens with a-Si/c-Al bilayers were annealed in a vacuum oven at 600 °C (i.e. slightly
above the eutectic point of Al-Si system of 577 °C) for 30 min, followed by fast cooling to
room temperature within 2 minutes. Compared to the as-deposited specimen (Fig. 5.8a), a
nearly continuous Si film (dark phase in Fig. 5.8b) with a thickness of about 150 nm has

formed at the original location of Al overlayer (bright phase in Fig. 5.8a) which is similar to
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the samples annealed below eutectic temperature. The observed exchange of Al and Si sub-
layer sequence upon annealing at 600 °C is associated with the Al-induced crystallization of
a-Sil®! at temperatures that are lower than the bulk crystallization temperature of a-Si (about
700 °C*N). The Al-induced crystallization of a-Si has been reported in literature to occur at
temperatures both below ©® and above **! the eutectic point (577 °C) of Al-Si. The layer ex-
change of Al and Si layers is a result of the continuous growth of Si crystallites exclusively in
the Al layer during the crystallization.™® The exchanged Al exists mainly in a large amount of
small droplet-like precipitates (bright spots) within the original Si sublayer (see the cross-
sectional FIB image of Fig. 5.8 b). At last step, the annealed specimen was rinsed in NaOH
solution (to selectively etch off the Al), flushed with distilled water and finally dried with Ar.
As a result of the described procedures, a nano-porous Si framework structure has been gen-

erated, as clearly shown in Fig. 5.8¢c and e. The Si frameworks are highly porous, containing a

very high density of nano-porous.

a) (‘ Al

b) exchanged c-Si

Fig. 5.8 Overview and cross-section images of nanoporous c-Si frameworks annealed at 600 °C for 30
min: a)-c) cross-sectional FIB images of microstructure evolution in the sample with a ratio
between Si and Al 10:1 in different fabrication stages: a) before annealing; b) after annealing
but without etching (upper layer: continuous exchanged c-Si; lower layer: bright phase: Al-
droplets; dark phase: eutectic c-Si); c) after etching, (nano-porous c-Si frameworks); d) top
view which was sputtered with FIB to polish the upper exchanged Si layer away (bright phase:

Al nano droplets, dark phase: c-Si matrix); e) top view of the nanoporous c-Si frameworks.[%*

69]
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Detailed investigations of the annealed Al/Si specimens have been carried out in order to find
out the formation mechanism of the nano-porous Si frameworks. Fig. 5.8d shows a high-
magnification SEM image of the annealed specimen. The exchanged c-Si overlayer was re-
moved by ion sputtering. The Al-rich precipitates (investigated in the latter section) located in
the Si bottom film and distributed homogenously (bright phase in Fig. 5.8d). These nano-
sized Al-rich precipitates are mostly spherical with diameters of only about 10 nm to 100 nm.

Some of them are interconnected to each other.

Ti
I e | (a) Ti-Substrate
Al (111) Al (220)

\
/ (b) as-deposited

+~51(311)
/ L/\ | A L (c) after annealing

si (119 |'s 320,
N k- L (d) after etching

T 3 T b T ¢ T b T

30 40 50 60 70
Angle (°)
Fig. 5.9 Characterization by XRD of the sample with a 10:1 ratio between Si and Al in different fabri-

cation stages: green line: reference measurement of Ti-substrate; red line: as-deposited Al/a-Si

bilayer; blue line: after annealing of the Al/Si bilayer at 600 °C for 30 min; purple line: after

further etching of the annealed Al/Si bilayer.[®* ¢

In the XRD pattern of the annealed specimen, the Al-induced crystallization of a-Si is clearly
evidenced by the appearance of strong diffraction peaks of Si(111), Si(220) and Si(311) (blue
line in Fig. 5.9) comparing to the diffraction pattern of the as-deposited sample (red line in
Fig. 5.9). At the same time, the “exchanged” Al has now diffused into the original a-Si sub-
layer (observed by Fig. 5.8b). At the annealing temperature of 600 °C (i.e. above Teytectic =577
°C), Al would melt eutectically with about 13 at.% Si content (according to the Al-Si phase
diagram) and form plenty of these nanosized eutectic melt droplets distributed throughout the
Si layer (Fig. 5.8b and d). In the XRD pattern of the annealed specimen (blue line in Fig. 5.9),
diffraction peaks corresponding to crystalline Al have indeed disappeared, further evidencing
the formation of Al-Si eutectic droplets. It follows that, upon fast cooling of the specimen

after annealing (600 K/min), these eutectic Al-13%Si melt droplets have solidified rapidly
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without crystallization and phase separation, and thereby are in an amorphous alloy state after
cooling to room temperature. By rinsing the annealed specimen in NaOH solution, the inter-
connected Al-13%Si nano droplets distributed throughout the Si layer can selectively be
etched off, thus generating a highly nanoporous Si framework. After flushing of the etched
specimen with distilled water, large parts of the c-Si overlayer has been washed away under
the effect of its residual stresses.® Correspondingly, the diffraction peaks related to c-Si have
pronouncedly decreased (purple line in Fig. 5.9). As a result of the above procedures, a highly
nanoporous Si framework is consequently generated; see e.g. Fig. 5.8e. The observed very
weak diffraction peaks of c-Si of the specimen indicate that the nanoporous Si framework is

partially nanocrystalline.
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Fig. 5.10 a) Molar concentration depth profile of the Al/Si bilayer sample after annealing by Auger

electron spectroscopy (AES); b) surface secondary electron image of the lower layer with AES
spots at different area (P1 at the dark area, P2 at the bright area). The sample was ion-etched
with Ga ions to remove the upper layer away; c) AES analysis from P1 and P2. For P1 a

strong Si signal is seen and the Al signal is very weak, whereas for P2 both signals are
evident.[®]
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Auger electron spectroscopy (AES) depth profiling was used to obtain the elemental concen-
tration-depth profiles of the annealed Al-Si bilayer as shown in Fig. 5.10a. It confirms the
occurrence of almost complete exchange of Al and Si with the observation of ~100 at.% Si at
the top layer (~ 150 nm) and negligible Al at the same location. Instead, a nearly constant Al
molar concentration of about 10% is observed across the lower layer zone with about 90 at.%
Si, indicating the uniform diffusion and distribution of Al-rich droplets in the Si matrix. Note
that the interface between the lower layer and the Ti substrate appears to be broad in the AES
depth profile. The rough surface of the Ti substrate may lead to this phenomenon. Moreover,
an interdiffusion between Si and Ti may have occurred during annealing at this temperature
and led to interfacial Ti silicides,/®! which are likely amorphous due to the lack of corre-
sponding X-ray diffraction peaks (Fig. 5.9¢). Such interfacial reaction could promote the close
contact of active materials with substrate surface, suppress their delamination, facilitate elec-
tron transport from substrate, and be responsible for the improvement of electrochemical per-
formance as discussed below. The local elemental distribution in the sample has been investi-
gated by AES local analysis. The top view SEM image (Fig. 5.10b) and the following spot
AES-spectra (Fig. 5.10c) deduce that the dark matrix region (P1 in Fig. 5.10b) is correspond-
ing to practically pure Si (green curve in Fig. 5.10c), whereas the bright droplets region (P2 in
Fig. 5.10b) contains an Al-rich phase (red curve in Fig. 5.10c).
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Fig.5.11 Procedure to fabricate the Si-frameworks with nanoporous structure from Al/Si bilayers,
which is with a Al/Si ratio 1 to 10.1%!

Fig. 5.11 summarizes the whole procedure to fabricate the Si frameworks with nano-porous

structure. During the annealing the Al diffuses downwards into the original a-Si layer similar
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to the case of the annealing below the eutectic temperature. The difference is that Al-Si eutec-
tic liquid phase forms above the eutectic temperature instead of solid Al precipitations. Simul-
taneously, Si ‘free’ atoms migrate into the original c-Al layer and crystallize there. So the
layer exchange occurrs in the sample annealed above the eutectic temperature just in the same
manner as below the eutectic temperature. Due to the fast cooling by gas flow of Ar, the Al-Si
eutectic liquid phase solidified into a nonequilibrium Al-Si solid phase, which forms an inter-
connected network. With the aid of alkali solution this nonequilibrium AIl-Si phase can be
etched away. The upper exchanged c-Si layer will be detached automatically due to the inter-
nal stress,®* which is induced by the asymmetric diffusion between the Si and Al layer. Final-

ly, the nano-porous Si frameworks remain.
5.2.2 Chemical composition of oxide coating after selective etching

After the selective etching of Al with NaOH solution, X-ray photoelectron spectroscopy (XPS)

is performed to investigate the chemical composition of the sample.
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Fig. 5.12 XPS spectra of Si 2p, Al 2p of oxide-coated a-Si thick film and that after surface sputtering
clean by Ar* for 10 min (20 nm deep from sample surface). The oxide coating layer of about 20

nm thickness consists of components such as SiO,, Al,O3; formed by either natural oxidation or

alkali etching_l64, 65]

The blue curves in Fig. 5.12 are received from the surface of the crystallized Si after selec-
tively etching of Al. Within the XPS information depth of a few nanometers, the surface layer
consists of Si (99.4 eV), SiO, (103.3 eV, possibly formed by natural oxidation),!"® Al (75.3
eV) and Na (1072.5 eV). These signals decay away practically within 20 nm into the depth as
seen by the signals taken at a respective surface exposed by 1 keV Ar” ion sputtering for 10
min, see red curve in Fig. 5.12. As the information depth of XPS is only about 5 nm, this ob-

servation indicates the presence of a thin oxide coating of about a few nm thickness on the
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surface. From the reaction with CO, (from ambience atmosphere) it is understandable that
small amounts of Al,O3; and Na,CO3 remain at the surface after etching wash and drying in Ar
flow.!% 7

High-resolution transmission electron microscopy (HRTEM) and electron energy-loss spec-
troscopy (EELS) provide another way to investigate the atomic structure and composition of
Si-based porous framework, respectively (Fig. 5.13). The HRTEM cross-section through the
Si-based porous framework (Fig. 5.13a) shows an amorphous nanoscale layer approximately
5 nm thick encapsulating the inner crystalline phase. From the EELS core-loss spectra (solid
line in Fig. 5.13b), the Al and Si signals are both detected in the specimen based on the stand-
ard values referred to [73]. After removing the background signal, the L,3 edge spectrum from
Al was received at 75 eV (red solid curve in Fig. 5.13b), which is comparable to the referen-
tial standard spectrum referred to [73] (red dotted line in Fig. 5.13b). At 1840 eV another edge
spectrum was also found (green solid line in Fig. 5.13b). Referring to [73] (red dotted line in
Fig. 5.13b) it belongs to the Si K-edge spectrum.

