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INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS

Abstract

The aim of this work is to describe and explain the properties of defects in mul-
ticrystalline (mc) and thin-film solar silicon (Si). For this reason, investigations with
scanning electron microscope methods were performed, namely cathodoluminescence
(CL), electron beam induced current (EBIC), electron backscatter diffraction (EBSD)
and transmission electron microscopy (TEM). Additionally, photoluminescence (PL)
and reverse-biased electro luminescence (ReBEL) measurements were also conducted.
Through correlation of PL, ReBEL and EBIC, it was possible to localize breakdown
sites at mc-Si solar cells. Problems that occurred during the thin-film EBIC investi-
gations could be demonstrated and explained. For the first time cross sectional EBIC
investigations could be performed on thin-film silicon tandem cells. At mc-Si, it was
possible to observe the oxygen related P-line next to the common D1-line luminescence
at 10 K clearly distinguishable from each other at once. Furthermore, a hitherto not
comprehensively discussed intense luminescence line at 0.93 eV could be described in
detail. Through correlation of PL, CL, EBIC, EBSD, and TEM measurements, the
origin of the now named Di luminescence at 0.93 eV is postulated to be in connection
with Frank partial dislocations, with two energetic levels inside the band gap, one at
112+9 meV below the conduction band and the other at 93410 meV above the valence
band. Finally, it was attempted to explain the behavior of twin boundaries at tempera-
tures below 30 K, where these show an enhanced collection efficiency in comparison to
the surrounding grains. An alteration of the local “freeze out” temperature, possibly by
a local band gap narrowing, is suggested as a reason. Another conceivable explanation

is a breakdown of the diode potential at the grains.
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Das Ziel dieser Arbeit ist es, das Auftreten von verschiedenen Defekten sowohl in mul-
tikristallinem als auch in Diinnschicht-Solar Silizium zu beschreiben. Die vielfaltigen
Moglichkeiten wie Defekte im Material auf Grund ihrer Eigenschaften nachgewiesen
werden konnen, wurden eingehend untersucht. Dazu wurden Rasterelektronenmikroskopie
Verfahren wie Kathodolumineszenz (CL), Elektronenstrahl-induzierte Strom (EBIC)
Messungen, riickgestreute Elektronenbeugungsuntersuchungen (EBSD) und Transmis-
sionselektronenmikroskopie (TEM) durchgefithrt. Auflerdem wurden auch Ergebnisse
aus Photolumineszenz (PL) und Elektrolumineszenz unter Sperrvorspannung (ReBEL)
zur Defektcharakterisierung herangezogen. Durch die Korrelation von ReBEL, PL und
EBIC Daten war es moglich, Durchbruchstellen in mec-Si Solarzellen zu lokalisieren
und mogliche Ursachen fiir diese aufzuzeigen. Die Anwendung von EBIC an diin-
nen Siliziumschichten sowie die damit verbundenen Préaparations-, Mess- und Anal-
yseprobleme konnten gezeigt und erlautert werden. Es war auflerdem erstmals moglich
EBIC Messungen an Querschnitten von Diinnschicht-Silizium-Tandemzellen erfolgre-
ich durchzufiihren und dadurch Informationen tiber die Rekombinationsaktivitit von
Defekten in unterschiedlichen Schichten der Zellen zu sammeln. Bei der Durchfithrung
von CL Messungen an mc-Si bei 10 K konnte gezeigt werden, dass die in der Literatur
mit Sauerstoffprazipitaten in Verbindung gebrachte Lumineszenz bei 0.77 eV (P-Linie),
auch parallel zur D1-Linie klar unterscheidbar auftreten kann, was bis dahin in dieser
Art noch nicht publiziert wurde. Neben der P-Linie konnte eine intensive Lumineszenz
bei 0.93 eV festgestellt werden, die ebenfalls bei Raumtemperatur messbar ist. Diese
bis dahin nicht umfassend beschriebene Lumineszenz, welche im Laufe der Arbeit die
Bezeichnung Di-Linie erhielt, wurde detailliert untersucht und beschrieben. Dazu wur-
den die Ergebnisse von PL, CL, EBIC, EBSD und TEM miteinander korreliert. Durch
die umfassenden Untersuchungen konnte ein Zusammenhang mit Frank Partialverset-
zungen postuliert werden. Fiir diese Defektlumineszenz konnten zwei Defektlevel in
der Bandliicke, bei 112 49 meV unterhalb des Leitungsbandes und 93 4= 10 meV ober-
halb des Valenzbandes, verantwortlich sein. Im letzten Teil der Arbeit wurde versucht,
das Sammlungsverhalten von Zwillingskorngrenzen bei Temperaturen unterhalb von
30 K zu erklaren. In diesem Temperaturbereich zeigen Zwillingskorngrenzen eine er-
hohte Sammlungseffizienz im Vergleich zu den umgebenen Kornern. Als Ursache dafiir
wird ein lokaler Unterschied in der “Ausfriertemperatur” der Ladungstriager vermutet.
Um eine derartige Schwankung auszulosen, konnte eine lokale Verkleinerung der Ban-
dliicke, moglicherweise spannungsinduziert, in Frage kommen. Eine ebenfalls in Betra-
cht kommende Erklarung wére ein Zusammenbruch des Diodenpotentials im Bereich

der Korner.
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1 Introduction

1 Introduction

Since the first produced silicon-based solar cells with just 4-6% efficiency by Bell lab-
oratories in 1953, the investigations to generate electricity by sunlight have achieved
huge steps forward. Only a few years after the first production, satellites were equipped
with Si solar cells in 1958 to charge their batteries in space. At earth, solar cells could
provide the opportunity to supply areas far away of the electric grid with electricity. In
my opinion, this is one of the most useful applications for solar cells. In recent years,
this kind of application was moved out of the research focus. Nowadays, after several
oil crises, some disastrous accidents in nuclear power plants, and not to forget global
warming, the main aim of research in photovoltaics (PV) is the coast reduction of solar
cell production and of course the increase in efficiency to create an alternative source
of power generation. If it were possible to provide a cheap and efficient source of power
generation, nuclear power plants and coal power stations could be shutdown, while the
need for oil would also be reduced, using solar powered means of transportation instead
of gas dependent ones. I guess there is a chance that it is sufficient to charge batteries
with the help of solar power, like in the first days of fabrication. Nevertheless, there
remains a huge research requirement to achieve the goal of shutting down the conven-
tional kinds of power plants. According to the current facts of PV [release 28.05.2014;
latest available at www.pv-fakten.de], supplied by the Frauenhofer ISE, in 2013 PV
power was able to provide 5.7% of the net power consumption of Germany, while all
alternative sources of energy together achieved up to 29%. It is exciting that at sunny
workdays today it is possible to achieve 35% with just PV-modules and even 50% at
sun- and holidays. However, the current generated with PV remains more expensive
than that produced by conventional power plants. Therefore, it is still necessary to
continue research in the field of PV to enhance the knowledge of the used solar ma-
terials and establish the opportunity to improve the solar cell performance. For this
reason it is important to know where the limiting influences in the solar materials
originates from, how they arose, how they take effect, how they can be controlled and
of course how they can be avoided. The Joint Lab IHP/BTU founded in 1999 works
in the field of fundamental principles oriented research with the aim of achieving im-

proved Si properties by defect engineering. Through fundamental research, the basic
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knowledge about defect originations could be enlarged, improving the understanding
of defect influences. Besides improving material quality by supplying a broad field of
information about defect mechanism to the PV production industries, some kind of
defects provide properties which allow their aimed usage to improve different kind of
electrical devices. These special defects could be used to produce Si light emitters for
on-chip optical data transfers or certain kinds of transistors for example. Even after all
these years, from 1953 to present there is simply an uncompleted amount of knowledge

at our disposal. This lack of understanding has to be reduced.

Aim and outline of this work

The investigations for this work were performed within the scope of the “SolarWinS”
research cluster, as well as of the PVcomB project (Competence Centre Thin-Film and
Nanotechnology for Photovoltaics Berlin) - Teilvorhaben 6 Analytik. The focus of the
presented work will be the investigation of different defects with the aim to describe
their properties, explain the observations and if possible suggest an origin for the de-
fect behavior. For this purpose, it is necessary to combine luminescent spectroscopic
measurement methods, to identify characteristic spectra, with electron beam induced
current (EBIC) investigations to also include the total recombination as well. To exam-
ine the structural influence of the sample on the observed behavior additional electron
backscattered diffraction (EBSD) and transmission electron measurements (TEM) have
to be included. The combination and correlation of all differently gathered measurement
data should enable a satisfactory reply to the question what provokes the remarkable

behavior in each investigated case.