However, Al, Si and their oxides can be hardly distinguished from each other in the core-loss
spectrum. In order to discriminate the chemical bond status of Al and Si we resort to the ener-
gy-filtering transmission electron microscopy (EFTEM) mapping at the low-loss EELS spec-
tra (Fig. 5.13d)."¥ By using the Non-Linear Least Squares Fitting (NLLS) technique, the
plasmon peak position of the spectrum from every pixel could be determined. Such low-loss
EELS spectra have been used for elemental mapping and the lower micrograph of Fig. 5.13c
shows a respective color-coded overlay of the pixel-wise analysis. Inside the specimen the
peak of almost every pixel (e.g. P1 in Fig. 5.13c) locates at 17 eV in the low-loss EELS spec-
tra (green solid curve in Fig. 5.13d). It is the characteristic signal of pure Si (green dotted
curve in Fig. 4d), which is quite different from its oxide (green dashed curve in Fig. 5.13d)
and also different from Al and its oxide (red dotted and dashed curve in Fig. 5.13d). Com-
bined with the HRTEM image (Fig. 5.13a), it indicates that the inner green region in Fig.
5.13c consists of c-Si. Consequently, the Al signal in the core-loss spectra (red solid curve in
Fig. 4b) can only result from the outer region of the samples. The spectra of pixels at the outer
region (e.g. P2 in Fig. 5.13c and red solid curve in Fig. 5.13d) have an obvious maximum at
24 eV, in accordance with the reference values of Al and Si oxides staying at 24 eV (red dot-
ted and green dashed lines in Fig. 5.13d), but different from the signal of pure Al or Si with a
peak at 15 eV or 17 eV (red dashed or green dotted line in Fig. 5.13b). Thus, this amorphous
surface layer consisting of Al and Si oxide with several nanometers is successfully investigat-

ed with different measurements.
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Fig.5.13 a) HRTEM image of the same specimen: an amorphous Al oxide layer formed on c-Si surface;
b) EELS core-loss spectra of specimen after etching (red solid line for Al and green for Si).
The reference values of Al and Si components are also labeled (corresponding dotted lines): Al
L,s-edge spectrum without background (red) and Si K-edge spectrum without background
(green); c) Bright-field image (above) and overlaid colored-coded (red for Al oxide and green
for Si) EFTEM-mapping (below) based on plasmon peak positions (see d); d) EELS low loss-
spectra taken from area marked by the dots P1 (green curve) and P2 (red curve). The refer-
ence spectra of Al, Si and their oxides are also labeled as a comparison.’®”
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To test the influence of the oxide layer on the electrochemical performance of Si anode mini-
mized the influences from other factors, a reference sample of pure amorphous Si layer was
fabricated, e.g. the same thick amorphous Si layers deposited on the same substrate (Ti-foils)
with the same sputtering parameter. The electrochemical experimental condition was the same
as the sample with a conformal oxide coating. Fig. 5.14 shows the comparison of the gal-
vanostatic performance between the uncoated a-Si (red points in Fig. 5.14) and oxide coated
a-Si (blue points in Fig. 5.14) under the same charge velocity (0.1 C). Due to the irreversible
continual phase transformation between the Si electrode and the organic electrolyte during the
cycling, ™ the charge capacity faded very fast in the uncoated a-Si within the first several
cycles (red solid points in Fig. 5.14). This newly formed phase is named solid electrolyte in-
terphase (SEI). In addition, it caused also the lower coulombic efficiency. As it is seen in Fig.
5.14, the coulombic efficiency in the uncoated a-Si varies from 40 % to maximal 80 % (red
hollow points in Fig. 5.14). The coulombic efficiency in the oxide coated a-Si stayed always
at almost 100 % (blue hollow points in Fig. 5.14). According to the experimental results from
Y. He et al., ¥ the surfacial Al oxide can prevent the reaction of Si anode with the electrolyte,
to form the SEI layer. Furthermore, this Al oxide layer is also a mechanical enforcement

against the volume expansion in the Si layer during the lithiation process.[**!
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Fig.5.14 The charge capacity at 0.1C under a cycling up to 30 cycles: red points: uncoated a-Si; blue
points: alumina coated a-Si. The hollow and the solid points indicate respectively the cou-
lombic efficiency and the charge capacity of the specimens. The coulombic efficiency of un-
coated specimen is much lower than the coated one. Within the first cyclings the charge capac-

ity of uncoated a-Si faded very fast.[®
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5.2.3 Electrochemical performances of porous Si layers

By purposely interrupting the crystalline Si layer growth at the different temperatures, various
porous structures are developed. To inspect their suitability as the anode material of lithium

ion batteries, the electrochemical performances of these porous Si films were tested.
5.2.3.1 Highly corrugated Si layer below the eutectic point

The highly corrugated Si film, which was annealed at 450 °C for 30 minutes, was amount in
the Swagelok-cell as work electrode. As reference specimen, a compact amorphous Si film
with the same thickness and also coated with Al oxide was also tested simultaneously. Fig.
5.15 shows the voltage vs. capacity plot of Al oxide coated massive amorphous and porous
crystalline Si film. During the first discharge on the amorphous Si film the voltage decreases
steadily with the calculated capacity (Fig. 5.15a), while the first voltage curve of the crystal-
line Si film shows a plateau below 0.1 V, which agreed with its crystalline character (Fig.
5.15b). The following discharge curves of the porous crystalline Si film become sloped with
enhanced reaction voltage ranging from 0.3 to 0.01 V (Fig. 5.15b), which is similar to the
amorphous Si (Fig. 5.15a). It indicates an irreversible amorphization of the c-Si during the

first lithiation as reported before.[’®!

S 2.0 AIZO3 coated a-Si (a) o 20{ ——1st | q (b)
< = ——2nd Al O, coated SC-Si
A ) —1st | S
S 15, 31th-35th ord| o 151 3rd 2
= 3d | & 4th
2 1.0 — 4 | 10{ ——s5th 0.5C
T T
3 _ —s5th | S
= 05 —0.1C g o5
5 °

0.0 0.0

0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500
Capacity (mAh/qg) Capacity (mAh/g)

Fig.5.15 Comparision of electrochemical testing between the Al,Os-coated a-Si and SC-Si films: Volt-
age vs capacity profiles of Al,Os-coated a-Si (a) and SC-Si thick films (b) as anodes at 0.1C or
0.5 C during the first five cycles or the later cycles at 0.01-1.5 V.1

The charge capacity of the massive amorphous Si film increases in the first 30 cycles, then
fades very quickly. Up to 500 cycles its capacity is less than 250 mAh/g (blue curve in Fig.
5.16). Benefiting from the porous structure and conformal oxide layer to buffer the volume
expansion, the crystalline film displays a significantly better cyclability up to 500 cycles (red
curve in Fig. 5.16). Although there is a capacity loss in the first 50 cycles, the charge capacity
recovered to 2000 mAh/g up to 150 cycles. In the following 150 to 500 cycles the charge ca-
pacity kept a high performance.
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Fig. 5.16

The charge capacity of the both samples was also tested with different charge rates from 0.1 C
to 8 C (here unit C stands for capacity. 0.1 C means that 10 hours are needed to charge the
battery to its theoretical full capacity). Fig. 5.17a shows the charge capacity of the oxide layer
coated compact amorphous Si. Up to 0.5 C it performs well with a high capacity without an
obvious fading at about 2500 mAh/g, in the initial state. But with 2 C the capacity becomes
very low and decreases very quickly. Within 10 cycles it reduces from about 1000 mAh/g to
less than 500 mAh/g. In contrast, the porous crystalline Si with oxide layer coated preserves a
very good capacity under high charge rates (Fig. 5.17b). Even with 8 C its capacity stays still
more than 1000 mAh/g.
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Fig. 5.17  The charge capacity of coated a-Si (a) and SC-Si (b) thick films were tested with different rates

from 0.1C to 8C.[64 65

From the curve of the charge capacity vs. the cycle number (Fig. 5.16) it could be divided into
three stages: initial stage, intermediate stage and final stage. At the initial stage the charge
capacity fades very quickly. It is likely caused by the contact loss between the main part and
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the top or side edge part of SC-Si columns. In the intermediate stage the capacity recovers
slightly. It can be attributed to the more exposure of newly formed Si facets to electrolyte dur-
ing the electrochemical activation. The good retention of capacity in the final stage is indicat-
ed by the SEM morphology after longterm cycling (Fig. 5.18), wherein the inter-column

spaces are moderately filled to tolerate volume extrusion.

Fig.5.18 Surface SEM images of Al,O;-coated SC-Si thick film after longterm cycling. It is found that
the original inter-column spaces are moderately filled due to volume expansion during long-
term lithiation/delithiation. Macroscopically, no serious cracking and islanding phenomena

can be observed as opposed to the case of as-deposited a-Si thick films.