After the introduction and this outline, the second chapter is dedicated to explain-
ing the basic knowledge that is essential to follow the investigations and conclusions
hereafter. In addition, the experimental methods used, their measurement setup, the
necessary sample preparation steps, how the signals arose, and how they could be

analyzed will be presented.

The third chapter provides a wide overview of material defect features observed during
investigations for this work. This chapter is subdivided into bulk multicrystalline silicon
(mc-Si) material and investigations performed at thin-film silicon. Whereby the me-Si
part is differentiated into radiative features, mainly observed with cathodoluminescence

(CL), and non-radiative features, appeared during EBIC investigations. The following
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thin-film part includes successful performed measurements and the difficulties due to

the special sample setup.

Subsequently, the work is restricted to the occurrence of two selected utterly different

defects. Therefore, there are two more chapters to describe each of the two defects.

The fourth chapter is solely focused to the investigation of the appearance of the
Di luminescence at 0.93 eV. The goal of the investigations described, performed, and
combined in this chapter is the suggestion of a possible origin for the intense lumines-

cence.

The fifth chapter is about the electrical behavior of twin boundaries at low temperatures
below 30 K, observed with EBIC measurements. Here it is intended to explain why such

a behavior could occur.

The results are summarized in the sixth chapter, which is also the last one.

© Christoph Krause 3
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2 Basic knowledge

In this chapter, the necessary fundamentals are presented to provide a short insight
into semiconductor physics. At first the properties of carriers in intrinsic as well as
in doped semiconductors are briefly shown. Subsequently, possible kinds of defects
in silicon are explained, before radiative and non-radiative recombination processes
are introduced. The experimental methods used are presented in the final section of
this chapter, including how the measurement method works in general, which sample
preparation steps are necessary, how the signal arose and how the collected data could
be analyzed for the mainly used methods. The information provided should support the

discussions and the presented investigations in the following experimental chapters.

2.1 Semiconductor properties

Semiconductor properties are strongly dependent on the carrier concentration and the
carrier mobility. Therefore, it is necessary to provide a brief overview concerning how

they can be influenced.

2.1.1 Carrier concentration

To describe the carrier concentration it is necessary to distinguish between the intrinsic
semiconductors and doped ones. Doping is performed to provide more carriers, and thus

a better conductivity in the material.

Intrinsic semiconductor

For the intrinsic case without any dopants, the carrier concentration can be calculated
with the Fermi-statistic f(£,T) and the density of states of holes in the valence band
D,(E).

© Christoph Krause )
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The concentration of electrons in the conduction band can be calculated respectively.

po= 1 [ DB =SB TIE

With the effective mass of holes mj, the Boltzmann constant £, the temperature 7',
the valence band energy F,, the energy of the Fermi level EFr and the Planck constant

h, the hole concentration can be simplified after Sze [90]:

3
by =2 (27?72;1{7) B (2.1)

Psy

Where the effective density of states in valence band are given by p, ;.

Doped semiconductor

In the case of doped semiconductors, the induced carriers have to be take into account.
Using p-type doped silicon, there is the concentration of acceptors N4 with the density

of neutral N and ionized acceptors N :
Ny = Nj+ Ny

The number of holes at acceptor level E, is given by:

Ny
Ep

pA:NB\:T
e T 41

and the density of ionized acceptors:

Ny
Ep—Exp

Ny=Ny— 55—
e m  +1

For small temperatures, it can be assumed that the most holes p, in the valence band
originate from the acceptor level (E4) rather than the conduction band. With equa-

tion 2.1 and p, >~ N, the hole concentration can be calculated through:

6 © Christoph Krause
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ZZU e_f_’f“ — e#
Peyy
Na
Py = EA—Eo
1+ ]Zv s
Pegf

After solving this equation and with the distance E,; between the acceptor level and

band edge, for low temperatures the density of holes can be given by:

N
4=A
Deyy

E

An example for the temperature dependence of the carrier concentration is shown in
Fig.2.1.

Eq
et > 1 (2.2)

Temperature [K]
300100 5040 30 25 20

1018 . .
IS
1016 ] \\
% N\
T
? 1014 \\\\
N
§ 1012 \\ ‘\
\A\
NAi \ \
— 2 x 1017 cm—3 \\
10° |- 2.4 x 10" ¢cm™3 \
— 7 x 10" ¢m ™3 \

Figure 2.1: Temperature dependence of the carrier concentration for p-type single-
crystal silicon containing boron as dopant, after Morin and Maita [67].

© Christoph Krause 7



INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS

2 Basic knowledge

The qualitative temperature dependence of the carrier concentration together with the

corresponding Fermi energy temperature dependence is shown in Fig.2.2.

log(carrier concentration)

. : : -~
- IntrinsicE Depletion : Reserve 1T in K-
EC; y
E,
>
1/T in K7!

Figure 2.2: Qualitative temperature dependence of the carrier concentration and cor-
responding temperature dependence of the Fermi energy.

The Fermi energy influences the later in section 2.4.2 discussed EBIC contrast. Deep
defect levels, which are located deeply in the band gap, near the Fermi energy, become
already recombination active at room temperature, while shallow defect levels near
the band edge, far away from the Fermi energy, show a recombination contrast after

cooling, at a certain lower temperature.
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2.1.2 Carrier mobility

The resistivity of the semiconductor is indirect proportional to the mobility of the car-
riers and is affected by scattering mechanism in the material, which is mainly induced

by the lattice p, (acoustic phonon scattering) and ionized impurities y;. The combined

mobility is after Sze [91]:
i)
p={—*—
Ha i

With the resistivity p, the current density J, the electric field £ and the conductivity
o [91]:

(.
Il
Q

FEN

B 1
q(pnn + ppp)

SHE

where p, and g, are the mobilities of electrons and holes. The conductivity for p-type

semiconductors with p > n:

0 = qlpp

The temperature dependent carrier mobility, for some published p-type silicon data

sets, with the acceptor concentration Ny, is shown in Fig.2.3.
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Figure 2.3: Temperature dependence of the carrier mobility: (1)Ottaviany et al. [71]
tof-technique : Ny = 10 ¢m™3,(2)Logan and Peters [56]photo-Hall-
effect: Ny ~ 10 em™3, Morin and Maita [67] Hall effect:(3)Nay ~ 2.4 x
10 ¢m=3 and (4)N4 ~ 2 x 1017 em 3.

2.1.3 Space-charge-region (SCR)

The electric field that influences the carrier motion is dependent of the build-in de-

pletion layer. At a metal-semiconductor contact a depletion layer is formed, which is
schematically shown in Fig.2.4.

The Fermi-level of the metal and the semiconductor are shifted with ®,; — ® 5, where
e®,, is the work function of the metal and for the semiconductor e®y = ey + eV, with
the distance between Fermi- and vacuum level eV, and the electron affinity ey, the

distance between conduction band and vacuum level.

10 © Christoph Krause



INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS

2 Basic knowledge

ex eV, e®

EC’ Y

.W.

Figure 2.4: Schematic band bending caused by forming of a p-type semiconductor-
metal contact with depletion layer width W.

The formed depletion layer width W can be calculated with the dopant concentration

dVv
Np and the assumption that p ~ ¢Np for x < W and p~ 0 and — ~ 0 for x > W

dx
to those of an one-sided abrupt pn-junction after [22]:
2€
W = " ( Py — D
qND( M )
The capacitance C' can be calculated with the space charge Q.
Quc = gNpW = \/24¢,Np(®yr — ©pr)
5Qsc €s
C pumy = —
oV W