5.2.3.2 Porous Si frameworks above the eutectic point

To test the electrochemical performance, the nano-porous Si framework, which was annealed
at 600 °C for 30 minutes, was assembled in the Swagelok-type cell as working electrode. Fig.
5.19a indicates the galvanostatic performance of the porous Si frameworks in the additive-free
electrolyte. Note that there is a sloped electrochemical curve with a substantial capacity of
~500 mAh/g during the first lithiation from 1.5 V to 0.1 V, where a typical plateau curve is
followed until the ending of discharge. The voltage plateau is the feature of lithiating poly-Si,
which however disappears in the following discharge curves (instead displaying sloped dis-
charge curves between 0.5 and 0.01 V) due to irreversible amorphization of poly-Si during the
first cycling. The charge processes always display sloped curves from 0.2 V to 0.7 V. One
should note that the capacity (colorful curve in Fig. 5.19a) and coulombic efficiency (green
solid points in Fig. 5.19b) are both remarkably improved during the early cycling. As shown
in Fig. 5.19a, the charge capacity is increased from ~1370 mAh/g to ~2150 mAh/g with the
coulombic efficiency from 67% to 98% at 0.1 C in the first twenty cycles. This unusual elec-
trochemical activation should be ascribed to the more exposure of original or newly formed Si

surfaces to the more infiltrated electrolyte inside the porous framework.
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Fig.5.19 Electrochemical testing of the specimen, which was annealed at 600 °C: a) voltage vs. capacity
profile in the first 20 cycles. The capacity increased very fast within the first 5 cycles. Then it
rose slightly within the next cycles; b) the charge capacity at 0.1C under a long-term cycling
up to 400 cycles (green curve). After 400 cycles the charge capacity kept always 75 % of the
maximal charge capacity. The specimen was also tested with different rates from 0.65 C to 6.5
C. The coumlobic efficiency stayed always near 100% during the whole electrochemical testing

process (orange curve).'*”

The reversible capacity with a coulombic efficiency as high as 99% (orange curve in Fig.
5.19b) is still preserved at ~1780 mAh/g after a long-term cycling of 400 times, about 83% of
the maximum capacity achieved at the 30th cycle (green curve in Fig. 5.19b). The excellent
cyclability benefits not only from the nanoporous structure for extra volume accommodation
and strain release, but also from the conformal coating and p-doping for extra ion/electron
conductive networks as well as for less accumulation of electrochemically driven SEls. The
reversible capacities of 1000 mAh/g and 600 mAh/g are also achievable at the higher rates of
1.2 C and 2.4 C respectively. After undergoing a high-rate cycling at 6 C, the capacity at 0.1
C is still recoverable when the current density returns to 0.1 C after 150 cycles, indicating the
robustness of Si framework structure under fast or long-term lithiation/delithiation.

Indeed, the nano-porosity and interconnectivity of frameworks are well preserved after long-
term galvanostatic test as shown by the SEM morphology of the cycled specimen in Fig. 5.20.
In view of the quite large volume-specific capacity (e.g. ~430 mAh/cm2-mm at the 20th cycle
and ~350 mAh/cm2-mm at the 400th cycle), this Si porous framework is also thought to be a
potential 3D anode for all-solid-sate micro-batteries as long as the pore regions can be partial-

ly filled by solid electrolyte components as ion-wires.
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Lo SN

Fig.5.20 SEM morphology of the cycled specimen after long-term galvanostatic testing®”

5.3 Discussion

5.3.1 Crystallization of a-Si in Al triple junctions and grain boundaries

Referring to [50], the crystallization of a-Si in the Al grain boundaries was thermodynamical-
ly explained (Chapter 2). Based on this thermodynamic model, the crystallization of Si at in-
terface between the original amorphous Si and crystalline Al layer is not an energetically fa-
vorite way. However, as observed results in section 5.2.1.1, amorphous Si can crystallize in
the Al triple junctions largely under the eutectic point instead of the crystallization at Al grain
boundaries. According to the geometrical as well as energetic differences to the grain bounda-
ries, a model will be developed here, to thermodynamically distinguish the crystallization of
a-Si in Al triple junctions and grain boundaries.

b) wetting by a-Si  ¢) crystallized Si
I I I

<Al>

...................

-7 <AD N <Al N <Al N

Fig.5.21  In the simplest case of the triple junctions wetting, three ideal symmetrical Al grain bounda-
ries with the equal grain boundary energy y ), are wetted by amorphous Si. New interfaces
between the amorphous Si and crystalline Al are formed. Referring to the geometric relation-

ship, the wetting condition is: y:;i]';]/e{sﬁ = \/§-y(m>/{5i} < ¥(an- Above a critical thickness Si

crystallized in the triple junction of Al
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B Straumal et al. constructed a simplest model to demonstrate the thermodynamic possibility
for the wetting of the amorphous phase in the triple junctions. ' This model will be applied
here in the case of the in Al-Si system (Fig. 5.21). In this model the grain boundaries at the
triple junction are not only geometrically but also energetically symmetrical (orange dot-
dashed line in Fig. 5.21a). A triangle prism filled by the amorphous Si replaced the vicinity of
the triple junction of the Al grains (red region in Fig. 5.21b).

According to the geometric relationship, after wetting the length of interface between the
amorphous Si and crystalline Si (red dot line in Fig. 5.21a) is v/3 times as long as the original
Al grain boundaries at the triple junction (orange dot-dashed line in Fig. 5.21a). Thus, the

wetting condition must be:

triple __ .
Yanrsy = V3 Van/si < Ve Eq.17

where V&lif/lfsn stands for the specific wetted interface energy between a-Si/c-Al at the triple

junction, yayy/¢siy for the specific interface energy in the planar a-Si/c-Al interface and y

for the specific grain boundary energy of Al.
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Fig.5.22  After wetting with the free Si atoms, the total specific interface energy of c-Al/a-Si in the Al
triple junctions (red curve) is lower than the grain boundary energy of the crystalline Al
(green curve). Compare to the model of wetting in the Al grain boundaries (blue curve), wet-

ting in the Al triple junctions is more energetically favourable.

Referring to Eq. 44 and 53, the specific interface energy in the triple junction before and after
wetting can be calculated. Fig. 5.22 shows the calculated value of the specific grain boundary
energy of Al (green curve in Fig. 5.22) and the specific interface energy after wetting of
amorphous Si in Al triple junctions (red curve in Fig. 5.22), which is a function of the temper-


http://dict.leo.org/ende/index_de.html#/search=thermodynamical&searchLoc=0&resultOrder=basic&multiwordShowSingle=on

52 Porous Si Layer by Al-induced Crystallization

ature T. A positive difference between before and after wetting indicates that the reduction of
the interface energy is the driving force for wetting Al triple junction with ‘free’ Si atoms.
Compare to the specific interface energy after wetting of amorphous Si in Al grain boundaries
(blue curve in Fig. 5.22), wetting in Al triple junction resulting in a lower specific interface
energy is more energetically favorable.

Analog to the specific interface energy in the triple junction between a-Si and c-Al, that be-

tween the c-Si and c-Al can be also calculated with the same geometric relationship:

triple

Yia/(siy = V3 yianssi Eq.18
Y(an/(siy Stands for the specific interface energy between c-Si and c-Al. According to Eq. 51,
the specific interface energy of Si crystallized in the Al triple junction can be calculated (blue
dot-dashed curve in Fig. 5.23). Due to the different geometric relationship between the triple
junctions and planar grain boundaries, the crystallization of Si in Al grain boundaries gener-

ates a higher specific interface energy between c-Si and c- Al (red dot-dashed curve).
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Fig. 5.23 The interface energy between the crystallized Si and Al in the triple junctions (red dot-dashed
curve) is higher than that of wetted Al triple junctions by a-Si (red line). The difference be-
tween them is the driving force for the crystallization of Si in the Al triple junctions, which re-
duces the total Gibbs energy of the whole system. The case of the crystallization of Si in Al
grain boundaries will be also calculated (red dot-dashed curve and line) to compare the ther-
modynamic differences of these two models.

Analog to the crystallization of Si in the planar Al grain boundaries, the crystallization energy
of the amorphous Si can minimize the Gibbs’ energy of the whole system in the Al triple
junctions since a critical thickness of Si. Consequently, the critical thickness for the crystalli-
zation of Si in the Al triple junctions can be calculated at the corresponding temperature. Ana-
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log to Eqg. 3, the critical thickness for the crystallization of amorphous Si in the Al triple junc-
tions can be described by:
interf interf
V3 (viansiy — Yiab/isi)
cryst
~AGsiy—si)
The critical crystallization thickness of Si in the Al triple junctions decreases with the increas-

crit —
hSi atAlT] —

Eq. 19

ing annealing temperature (red curve in Fig. 5.24). Unlike the case in the planar Al grain

boundaries (blue dashed line in Fig. 5.24), the space for crystallization provided by the Al
triple junction is 4/3 monolayers (ML) (red dashed line in Fig. 5.24). Thus, the critical crys-

tallization temperature of Si in both cases can be indicated by the intercept point from the
normal curve and the dashed line with the same color (Fig. 5.24). Due to the much lower in-
tercept point in the case of the Al triple junctions, Si can crystallize in the Al triple junctions
at lower temperatures even if it can’t occur in the case of the Al grain boundaries at the same

temperature.
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Fig. 5.24 Theoretical critical thickness for the crystallization of Si inside the triple junction versus the

annealing temperature (red curve). The spaces, which can be provided by the triple junction,

are 43 ML (red dashed line). Compare to the case of the crystallization in the Al grain
boundaries (blue curve and blue dashed line), Si can crystallize in the Al triple junctions at

lower temperature than in the Al grain boundaries.

Furthermore, due to the abundant defect (e.g. vacancies) and the lower activation energy, the
triple junctions are the fastest diffusion path. Generally, the diffusion coefficient in the triple
junction is two to three order of magnitude higher than that at the grain boundaries at the low

temperature.l’® Thus, at the low annealing temperatures the ‘free’ Si atoms would like to dif-
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fuse along the triple junction of the Al grains at first. Therefore, nano-sized thin frameworks
of ¢-Si can be constructed. At the higher temperature, the grain boundary diffusion is activat-
ed. The diffusion path as well as the crystallization zone of Si becomes 2-dimensional. There-

fore, planar connected walls of ¢c-Si can be formed.
5.3.2 Diffusion-controlled formation of various porous Si layers

The presented comprehensive investigation results deduce that distinctively different mor-
phologies of the Si layer are formed at different annealing temperatures. This can be ascribed
to different diffusion mechanisms of Si/Al bilayer at different temperatures. There are four
basic types of diffusion mechanisms of Si in polycrystalline Al layer: triple junction diffusion,
grain boundary diffusion, pipe diffusion and volume diffusion. Actually, it is incomplete to
describe the whole diffusion process of Si in Al layer by a single above-named diffusion pro-
cess. To describe this collective diffusion process, a new definition ‘effective diffusivity’ will
be introduced. In the following section, the effective diffusivity of Si in Al layer and its influ-

ences on the annealing conditions will be discussed.
5.3.2.1 Effective diffusivity and diffusion processes

From the high-resolution transmission electron microscopy (HRTEM) a ‘liquid-like’ disor-
dered structure was found in the triple junction.’”® Thus, the diffusion in the triple junction is
comparable to the diffusion in the ‘liquid-like’ environment.®? The diffusivity of Si in the
triple junctions of Al grains can be found in Ref. [81]. The diffusivities of Si in Al in other
three mechanisms, which are applied for this work to further discussion, are determined from

the different diffusion experiments and listed in Tab. 1.