2.2 Recombination processes

Through excitation with light or electron beam, excess carriers will be built inside
the semiconductor. To reach the equilibrium state again, recombination processes take
place. Under existence of an electrical barrier near the generation volume the electron-
hole pairs will be separated by the electrical field when they reach the barrier and
electrons will drift to the positive and holes to the negative pole. Without the influence

of an additional electrical field, the build carriers diffuse freely. They will be recom-
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bined radiatively or non-radiatively. With the excess carrier concentration An and their

lifetime 7 the recombination rate R is generally defined by R = 27 where by
T

An An An An An An
—=—+ + + +

(2.4)
T TBB TDRL TSRH TAuger Ts

the lifetimes for total, band-to-band (BB), defect-related luminescence (DRL), Shockley-
Read-Hall (SRH), Auger and surface recombination are given by 7, T, TprL, TSrH,
TAuger and 7,. Instead of the lifetime, it is also common to use the diffusion length
L of the excess carriers, reflecting the average length of carrier diffusion within their
lifetime. With the diffusion constant D the diffusion length is:

L=+Dr (2.5)

2.2.1 Radiative recombination

1
Eco T T
A —
Er Ep T Ep T
2 3 4 5 6
Es Y Exs X
Y Y Y Y
EV O O O

Figure 2.5: Schematic transitions between conduction band (Fp), valence band (Ey)
and exciton (Fg), donator (Ep) and acceptor (E4) levels at semiconductors
after Yacobi and Holt [99].
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Figure 2.5 presents some simplified radiative transitions. Process (1) is an intraband
transition, an exciton will be excited (Eg) over the edge of the conduction band with
following relaxation. The result of this thermalization procedure can be either an emis-
sion of a phonon and a photon or simply an emission of phonons. In (2), an interband
transition is shown featuring a radiative recombination between electrons in the con-
duction band (E¢) with holes in the valence band (Ey). The resulting radiation is
called band-to-band luminescence (BB). The third one (%) is an excitonic transition,
which is only visible at low temperature. Free excitons as well as bounded ones caused
by soilings can lead to this kind of transition. The transitions (4) to (6) are between
localized states in the band gap induced by soilings or doping (donor Ep and acceptor

E4). Resulting luminescence is called defect-related luminescence (DRL).

Band-to-band luminescence

After the excitation process (electron will be excited from valence to conduction band
and leaving a hole there) electrons and holes aspire to reach the equilibrium state again
and thus they will recombine. The recombination path differs depending on which kind
of semiconductor was excited, namely whether it was a direct or indirect one. Both

cases are schematically drawn in Figure 2.6.

In direct semiconductors, electrons from the conduction minimum will be recombine
with holes from the valence band maximum, which is at the same position in recipro-
cal space. In indirect semiconductors, the position of conduction band minimum and
valence band maximum differs and for the direct band transition an additional phonon
is necessary. This is why these indirect BB transition are less probable than direct BB

transitions.

© Christoph Krause 13
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A InP 1
I

I Conduction band Conduction band

Energy

Valence band I Valence band

Figure 2.6: Energy transfer from conduction band (E,) into the valence band (Ey ) with
emission of photon (hf)in direct ( InP left) and indirect semiconductor (Si
right) with additional participation of a phonon (E,;)(right); after Liang
und Bowers [54].

The recombination rate R includes the constant radiative recombination coefficient B
of the BB transition [77], is proportional to the product of electrons n and holes p and

is equal to the generation rate GG of excess carriers.
R=Bnp=G¢G
where n and p after excitation can be denoted as:

n=ny+ An
p=po+ Ap

with excess carriers An and Ap, which are usual due to light absorption or electron
beam injection An = Ap. Hence, the recombination rate can be represented as the sum
of the excess recombination rate AR and recombination rate at equilibrium condition
R()I

R=Ry+ AR

14 © Christoph Krause
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For p-type semiconductors py > ng, the recombination rate of excess carriers follows

as:

AR = Bnp — Bngpy = B(no + An)(po + Ap) — Bngpo
= B(no + po)An + BAn?

The term BAn? can be neglected under the assumption of low injection An < pq
where the amount introduced carriers is negligible compared to the concentration of

majority carriers. The excess recombination rate is given by:
AR =~ B(no + po)An

In contrast to low injection, BAn? becomes dominant if high injection conditions are
valid An > pg, which leads to

AR = BAn?