Tab.1 Pre-exponential factor Dy and the activation energy Q for Si diffusion in Al

Si diffusion in solid Al Do (M%/s) Q (kd/mol) T (K) Ref.
volume diffusivity D, 2.6-10™ 136.8 754 - 905 [82]
pipe diffusivity D, 700 108.0 573-733 [83]
grain boundary diffusivity Dy 760 174.6 393 - 423 [84]
triple junctions diffusivity Dy;

(diF:"fuiivity in liquid Al) . 1:34-10° 300 > 933 1511

For the further calculation, we assume that the diffusivities of Si in solid Al can be applied in
the whole temperature range till the melting point of Al. Fig. 5.25 shows the comparison of
the calculated diffusivity for the different diffusion mechanisms of Si in Al. In the whole tem-

perature range up to the melting point of Al (T,), the diffusivity of Si along the dislocation of
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Al (bright blue line in Fig. 5.25) is larger than that in the Al grain boundaries (red line in Fig.
5.25) and larger than that in the bulk Si (blue line in Fig. 5.25). But up to a certain high tem-
perature the pipe and triple junction diffusions of Si atoms are faster than the other two cases
(green line in Fig. 5.25).

Besides the three dimensionally interconnected grain boundaries surrounding the Al grains,
another important intergranular diffusion short circuit, triple junctions, should not be neglect-
ed, if the Al layer is a nanocrystalline layer. Moreover, the Al grains can also provide possible
diffusion paths for Si atoms. Based on Fig. 5.25, the pipe diffusivity D, is higher than the
grain boundary diffusion. Therefore, the dislocations in the Al grains have also a partial con-
tribution to the diffusion of Si in Al. Although the volume diffusivity of Si in Al grain is low-
er than the others, the flux from the volume diffusion of Si in Al grains should be considered
above a certain high temperature due to its large diffusion area. Thus, the diffusion of Si in Al
layer is a combined process of the Si diffusion in the intergranular regions and granular re-
gions. In conclusion, to calculate the effective diffusivity of Si in Al layer (D), the diffusion
fluxes from these different diffusion mechanisms, which are described by the value of these
four different diffusivities as well as the area fraction of respective contributing diffusion

mechanisms, should be considered.
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Fig. 5.25 The diffusivities of Si in Al by four different diffusion mechanisms: triple junction diffusion

(Dy), grain boundary diffusion (Dg,), pipe diffusion (Dy) and volume diffusion (D,)

The area fractions of these four diffusion mechanisms, f, (fraction of atomic sites in disloca-

tion cores), f; (triple junction fraction), fy, (grain boundary fraction) and f, (intragranular vol-

ume fraction of Al layer), can be calculated by:®:
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fo =Aapa Eq.20
é

fgb = Hgbg Eq21
s 2

fo=1—fap — fy Eq.23

where Hg, and Hy are dimensionless numerical factors that depend on the grain shape and
grain size distribution. Ag is the pipe cross-section area. pq stands for the dislocation density. ¢
and d denote the grain boundary thickness and average grain size, respectively. The grain size
and grain size distribution can be easily investigated by electron backscattering diffraction
measurement (EBSD).

According to Eq. 20, the dislocation density determines the contribution of the pipe diffusion
on this diffusion mechanism. Actually, Y. Chen et al. found that even for the dislocation den-
sity as high as 10™ 1/m? the calculated contribution of the pipe diffusion can be neglected
here.[® Due to the high area density of the triple junctions and grain boundaries in nanocrys-
talline materials, the effective diffusivity (Def) is also in dependence on the grain size of the
Al layer.[80- 8

Consequently, neglecting the effect of the pipe diffusion, Y. Chen et al. suggested that the

effective diffusivity Des in the isotropic nanocrystalline materials can be calculated by:®!

1 2fepDgp + fiiDy
Dot = —— |3£,Dy + 2(fap + fi
off =31 oDy + 2(fgo + fi5) 2f + fij

Respectively, Dy, Dgy and Dy stand for diffusivity of Si atom in the triple junction, grain

Eq.24

boundaries of polycrystalline Al layer and bulk Al grains.

Similar to Eqg. 21 and 22, the effective diffusivity Des has an exponential relationship to the
grain size d. As a consequence, the types of the diffusion processes can be determined math-
ematically by the exponent of the grain size d. Therefore, the grain size exponent of the effec-

tive diffusivity m,, which is suggested by Y. Chen et al., can reveal the dominant diffusion
[85]

dlnD
m, = —( Eff> Eq. 25
T

mechanism of Si in Al layer:

dlnd
According to the different diffusivity and its corresponding exponent of the grain size from
aforementioned equations, the calculated m, can be approximately classified to determine the
dominant diffusion processes: volume diffusion (m, < 0.1), dominant grain boundary diffu-

sion (m, — 1) and triple junction diffusion (m, > 2). m, = 0.5 and m, = 1.5 are the transi-
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tion boundaries of dominance of volume diffusion to grain boundary diffusion to triple junc-
tion diffusion.

Based on the above-described interval of the grain size exponent of the effective diffusivity
m,, a calculated contour plot of the grain size exponent m, of Si in Al layer in dependence on
annealing temperature and Al grain size is established (Fig. 5.26). From this diagram a diffu-
sion mechanism map can be constructed as function of the average grain size d and the tem-
perature T. Because above the eutectic temperature Teytectic (577 °C) the liquid phase from Al
and Si will be formed, the diffusion mechanism map was plotted till the homologous tempera-
ture at 0.9.
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Fig.5.26  Diffusion mechanism map of Si in Al layer constructed using the contours of grain size expo-
nents. The dominant diffusion process is denoted in each regime, while the secondary diffusion
process was written in parentheses. ‘D1;’ stands for triple junction diffusion, ‘Dgg’ for grain

boundary diffusion and ‘D, for volume diffusion.

In the Al layer with an average grain size smaller than 3 um, Si diffuses along the triple junc-
tion at the low temperatures. Then the grain boundary and volume diffusion will be activated
with the increasing temperature. In the Al layer with the coarse grains (above 3 um) the grain

boundary diffusion dominant regime (Dgg (Dv)-regime) was divided by the volume diffusion
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(Dy-regime) or volume diffusion dominant regimes (Dy (Dgg)-regime). It can be explained
that in Al layer with the coarse grains the density of the grain boundaries is low. According to
Eq. 24, the effective diffusivity of Si in Al layer is determined not only by the diffusivity of
the respective processes but also by the area fraction of respective diffusion path. Thus, in a
certain temperature range the contribution from the volume diffusion can overweight that

from the grain boundary diffusion.
5.3.2.2 Morphologies of porous Si layers formed by different diffusion processes

To investigate the diffusion processes of Si in Al in dependence on the annealing conditions
as well as the developed morphologies of the crystallized Si, the Si/Al bilayer samples must
be deposited under the same sputtering conditions. With the aid of the EBSD measurement,
the information about the orientation and grain size distribution of the Al layer can be
achieved (Fig. 5.27).
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Fig.5.27 a) Surface EBSD image with grain orientation mapping of as-deposited Al/Si bilayer film be-
fore annealing; b) grain size distribution of top Al calculated by EBSD analysis. The top Al
layer shows typical polycrystalline characteristics with grain orientation mainly along (111) in

the normal direction and grain size ranging mainly from 100 to 1100 nm.

With the calculated average grain size d 400 nm of the Al layer, the dominant diffusion pro-
cess of Si in Al layer can be found out from the diffusion mechanism map in dependence on
the annealing temperature range (dashed line in Fig. 5.26). Fig. 5.28d shows a plot of the
grain size exponent m, as a function of the homologous temperature T/T,, with an average
grain size of 400 nm in the Al layer. In the various temperature ranges, in which different dif-
fusion processes dominate, the morphology of the crystallized Si is also quite different (Fig.
5.28a, b and c).
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Fig. 5.28

The annealing temperature influences the morphology of the crystallized Si with the same
average Al grain size, because in the various temperature ranges the different diffusion pro-
cesses is dominant. d) shows the grain size exponent m, in dependence on the homologous tem-
perature T/T,, with a constant average grain size in Al layer (400 nm) and the diffusion pro-
cesses in every temperature range which interpret the architecture of the crystalline Si. a) an-
nealed at 160 °C the diffusion path of Si is one dimensional like a pipe along the triple junc-
tion. 3D frameworks of crystalline Si were constructed; b) annealed at 250 °C the grain
boundary diffusion takes part in the process. The diffusion path looks like two dimensional
walls. The crystalline Si walls are built; ¢) annealed at 450 °C the volume diffusion can be also
activated. The diffusion front is three dimensional and leads to the formation of a corrugated

structure from crystalline Si.

From Fig. 5.28d it can be predicted that in the low temperature range (T < 215 °C) the Si at-

oms preferred diffusing along the triple junctions of Al grains. This has been confirmed by the

FIB investigation in the previous section (Fig. 5.2). Above the critical thickness the amor-

phous Si crystallized in the wetted Al triple junctions. The crystalline Si needles with hundred

nanometers diameter connect to each other and form 3D frameworks (Fig. 5.28a). In a higher
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annealing temperature range (215 °C < T < 310 °C) the grain boundary diffusion takes part in
the diffusion process. The Si atoms diffuse not only along the triple junctions but also along
the grain boundaries in the Al layer. The diffusion path is not one dimensional like in pipes
any more but two dimensional like in walls. Thus, crystalline Si walls are finally formed (Fig.
5.28b). In still higher temperature range (370 °C < T < Teytectic), the volume diffusion of Si
occurs, which involves the intermixing process between Si and Al. The diffusion front of the
Si atoms is three dimensional. It leads to a strong intermixing between the Si and Al layer and

consequently to an evolution of a corrugated structure of crystalline Si (Fig. 5.28¢).
5.3.3 Effect of fabrication conditions
5.3.3.1 Thickness ratio between Al and Si layer

It was found out that the thickness ratio of the Al and Si sublayer plays a pronounced role on
the morphology of the Si layer after the complete procedure. The results obtained by anneal-
ing a 1500-nm Al/1500 nm a-Si bilayer (i.e. Al/Si thickness ratio of 1:1) under the same con-
ditions is shown in Fig. 5.30. Unlike the specimen with an Al/Si thickness ratio of 1:10, in
this case there is much less intermixing between Al and Si (Fig. 5.29b). Most of the Al re-
mained at the top of the specimen after annealing. After etching off the Al selectively with

alkali solution, the morphology of the Si was examined.

b) | ' rCI"‘ySVTCl”I/ZCCiSI
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'

Fig. 5.29 Cross-sectional FIB images of microstructure evolution in the sample with a ratio between Si
and Al 1:1 in different fabrication stages: a) before annealing; b) after annealing but without

etching.

While the lower Si layer is still compact, the upper part of the Si layer has a very rough struc-
ture. Many thin-sheet-shaped Si structure stand irregularly on the top (Fig. 5.30a). Under
these thin Si sheets, a porous Si layer appears. The lowest part of the specimen is a compact
Si layer with a thickness of about 1 um (Fig. 5.30b). Referring to the theoretical predication
and experimental results, the critical cracking thickness for Si thin film as anodes of Li batter-

ies is 130 nm. 8% The produced values are above this limit.
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Fig. 5.30  Morphology of the sample with the same thickness between Si and Al layer, which was an-

nealed at 600 °C and etched with NaOH solution: a) top view, b) cross-section.

5.3.3.2 Annealing conditions

This nano-columnar porous structure depends sensitively on the annealing temperatures and
time. The insufficient annealing results in little layer exchange. Consequently, the stress gra-
dient was not large enough to remove the top PC-Si layer with distilled water (Fig. 5.31a).
The porous structure is clearly observed, but only appears at the upper part of original a-Si
layer (Fig. 5.31a). In the lower sublayer no nano-columns from Si is built up (Fig. 5.31b and

C).

Fig.5.31 a) Cross-sectional FIB image of mixture of PC-Si (top) and SC/a-Si (below) prepared with
insufficient annealing time (at 450°C for 10 min); b) Surface SEM image of a/a-Si mixture (10
min at 450°C) and c) the corresponding SEM image with 45°C tilt.
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Fig. 5.32 a) Cross-sectional FIB image of SC-Si thick film prepared with overly long annealing (1.5 h at
450°C); b) Surface SEM image of SC-Si thick film (1.5 h at 450°C) and c) the corresponding
SEM image with 45°C tilt

Fig. 5.32 shows the morphology of the porous Si film, which was overlong heated. When the
sample was overlong heated, the segregated Al diffused towards the interface between lower
Si sublayer and substrate. This can weaken the adhesion of the Si nano-columns with sub-
strates. Once the Al is etched, the Si columns would separate from the substrates. On the other
hand, the overly intermixing of Al and Si, the distance between Si nano-columns is increased
(Fig. 5.32a). Thereby, the overlong annealing leads to a sparse distribution of Si columns (Fig.
5.32b and c).

Fig.5.33 a) Cross-sectional FIB image of SC-Si thick film prepared with overheated annealing (500°C
for 30 min); b) Surface SEM image of SC-Si thick film (500°C for 30 min) and c) the corre-
sponding SEM image with 45°C tilt.
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Annealing at too high temperatures causes the disappearance of a well-defined morphology of
Si nano-columns (Fig. 5.33). An irregular porous structure is formed, which is ascribed to the
formation of the more nuclei and smaller Si grains at the higher temperature

Due to the not well formed nano-structure the contact between the Si layer and substrate
would be quickly destroyed by material fatigue, which is caused from volume changing dur-
ing the lithiation and delithiation. Consequently, the charge capacity degrades very quickly
during the electrochemical testing (Fig. 5.34).
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Fig.5.34  Electrochemical performance of the samples, which were annealed respectively at 450 °C for
4.5 h and at 500 °C for 30 min. The cycling performance of both samples were tested with 0.5
C charge and discharge velocity. Within the first 100 cycles, the charge capacity faded very
quickly. After 100 cycles the charge capacity was almost just 10 % from the maximal capacity
at the beginning.

5.4 Conclusion

The diffusion mechanisms of Si in a nanocrystalline Al layer vary with the annealing tem-
peratures and the Al grain sizes. In consequence, the Si layer is induced to crystallize into
different morphologies.

At low temperatures, the Si ‘free’ atoms preferred to diffuse along the triple junctions of the
Al grains, while the grain boundary diffusion at this temperature is ‘frozen’. Thermodynami-
cally, the crystallization of Si in triple junctions of Al grains can occur at lower temperatures
compared to the conventional crystallization of Si in the Al grain boundaries. With this crys-
tallization mechanism the nano-sized thin 3D frameworks of c-Si were developed on the sur-
face. With a further increase of the annealing temperature, the grain boundary diffusion be-

comes dominant. Annealed at intermediate temperatures, which is near to the eutectic temper-
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ature, Si diffuses practically in the Al grain boundaries. Thus, a corrugated Si film can be de-
veloped.

Above the eutectic temperature but still below the crystallization temperature of the pure
amorphous Si, a thin Al layer can still induce the crystallization of Si. Different to the speci-
mens annealed below the eutectic temperature, many nano-sized Al-rich precipitate droplets
are formed in the bulk crystallized Si layer during this annealing. In addition, the Al layer to
induce crystallization of Si needs to be much thinner than the Si layer. After the etching of the
Al-rich droplets a 3D nano-porous c-Si frameworks structure is formed.

Due to the different diffusion mechanisms of Si in Al layer, the annealing conditions (e.g.
annealing temperatures and annealing time) and the thickness ratios between Si and Al layer
must be optimized to earn the suitable porous Si film.

The deposited Al layer can not only induce the crystallization of the Si layer at the lower tem-
perature but also bring a several nanometres thick conformal oxide layer on the surface of the
Si layer after etching with the alkali solution. This oxide layer can improve the columbic effi-
ciency of the Si layer. Compared to the conventional fabrication of the nanoscale thick con-
formal oxide layer on the Si layer, atomic layer deposition (ALD process), this process may
be a convenient and economical method.

These oxide layer coated Si porous films are suitable for the application as anode materials of
the Li ion battery, e.g. the galvanic performance of this porous Si layer annealed at 450 °C is
very outstanding. With 0.5 C charge rate a highly satisfactory retention of capacity as large as
1650 mAh/g is still achievable during not less than 500 cycles. The coulombic efficiency
stays nearly 100%.



Chapter 6
Al-induced Crystallization of Al/Ge/Si

Trilayers

The fundamentals of the Al-induced crystallization of pure amorphous Si or Ge layers are
researched since the last century. Due to the difference on the thermodynamic fundamentals,
Al induces the different crystallization behaviors of Si and Ge (see chapter Chapter 2). In this
chapter, an amorphous Ge layer is introduced between the crystalline Al and amorphous Si
layer to investigate the influence of this amorphous Ge layer to the crystallization behavior of

the Si layer.
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6.1 Fabrication

e Substrate preparation

Pure Titanium foils (99.6%, Goodfellow), Herasil 102 Glass and MgO (001) single crystal are
used as substrates for growing Si/Ge/Al trilayers. The substrates were cleaned with ethanol in
an ultrasonic bath to remove organic contaminants from the surface. Subsequently, they were

dried with the flow Ar gas.
e Layer Deposition

The Si, Ge and Al targets were mounted in a high-vacuum multi-target DC sputtering system.
After reaching a background vacuum pressure less than 1x107 mbar, the substrates were
cleaned with Ar* ions for 1 min. Then a Al layer with a thickness of 750 nm (or 1500 nm) was
deposited by using a sputtering power of 200 W in an Ar atmosphere of 5.9x10° mbar, fol-
lowed by deposition of a Ge layer with different thicknesses (from 5 nm to 150 nm) at a pow-
er of 100 W under the same Ar pressure. Finally, a Si layer which varies from 750 nm to 1350
nm was deposited with the same sputtering power of 100 W. The whole sputtering process

was operated at room temperature during the whole layer growth.

a- Ge(5 or 150 nm) a-Ge (5 nm)

a) Quarz MgO (100)

Fig. 6.1 Structure construction of Al-Ge-Si trilayer system: a) amorphous semiconductor bilayer Ge/Si
deposited on a single crystalline Al layer; b) amorphous semiconductor bilayer Ge/Si deposited

on a poly crystalline Al layer as a reference sample

e Post Treatment

To investigate the crystallization behavior of the amorphous semiconductors in the Al/Ge/Si
trilayer system, the deposited Si/Ge/Al samples were then annealed in a vacuum oven at
400 °C for different time which varies from 5 to 60 minutes.
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6.2 Results

6.2.1 Crystallographic analysis of poly and single crystalline Al layers

Al layer deposited on glass substrate shows a polycrystalline microstructure from the EBSD
mapping. The crystallographic characters of the Al layer can be investigated graphically (Fig.
6.2a). The average grain size is 350 nm. In contrast, there are no grain boundaries in Al layer
deposited on MgO (001) substrates. In this case, a single-crystalline Al layer is formed and
orientated in (100) direction (Fig. 6.2b).

111

100 110
Fig. 6.2 Orientation mapping of Al layer on different substrates: a) poly-crystalline Al on MgO (001)

substrate; b) single-crystalline Al on glass substrate.