Defect-related luminescence in silicon

Besides the previously described BB luminescence, another kind of luminescence is
that involving defect levels within the band gap. The energy of luminescence in this
case conforms the energetic distance between the defect level and the band edge. Here,
the transition from conduction band to the defect level as well as from defect level to
the valence band are possible. Probably the most discussed and investigated radiative
transitions are the so called D-lines D1-D4 [16], which are first observed in the 70th
and related to dislocations. At low temperature, it is possible to observe all four lumi-
nescence transition with i.e. photoluminescence (PL). A good example of how it could
look in a PL spectrum is shown in Fig.2.7 from Arguirov [2]. At room temperature,
from these four D-lines, only D1 could be observed [88], whereas the shallow levels of
the other luminescences will be suppressed. Drozdov et al. [16] reported the spectral
positions at helium temperatures: D1 0.812 eV, D2 0.875 eV, D3 0.934 eV and D4
1.0 eV. Despite many long term investigations, the entire mechanism of the D-lines

and there exact origin are still not completely understood.
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Wavelength [pm)]
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Figure 2.7: PL spectrum from plastic deformed silicon at 80 K. D1-D4 as well as BB
are observed [2].

For the D1 luminescence, there are several different suggestions of possible origins
reported. It could be associated with defects along the dislocation line (kinks and jogs)
[53; 85]. Moreover, strong D1 luminescence was observed at the crossing points of screw
dislocations by Mchedlidze et al. [64]. Other suggestions are stress-related deep and
shallow dislocation levels in the band gap of Silicon [76; 49], clusters of intrinsic atoms
close or at the dislocation lines [29; 6], oxide precipitates at or near to dislocations
[4; 5], and recent investigations by Mchedlidze et al. [62; 61] on dislocation networks in
bonded Si wafers, presenting a model for grain boundaries (GBs), suggesting that the
intensity and shape of dislocation-related luminescence spectra strongly depend on the
structure of the network. Taking the lattice distortion into account, which could induce
a strain field around the dislocation, Lelikov’s [53] suggestion should also take place
here. According to Lelikov [53], these strain fields could build one-dimensional energy
bands that are dependent of the dislocation Burgers vector b. The spectral position of

the radiative emission £}, could be estimated with F, the band gap energy, the lattice
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constant a, the edge component b, of the Burgers vector and a constant A, which is

related to the deformation potential and the mean effective carrier mass:

2
Elum ~ Eg — A <be>

a

Dislocation type b/a estimated E;,,[eV] | observed Ey[eV]
Screw non-split | 1/2[110] / /

30° partial glide | 1/6[211] 1.140 /
stair-rod partial | 1/6[110] 1.125 1.030[53]

90° partial glide | 1/6[112] 1.040 1.025[53]
Frank Partial 1/3[111] 0.900 0.870(D2)[76]
60° non-split 1/2[101] 0.870 0.84(D12)[76]
Lomer-Cottrell | 1/2[110] 0.770 0.807(D1)[76]

Table 2.1: One-dimensional band gap, build through strain field around dislocations.
Calculated luminescence in comparison to experimentally observed [53].

In his work, Lelikov [53] compared estimated band gap modifications for different kinds
of dislocations with spectral features (Table 2.1). The estimated Ej,,, of about 0.9 eV,
which he has dedicated to Frank Partials, almost corresponds to the later discussed
luminescence in chapter 4. In addition, Sekiguchi [84; 85] shows a spatial correlation
between dislocation-related luminescence and dislocations introduced by plastic defor-
mation. He observed a domination of D1 and D2 in regions of intersecting slip lines
whereas D3 and D4 originate along glide dislocations or edge dislocations [62]. Further-
more, there are reports that contribute luminescence in the range around D1 to oxygen
precipitates (OP) [62; 95]. The discussion, which lines are D1 or OP, persisted over
the last ten years and extends far beyond this work. However, some observed spectra

indicating oxygen involvement are presented in section 3.1.
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2.2.2 Non-radiative recombination

Besides the radiative transitions, also non-radiative recombinations exist. Aside from
(1) in Figure 2.5, there is the so-called Auger process, whereby energy of a former elec-
tron transition will be absorbed by another electron, which will be excited to a higher
energetic level inside the conduction band. Subsequently, an emission of this electron
or heating of the material through phonon emission is possible [72]. Furthermore, the
Shockley-Read-Hall (SRH) recombination particularly as well as the surface recom-
bination should be mentioned, whereby former absorbed energy in form of thermal

energy is transferred to the material through lattice vibration.

Shockley-Read-Hall recombination

In indirect semiconductors, non-radiative recombinations are the most expected recom-
bination mechanism. Defects cause built-in levels in the band gap that could act as

traps for minority carriers. The recombination rate is given by [87; 23].

np — n?

Tp(n 4+ 1) + Tu(p + pr)

Rs RH = (26)
The electron and hole concentration is denoted with n and p whereby n? is the intrinsic
carrier concentration under equilibrium condition. 7,, is the lifetime for electrons when
the recombination centers are entirely empty while the lifetime for holes, if the centers
are occupied by electrons, is given by 7,:

1 1

Ty = —— and Tn =

Upvth,pNt Unvth,nNt

7, and 7,, are related to IV, the density of the recombination centers, their capture cross
section for holes 0, and electrons o, as wells as the thermal velocities of the carriers
Uthp OF Vg . The energy level of the defect states are given by n; and p;, which are the
equilibrium electron and hole concentrations when the Fermi level coincides with the
energy level F; of the trap in the band gap.

Ey—Eq Ey —Ey
C v
nl = neffe kT and pl = peffe kT

where E¢ and Ey are the conduction and valence band energy, k£ is the Boltzmann
constant and 7' is the temperature. ngy; and pgs; denotes the effective densities of

states in conduction and valence bands.
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For a n-type sample ng > po Rsrp, equation (2.6) can be simplified to:

np — n?

T,(n 4 ny) (27)

Rsry =
At low injection ( An = Ap < ng,n = ng + An,p = po + Ap, and ngpy = n?), SRH
recombination is usually the dominating recombination in silicon. In doped material,
the change of majority carrier concentration through injection can be neglected; there-
fore, it is possible to simplify equation (2.7) with the minority carrier lifetime Tsgppy

and their concentration An:

An

TSRH

Rspu ~

Surface recombination

The surface recombination is a special kind of SRH recombination, which also involves
intraband transfers. “The subscript “s” refers to the appropriate quantity at the sur-
face” [82]. According to equation (2.6) after [82], with the recombination velocities of

holes ¥, and electrons ¥J,,, the recombination rate ca be simplified to:

U0y (psns — n?)

3

R, =
ﬂn(ns + nls) + ﬁp(ps + pls)

under the assumption that the trap density N, at the surface is constant. p, and n

design the hole and electron densities at the surface.

Auger recombination

This three-particle process becomes important in highly doped silicon or under high
injection conditions. Energy that is released through carrier recombination is transfered
to an additional carrier, an electron in case of so-called eeh process or to another hole,
ehh process [17].
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Figure 2.8: Schematic drawing of possible Auger recombination processes in p-
semiconductors after Pankove [72].

In Fig.2.8, according to Pankove [72] some of the possible transitions are shown for
p-type material. Through energy release in BB transition, a) the second hole will be
excited deep from the valence band. The process b) is a donor to valence band transi-
tion, a second hole will be excited. The transitions from conduction band to acceptors
are shown in ¢;) and ¢y). Furthermore, transitions from donor to acceptors d) are

conceivable.
The recombination rate Rayger is dependent on the concentration of three particles
that take part at the recombination:

R Avger = Cnn2p + C'pnp2 (2.8)

where (), and C,, are the Auger coefficients for eech and ehh process. The lifetimes can
be estimated from equation (2.8) for low 7, and high 73; injection in dependents of the

doping type. For p-type silicon:

1
R, = C'pNiAn = Tlo = CPN%
1
_ 3 _
Rhi = CaAn = Thi = C’aAn2

with the density of acceptors N4 and the ambipolar Auger coefficient C, = C,, + C,
[32].
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2.3 Crystal defects

Defects in semiconductor materials as shown in Fig.2.9 are distinguished by means of
their dimension. Therefore, we have zero-dimensional defects also called point defects
like intrinsic defects or extrinsic defects. One-dimensional defects describe dislocations.
Stacking faults, grain and phase boundaries are counted among the two-dimensional
defects, while three-dimensional defects include precipitates and voids. All of these

defects could influence the mechanical, electrical and optical properties of silicon.
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Figure 2.9: Schematic crystal lattice defects drawing after Foll et al. [20]: a) interstitial
impurity atom, b) vacancy, c) self-interstitial atom, d) edge dislocation, e)
precipitate of impurity atoms, f) vacancy type dislocation loop, ¢) substi-
tutional impurity atom, &) interstitial type dislocation loop.