6.2.2 Crystallization behavior of c-Al/a-Si/a-Ge trilayers

On the Al layers (750 nm) with different microstructures in dependence on the substrates
(section 6.2.1), the Si (750 nm))/Ge (5 nm) bilayer was deposited. After annealing at 400 °C
for 10 minutes, Al and Si intermixed in both samples (Fig. 6.3a and d). Unlike the Si/Al bi-
layer system, Al grain boundaries are not a necessary prerequisite for the crystallization of
amorphous Si in a c-Al/a-Ge/a-Si trilayer system. The Kkinetics of the crystallization of Si lay-
er can be evidenced by the cross-sectional images of the further annealing in both samples
(induced by a poly-crystalline Al layer: Fig. 6.3a; induced by a single-crystalline Al layer).
The crystallization kinetics in both specimens is very same.
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Fig. 6.3 Comparison of crystallization behaviors of Si (750 nm)/Ge (5 nm)/Al (750 nm) trilayer system
on different substrates: a), b) and c¢) on the glass substrate with poly crystalline Al layer; d), e)
and f) on the MgO (001) substrate with single crystalline Al layer (bright phase: Al, dark
phase: Si).

On the Ti foils, a converse a-Si/a-Ge/c-Al trilayer system was deposited (Fig. 6.4a). To fur-
ther investigate the crystallization process in c-Al/a-Ge/a-Si trilayers, a Ge layer was deposit-
ed with a larger thickness of 150 nm (bright phase in Fig. 6.4a). The cross-sections of the
sample annealed at 400 °C with the increased annealing time are imaged with the aid of FIB
(Fig. 6.4 b to f). At the initial state (after 5 minutes), amorphous Ge crystallizes at the inter-
face between Al and Ge layer (bright phase in Fig. 6.4b). Z. M. Wang et al. constructed a
thermodynamic model, which can explain this process. ®” Subsequently, Si diffuses into the
interface between Al and crystallized Ge and crystallizes there (dark phase in Fig. 6.4c). From
Fig. 6.4d to f, it seems that Si crystallizes continuously on the pre-crystallized phase. During
the crystallization of Ge/Si bilayers the Al atoms diffuse more and more downwards into the

original amorphous Ge/Si bilayers (bright phase in Fig. 6.4c, d, e and f).
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Fig. 6.4 Crystallization prozess of Si (1350 nm)/Ge (150 nm)/Al (1500 nm) trilayer system on Ti sub-
strate (bright phase: Ge; grey phase: Al; dark phase: Si): a) Ge layer crystallized first; b)
Then Si crystallized epitactically on the crystalline Ge in the interface between Ge and Al. c)
Later the c-Si grew with the time, mixed with Ge and formed a Ge/Si alloy in the upper layer.

Al intermixed simultaneously into the original Si layer and formed porous Si frameworks.

The XRD spectrum is a complementary way to investigate the crystallization process of the
amorphous Ge/Si bilayers (Fig. 6.5). Due to the amorphous structure of Ge and Si in the as-
deposited sample, neither the Ge nor the Si diffraction peaks are detected (green curve in Fig.
6.5). The detected peaks of this sample originate from the Ti foils. Annealing at 400 °C for 5
minutes, the crystallization of Ge layer is found as indicated by the emergence of Ge diffrac-
tions peaks (red curve in Fig. 6.5). With further annealing time the original Ge diffraction
peaks move towards the Si diffraction peak positions. This demonstrates the crystallization of

the Si above the crystallized Ge und may lead to the formation of a crystalline SixGe 1.« alloy.
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Fig. 6.5 XRD spectra on Si (1350 nm)/Ge (150 nm)/Al (1500 nm) trilayer system on Ti substrate: after
5 minutes the Ge layer crystallizes first (see Ge peaks in red curve). It conforms to the ob-
served FIB images (Fig. 6.4). Later the Si layer crystallizes continuously on the c-Ge and alloys
with Ge. Therefore the Ge peaks shift to the higher angles, which correspond to the expected
Si,Geyalloy.

After the selective etching of Al on the annealed sample with alkali solution, the surface turns
rough (Fig. 6.6). Many crystalline columns with several hundred nanometers stand vertically
to the surface. The EDX measurement indicates that the crystallized phase is a SixGe 1.« alloy,
which is consistent with the XRD results (Fig. 6.6). According to the element mapping, Ge
and Si are distributed homogeneously.

400 °C 45 min

Fig. 6.6 EDX analysis of the chemical component on the surface of the sample annealed at 400 °C for

45 min, which was etched with alkali solution.
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6.3 Discussion

The proposed steps of the crystallization of the Si/Ge/Al trilayer system are sketched in Fig.
6.7. At the initial stage the a-Ge layer crystallizes at the interface of the original a-Ge and Al
layer. Then the ‘free’ Si atoms diffuse along the interface between crystallized Ge and Al and
wet the interface. Up to the critical thickness of the crystallization the wetting Si layer crystal-
lizes at the original c-Ge/c-Al interface and forms the crystalline SixGei alloy. The thermo-
dynamic fundamental for the whole crystallization process of Si layer will be shown in the

following sections.
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Fig. 6.7  Crystallization process of Si/Ge/Al trilayer system: Ge crystallizes at the interface between
original a-Ge and c-Al. Then the free Si atoms wet the phase interface of c-Ge and c-Al. Si

crystallized continuously on the c-Ge nuclei and formed c-Si,Ge;, alloy.

6.3.1 Crystallization of Ge

Referring to [50] the mechanism for Al induced crystallization of Ge is thermodynamically
calculated (in chapter Chapter 2). The ‘free’ Ge atoms may wet the original a-Ge/c-Al inter-
face or the original grain boundaries of c-Al layer to reduce the interface energy of the whole
Ge/Al bilayer system. Up to the critical thickness for the crystallization of Ge the amorphous
Ge crystallizes at the original a-Ge/c-Al interface or in the original grain boundaries of c-Al
layer. Although the interface energy between c-Ge/c-Al increases compared to that between a-

Ge/c-Al, the crystallization energy of Ge minimizes the Gibbs energy of the whole system.
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6.3.2 Wetting of Si

By crystallization of Ge, an interface between c-Ge and c-Al is formed (Fig. 6.8a). Due to the
screening effect, the Si atoms on the top of the a-Si layer are free to move. Generally, the in-
terface diffusion is much easier than the volume diffusion.[’® Thermodynamically, only the
two newly formed interface a-Si/c-Al and a-Si/c-Ge have totally a lower Gibbs interface ener-
gy (v(an/gsiy T Yisiy/(cey) than the original Gibbs interface energy of c-Ge/c-Al (ya/(siy), the
‘free’ Si atoms will prefer to migrate into the interface between c-Al and c-Ge and form a

stable wetting layer of a-Si there (Fig. 6.8a).
a) before wetting b) after wetting
<Al> <Al>  {Si}
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Fig. 6.8 Instead of c-Si/c-Ge interface before the wetting a), two new interfaces were formed after the

wetting with the free Si atoms. They are c-Al/a-Si and a-Si/c-Ge interface b); c) After wetting

by free Si atoms, an amorphous interface phase of Ge forms. The total energy of c-Al/a-Si and

a-Si/c-Ge interface (red curve) is lower than the c-Si/c-Ge interface energy before the wetting
(blue curve).

According to the Eq. 51, the dependence of the specific interface energy between c-Al/c-Ge
(¥(a1y/(Gey) and the annealing temperature (T) can be calculated, which is plotted as a blue

curve in Fig. 6.8b. Based on Eq. 25, the specific interface energy between c-Al/a-Si (y(ay)/¢siy)
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and a-Si/c-Ge (yysiy/(cey) Can be calculated as a function of temperature. The function of the
sum of both specific interface energies between the crystalline and amorphous phase is repre-
sented as a red curve in Fig. 6.8b. Comparing the calculated energies of the different interfac-
es, the totally interface energy between the crystalline and amorphous phase (¥ (an/siy +
Yisiy/(ce)) 1S lower. Thus, the wetting of the c-Ge/c-Al interface by the ‘free’ Si atoms is pre-

ferred thermodynamically.
6.3.3 Continuous Crystallization of Si

Similar to the case of Si/Al bilayer system, the amorphous Si wetting layer between c-Ge and
c-Al (red phase in Fig. 6.8a) can crystallize, once its thickness exceeds the critical crystalliza-
tion thickness of Si. There are two different possibilities for the crystallization of the Si layer
at the initial stage: the continuous crystallization of Si based on the crystallized Ge or the new
nucleation of Si between the c-Al and c-Ge (Fig. 6.9a).
When Si crystallizes continuously based on the preexisting c-Ge grains, a new interface be-
tween c-Al and c-SiyGe;.4 alloy is formed. Si and Ge have the same structure (diamond struc-
ture) and relatively similar lattice constants (Ge: 5,66 A, BY Si: 5.43 A, B the relative differ-
ence is about 4 %). For these reasons a continuous series of solid solutions can be formed
between them.®”] Consequently, the specific interface energy between Al and SixGe;
(Y(an/(si Ge,_, ) alloys can be approximated by:

Y(Al/(SixGer—x) = XGe " Y(al/(Ge) T (1 — Xge) Vianssiy  EQ.26
Where x. stands for the concentration of Ge in the SixGe;.x alloy. At the initial stage, the
concentration of Si is almost zero. The specific interface energy at this initial state
(¥ (a1 /(si,Ge,_) (csi = 0)), which depends on the temperature T, is plotted in Fig. 6.9b as a
green line.
There is the alternative possibility that Si crystallizes directly between the crystalline Al and
crystallized Ge grain and forms a new nucleus of pure Si (Fig. 6.9). Instead of the former
(Al)/{Si} and {Si}/(Ge) interfaces, two interfaces (Al)/(Si) and (Si)/(Ge) are newly formed.
The respective specific interface energies between the crystalline phases can be calculated
referring to Eq. 51. The pink curve in Fig. 6.9b shows the sum of the specific interface energy

from the newly formed interfaces as a function of the annealing temperature.
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Fig. 6.9  Two different crystallization possibilities of Si layer: a) continuous crystallization on the crys-
talline Ge, which results in a new formed interface between c-Al and c-Si,Ge; alloy; b) new
nucleus of Si between the c-Al and c-Ge. Thereby it formed two new interfaces: c-Al/c-Si inter-
face and c-Si/c-Ge interface; c) The total interface energy after continuous crystallization on c-
Ge (green line) is much lower than the new nucleus of c-Si at the c-Ge/c-Al interface (pink

line). The red line shows the total interface energy after the wetting with the free Si atoms.

Compared to the new nucleation of Si, the specific interface energy of the continuous crystal-
lization of Si based on Ge grains is much lower. Although the total specific interface energy
of both crystallization possibilities is higher than that of the interface with the wetted a-Si, the

total Gibbs energy of the whole system can be reduced by the crystallization of Si, if a critical
thickness is exceeded.
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Fig. 6.10 The critical crystallization thickness of lateral crystallization (pink curve) is lower than two
mono layers, which are the thickness at the interface. There are more than two mono layer
spaces needed for the new nucleus of c-Si (green curve). Thereby Si preferred to crystallize
continuously on the c-Ge.

The prerequisite for the low-temperature crystallization of Si is that the critical crystallization
thickness must be smaller than 2 monolayers (ML).5% Analog to the case of the bilayer sys-
tem, the critical thickness of the Si layer based on the Ge crystallites can be calculated in de-
pendence on the temperature. Fig. 6.10 shows the plot of the critical crystallization thickness
(in ML) vs. the annealing temperature of both crystallization possibilities. The pink curve
indicates the critical thickness of the new Si-nucleus, which is needed at the different anneal-
ing temperatures. Up to 400 °C it is still higher than 2 ML. Consequently, Si cannot nucleate
at the interface between c-Al and c-Ge. In contrast, the continuous crystallization of Si based
on the preexisting c-Ge grains needs less space, i.e. less than 2 ML (green curve in Fig. 6.10).
Hence, Si preferred to crystallize laterally on the c-Ge and form the SiyGeix alloys. This
thermodynamic model confirms the formation of the SixGe;.x alloys from the XRD results
(Fig. 6.5).

6.4 Conclusion

Compared to the conventional Al induced crystallization in Al-Si bilayer system, the presence
of an amorphous Ge intralayer affects the crystallization behavior of the amorphous Si layer
significantly. Al grain boundaries are not necessary any more. At first, the amorphous Ge lay-
er may crystallize at the interface to the Al layer or also at the Al grain boundaries, if they
exist. Then the ‘free’ Si atoms prefer to wet the interface between the c-Ge and c-Al, to re-

duce the total interface energy of the system. Due to the same lattice structure and small dif-
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ference of the lattice constants of Ge and Si, the diffused a-Si may crystallize on the Ge seeds,
grow continuously and form the SixGe;.x alloys. The Al induced crystallization temperature of
Ge is much lower than that of Si. Therefore, this process leads to a reduction of the crystalli-

zation temperature of a-Si.



Chapter 7

Summary

The Al-induced crystallization of amorphous semiconductors is a diffusion-controlled pro-
cess. By varying the characteristics of the Al layer or the annealing condition in Al/Si bilayer
system, the diffusion paths of the Si atoms in the Al layer are changed. A porous Al layer in-
duced the crystallization of Si into large grains. Such large-grained Si layers can be applied as
the seed layers for the thin film solar cells. By interrupting purposely the annealing of the
Al/Si bilayers, porous Si layers can be developed. The c-Si layers with such a porous structure
can be applied as the anode materials of Li ion batteries. In the c-Al/a-Ge/a-Si trilayer system,
the introduction of an amorphous Ge layer changes the crystallization behavior of the Si layer.
Different to the crystallization behavior of Si in the Al/Si bilayer system, the Al grain bounda-
ries are not needed in such c-Al/a-Ge/a-Si trilayer system. The amorphous Si crystallizes con-
tinuously on the pre-crystallized Ge seeds as induced by the Al layer. Finally, crystalline

SixGey.x alloys can be formed.
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7.1 Large-grained Si induced by porous Al layer

By applying a bias voltage during the sputtering, a porous crystalline Al layer can be devel-
oped. In this porous Al layer, the Al grain boundaries are contaminated by, e.g. O. Therefore,
the diffusion of the ‘free’ Si atoms in the Al grain boundaries is retarded. Different to the
grain boundary diffusion of Si in the compact Al layer, a collective diffusion process of Si
will be activated at a certain high temperature in this case, e.g. retarded grain boundary diffu-
sion, pipe diffusion, volume diffusion.. This whole diffusion process leads to a lower nuclea-
tion density and crystallization velocity of amorphous Si.

An Al oxide buffer layer between the initial Si and porous Al layer can enhance the tendency
to form a crystalline Si layer with larger grains. With this method, the average grain size of Si
can exceed 20 um. In addition, with increasing grain size of the crystallized Si layer, more Si
grains orientate in (100) direction.

In these large-grained Si layers most of the grain boundaries are CSL X3 boundaries. The CSL
>3 boundaries are formed to reduce the internal stress which originates from the asymmetric
intermixing between Si and Al. Fortunately, the recombination activity between conducting
electrons and holes of these twin boundaries is very low. Therefore, this fabrication method is

presumably suitable to serve as the seed layer of thin film solar cells.

7.2 Porous Si layer by Al-induced crystallization

By purposely interrupting the post treatment of the a-Si/nanocrystalline Al bilayers and selec-
tively etching of Al with alkali solution, a porous crystalline Si layer can be formed. In the
nanocrystalline Al layers, there is a very high density of triple junctions and grain boundaries
which provide the fast diffusion paths for Si atoms. The diffusion of free ‘Si’ atoms in Al lay-
er may be a collective behavior of different diffusion types (pipe diffusion, volume diffusion,
grain boundary diffusion and triple junction diffusion), which depends on the annealing tem-
perature.

At relatively low temperatures (i.e. largely below the eutectic point), the crystallization of Si
in the Al triple junctions is thermodynamically more favorable than that in the Al grain
boundaries. Kinetically, the Si ‘free’ atoms can diffuse in the triple junctions of the Al layer,
while the diffusion of Si into the Al grain boundaries are ‘frozen’ at this temperature. Due to
this pipe-like diffusion path of Si in Al layer, 3D nanoscale c-Si frameworks can be devel-

oped.
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By increasing the temperature, the diffusion of Si in the Al grain boundaries will be activated.
At the intermediate temperatures (i.e. slightly below the eutectic point), Si atoms diffuse prac-
tically in the Al grain boundaries. Due to intermixing between the original a-Si and c-Al lay-
ers, a corrugated Si layer can be developed after the selectively etching of Al.

Above the eutectic temperature but still below the crystallization temperature of the pure a-Si,
many nano-sized Al-rich droplets are formed throughout the Si layer. After fast cooling, these
droplets solidify as a nonequilibrium phase and can be etched away with the alkali solution.
Finally, porous Si frameworks are formed based on the Al-Si eutectic reaction.

In addition, Al can not only induce the crystallization of amorphous Si but also bring a func-
tional conformal oxide coating with several nanometers on the porous Si layers upon etching.
Since this oxide layer can prevent the formation of SEI phases, the coloumbic efficiency of
these Si porous layers is near 100%.

These prepared oxide-coated porous Si layers are tested as the work electrodes of Li-ion bat-
tery. After several hundred cycles, their capacities stay still about 70% of that at the begin-
ning. Therefore, with optimal annealing conditions and thicknesses of Al layer, this process
may be applied as a potential method for the production of porous Si as anode material of

lithium ion batteries.

7.3 Al-induced crystallization of amorphous Si/Ge bilayers

Using a crystallized Ge layer induced by Al layer, the crystallization conditions of the a-Si
layer can be changed. In contrast to the crystallization of Si in the Al grain boundaries in the
Al/Si bilayer system, the Al grain boundaries are not needed anymore in this Al/Ge/Si trilayer
system. At first, a-Ge crystallizes at the interface to the Al layer. Thermodynamically, to re-
duce the interface energy of the total system, the ‘free’ Si atoms prefer to diffuse into the in-
terface between the crystallized Ge and the Al grains and form a wetting layer of Si. As a con-
sequence of the same lattice structure and similar lattice parameters between Ge and Si, a-Si
can crystallize continuously on the c-Ge seeds and grow continuously. The complete miscibil-
ity of Si and Ge leads to the formation of the c- SiyGe;.« alloys. Due to the crystallization of
the Ge layer as seeds, the crystallization temperature of the a-Si layer can be reduced. As a
result, it is possible to fabricate a c-Si layer on the substrate with favorable functionalities but
lower maximum processing temperature, e.g. the conductive polymer. By varying the initial
Si/Ge thickness ratio composition of the SixGe;« alloys the morphological structure can be
also be changed. In addition, due to the alloying with Ge, the newly formed layers could be

also suitable for the anode material of the Na ion batteries.
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Al Calculations of the crystallization energies

Generally, above the crystallization temperature T, a pure amorphous phase {A} can transit to
its crystalline phase (A). The Gibbs energy difference between the amorphous and crystalline
phase is named crystallization energy (A(;(‘Xf’_s{tA}). The crystallization energy related to the

temperature T can be determined by the following equations:™"

AGEYSt (T) = AR CTYSt (T)—T - AS:X;IEEA}(T) Eq.27

(A)-{A} (A)—{A}
t t r
crys _ crys
ASSYSE (T) = —S%y + TﬂdT Eq. 29
w-wM = =Sw + | = Q.
Here, AH&;VfEA}(T) is the crystallization enthalpy, where AH&?’_SEA}(TC) can be experimentally

measured at the crystallization temperature by calorimetric methods, e.g. differential scanning
calorimetry (DSC) or differential thermal analysis (DTA). Angng}(T) is the entropy differ-
ence between the amorphous and crystalline phase. Ac,,(T) is the difference of the specific
heat capacity between the crystalline and amorphous phases. S{OA} means the residual entropy
of the amorphous phase at 0 K.

The parameters for the calculation of the crystallization energies of Si and Ge are listed in
Tab. 2:

Tab. 2 Thermodynamic data for Si and Ge

Tin T: AH, 52 AG
(K) (K) (k]/mol) (J/ mol'K) (J/molK)
Ge | 12100  750M 115 1.661% —0.224 + 4.8 (T/1210)
Si | 16850 960l 11.951 1.667 —0.224 + 4.8 (T/1685)®
Tt Melting point of the crystalline phase

T Crystallization temperature of the amorphous phase
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AH:

S0

AG:

Crystallization enthalpy of the amorphous phase at 7t
Residual entropy of the amorphous phase (estimated in Ref. [90])

Specific heat capacity between the amorphous and crystalline phase
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A2 Calculations of the surface energies

The molar surface Gibbs energy of a crystalline solid phase (G<SA)) (here, S stands for surface)

related to the temperature T can be described in terms of the molar surface enthalpy (H(SA))

and the molar surface entropy (S¢y,):**”

S _ oS .S

Analog to the crystalline phase, the molar surface Gibbs energy of an amorphous phase (G{SA})

can be expressed by:[®

S _ S . cS

To calculate the surface energy per unit surface area, the contact surface area of the molar
surface atoms O; (i: (A) for crystalline phase A; {A} for amorphous phase A) is needed. F. R.
de Boer et al. suggested that the contact surface area of the molar surface atoms can be ex-
pressed by the following equations:!"®!

Oy = fiay~ Co " Vi Eq. 32

Otay = fiay - Co " Vi) Eq.33
Where V) und Vi, represent the molar volumes of the crystalline phase (A) and the amor-
phous phase {A}. fia) and fiay stand for the average fraction of the surface of an atomic (Wig-
ner-Seitz) cell around each atom of the specimen in contact at the surface with the vapor or
vacuum. fiy is equal 0.35 for crystalline phase (A),®Y while for amorphous phase {A} fay is
1/3.181 The constant €, depends on the shape of the atomic cell.. According to [78], it can be
taken by the average value and consequently can be calculated:

Co=542-Ny/* =45x108mol'/>  Eq.34

where Ny, stands for the Avogadro number.
Thus, the corresponding specific surface energy of the crystalline phase (yfA)(T)) and the

amorphous phase (y,,(T)) can be determined by:*?

S S
Hipy =T - Sia

S
fiay* Co* Vi)
H\ —T- S8
s _ Miay {a)
Yy (D) =———7 Eq.36

fray " Co -~ Vi
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According to the model from A. R. Miedema, the surface entropies of the crystalline (S(SA)) and

amorphous phase (S{SA}) can be estimated which are in agreement with relevant experimental
data:[78 91 92

Siay = 7.72 Eq.37

mol - K

Siay = 7.34 Eq.38

mol - K
With the experimental values of the specific surface energy Vgt\) (T,) and y{SA}(TO) at a certain
temperature (Ty), the specific surface energy of the crystalline and amorphous phase at any
temperature T can be calculated respectively:™”

(To—T) " Sty

Yiny () = ¥y (To) + 5 Eq.39
()" Co Vi
(To—T)- SSA

vy = viy(To) + ————73  Eq.40
) Co Viay

The parameters for the calculation of the surface energy of crystalline and amorphous phase
Si and Ge are listed in Tab. 3:

Tab. 3 Parameter for the surface energy calculation of different phases ({(A): crystalline phase A; {A}:

amorphous phase A)

(Ge) {Ge) (Si) (si} (Al)
VS(Tg) 0.97% 0.62%4 1,379 0.871% 1,039
a/md)
To
© 473 1211 493 1685 500
Vi -6 -6 -6 -6 -6
(rimol 13.65x10°  12.97x10 12.13x10°  12.97x10°  11.10x10

v3(Ty): Experimental surface energy at the Temperature T
V! Molar volume from Ref. [96]
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A3 Calculations of the interface energies between the crystalline and amorphous phases

Similar to the Gibbs interface energy between crystalline phases (A) and (B) (G%}?{é)), the
Gibbs interface energy between the crystalline phase (A) and amorphous phase {B} can be
contributed by the interfacial enthalpy (H{xj¢t5;) and interfacial entropy (S{ajsis;):""
i f i f i f
Geayiey = Hoaytey — T S(ayy () Eq.41
The atomic interaction at the interface of crystalline and amorphous (undercooled liquid)

phases is assumed to be similar to the case at the interface of crystalline and liquid phases.®?

Thus, the total interface enthalpy contribution (H{ajs(t;) can be estimated:™"

H{a oty = fay * |Heay(T) — Hiay(T)

N AH{OA} in 8y T Hgy(T) — Hg) (T) + AH{OB} in(a) T Heay(T) = Heay(T)
2

Eq.42

where AH{y, i, (g iS the partial enthalpy of dissolution of the amorphous phase {A} in the
amorphous phase {B}. The thermodynamic values of the amorphous phase, which is also
named undercooled liquid phase, can be given analogously with the value of the liquid phase

for the calculation.’®? Consequently, AH{OA} in (8} Can be taken from the partial enthalpy of dis-

solution of liquid phase A in liquid phase B.

F. Sommer assumed that there is no change in lattice vibration between the crystalline and
amorphous phase by introducing an interface.®? However, the configurational entropy of the
amorphous phase is reduced at the interface by an ordering effect, due to the nearby crystal-
line phase.l®? The contribution of the configurational entropy at the interface between amor-
phous phase and crystalline phase can be expressed referring to [97]:

SiAlStE = —0.678 R Eq.43
Finally, the specific interface energy between crystalline phases (A) and amorphous phase {B}

can be calculated from:

G interf
interf _ (A)/{B}
Yay/iy =

Eq. 44
. . 2/3
fray* Co V-

Where V5y_(g; stands for the average molar volume of the crystalline phase (A) and amor-
phous phase {B}.

The parameters for the calculation of the interface energy between the crystalline Al or Si and
amorphous Ge are listed in Tab. 4:
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Tab. 4 The partial mixing enthalpy between the amorphous phases

A B AHP\ in (8) AHggyin (a)
(J/mol) (J/mol)

Al Si -113400°¢1 -113400°8

Si Ge -3000(°8! -20000°8
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A4  Calculations of the interface energies between the crystalline phases

At the interface between the crystalline phases (A) and (B), the atoms are completely sur-
rounded by atoms. F. Sommer has presumed that the Gibbs energy of the (A)/(B) interface

can be contributed from the Gibbs elastic (or misfit) energy (G{R%‘“}(B)) and the Gibbs interfa-

cial chemical energy (G g,):™

interf __ ,~mis chem
Giay/ey = Giay/ey T Giay/(s) Eq.45

mis

The Gibbs interfacial elastic (or misfit) energy (G ay,(py) results from the mismatch at the in-

terface of the lattice sites and orientations of the atomic cells along both aides of the interface.
Therefore, the elastic (or misfit) energy can be approximated to the energy of a large angle
grain boundary. Empirically, it is about a third of the Gibbs surface energy.!®! Consequently,

the Gibbs interfacial elastic (or misfit) energy can be expressed by:*%

The Gibbs interfacial chemical energy originates from the interactions between the interfacial

atoms of crystalline phase (A) and (B). It can be described in terms of the interfacial chemical

chem

enthalpy H )z, and the interfacial chemical entropy SfI{‘)‘jr(‘g):

— chem

Geayey = Heaygy = T+ Siay ey Eq.47

chem chem

The interfacial chemical enthalpy (Hfg‘)e/‘z}_;,)) can be related to the partial enthalpy of dissolu-

tion of crystalline phase (A) in crystalline phase (B) (AH{)A) in (B)) and crystalline phase (B) in
crystalline phase (A) (Aﬁ("B) in (a)) at infinite dilution. At the interface, only a fraction of ‘A’
(fiay) is in contact with ‘B’, as is ‘B’ with ‘A’ (fgy). As a consequence of the identical f;,)
and fig) (fia) = fisy = 0.35), the enthalpy contribution of the Gibbs interfacial chemical ener-

gy (HGY ) can be calculated by:**?

(AHYy in gy + AH g, ;
H((::)(:}I(I}g) — f<A) ( (A) in (];) (B) in (A)) Eq 48

AH(y in 5y and AH{g, 1 () are experimental available for many alloy systems ©**! or can be

calculated based on the macroscopic atom model of Miedema.!™®

F. Sommer assumed that the formation of the interface between two different phases can be
thermodynamically analog to the mixing of elements.®? Since a further assumption was ad-
vanced that there is no change of the concentration of both elements at the interface, the main
contribution to the interfacial chemical entropy can originate from the entropy due to the

change of the lattice vibration upon solid solution formation.[*® Referring to [100], an identi-
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cal approximation for the entropy of the vibration term can be developed according to Debye
model. Thus, the change of the Debye temperature for A and B atoms at the interface

( AOjhiers ) With equiatomic composition dominates the interfacial chemical entropy

chem .[92]
(Scay/(ey)-
9L/2

Schem — 3R 1In J_J Eq.49
/) = fia) 2 0.5° 0 + ABiners 1

where 0; represents the Debye temperature of component j in the bulk crystalline phase and |

is the bulk crystalline phases (A) or (B).
Based on the Miedema model and the experimental results, it is suggested that the change of
the Debye temperature for A and B atoms at the interface (A@;,ers) Can be accessed by:!%%

AH(AB))

ABipers = 34.1 % 1073 - (— Eq.50

with AH g, as the enthalpy of formation of the crystalline phase (AB) solid solution and R as
the gas constant.

Finally, the specific interface energy between crystalline phases (A) and (B) can be estimated

from:
GRite)
i f
V) = 273 Eq.51
fiay* Co* Viny_my

Where V4,_(gy represents the average molar volume of the crystalline phase (A) and (B).

The thermodynamic constants for the calculation of the interface energy between the crystal-
line Al, Si and Ge are listed in Tab. 5:

Tab.5 The partial mixing enthalpy between the crystalline phases and their Debye temperatures

A B AH (OA) in (B) AH (OB) in (A) Ona

(3/mol) (J/mol) (K)
Al Ge 328571 -31431% 428
Si Al -3143°1 478571 645

Ge Si 350010 350010 374
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A5 Calculations of the grain boundary energy

In a particular case, the high angle grain boundary in a crystalline phase (A) can be defined as
a interface between the crystalline phase (A) and (A). Thus, the interfacial chemical contribu-
tion due to the heterogeneous crystalline phases will not be considered here anymore. Based
on Eq. 45 and 46, Z. M. Wang et al. suggested an expression of the Gibbs grain boundary en-
ergy:”!

B _ 1 s

Gay =3 G Eq.52

Analog to the interface energy between the crystalline phases, the specific grain boundary
energy of the crystalline phase (A) can be presented by:
Gia

2/3
fiay " Co* Viny

y&& = Eq.53
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