2.3.1 Point defects

Vacancies and self-interstitials, which are counted among the intrinsic point defects,
are shown in Figure 2.9 b) and c¢). Extrinsic point defects like Figure 2.9 a) or g)
could include doping atoms, transition metals, interstitial oxygen atoms or carbon
substitutional atoms, for example. These defects could form energy levels in the band

gap, which influence the transitions in the material.
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2.3.2 Dislocations
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Figure 2.10: Schematic crystal lattice with edge dislocation after Foll [19]; green: closed
Burgers circuit around dislocation, blue: same chain of base vectors in
perfect reference lattice without dislocation will not close, red: resulting
Burgers vector b close circuit, black dashed: dislocation line .

Dislocations are formed during the crystal growth process, for example due to lat-
tice mismatch between the interface of two material layers, mechanical stress, which
could be produced through high temperature steps, or resulting different local thermal

expansions. Dislocations are characterized by their Burgers vector b.

Figure 2.11: Schematic crystal lattice with screw dislocation after Foll [19]; green:
closed Burgers circuit around dislocation, blue: same chain of base vec-
tors in perfect reference lattice without dislocation will not close, red:
resulting Burgers vector b close circuit, black dashed: dislocation line .
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The formation of the Burgers vector is presented in Figure 2.10 for an edge dislocation
and in Figure 2.11 for a screw dislocation. It is evident that the circuit of base vectors
around the dislocation does not close in the perfect reference lattice. The missing
vector is called Burgers vector b and, in the case of an edge dislocation, is located
perpendicular to the dislocation line ¢, and in the case of a screw dislocation, parallel

to the dislocation line .

Dislocation line charge

In p-type silicon, defect levels related to dislocations can be occupied with holes forming
a positive line charge, respectively for n-type material the line will be negatively charged
due to the occupation through electrons. Around the dislocation, a space charged region
with ionized negatively charged acceptor atoms is formed 2.12 b). In case of n-type Si,
the surrounding so called Read cylinder will comprise ionized positively charged donor
atoms. To compensate the dislocation charge, the valence and conduction band will be

bended, a potential barrier is formed in the band schema 2.12 a).

-1

Figure 2.12: Model of charged dislocation in p-type material. a) Space charge region
and band bending at dislocation. b) Space charge cylinder with charged
acceptors after Kittler and Reiche [39)].
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2.3.3 Grain boundaries and stacking faults

Grain boundaries (GBs) are formed during the growth process of multicrystalline sil-
icon. Neighboring crystallites touching each other and the interface between them is
called grain boundary, which is described by the orientation of these two grains to
each other. For certain types of GBs, it is possible to categorize them according to the
coincidence site lattice (CSL) theory, whereby the number of exactly coincide lattice
points from one lattice with the rotated second one is taken into account. The coincid-
ing points form some kind of superstructure. A definition how the GB will be divided
is given in [19] “ The relation between the number of lattice points in the unit cell of a
CSL and the number of lattice points in a unit cell of the generating lattice is called ¥;
it is the unit cell volume of the CSL in units of the unit cell volume of the elementary
cell of the crystals.” The always odd ¥ value for a GB describes the orientation between
the two adjacent grains unambiguous. A small ¥ value, whereby 1 means an almost
perfect crystal without any boundary, denotes GBs with just a slight misorientation
between the two grains. According to Foll [19] GBs that are close to the X1 orientation
are called small angle grain boundaries. The GB with the highest symmetry between
the grains is called twin boundary (TB) and is described with 3.

Twin boundaries are a special kind of GBs observed in crystals. They are highly
symmetrical with no change of bond length or angles at the mirror plane (Fig.2.13).
Therefore, the grain boundary energy per unit area is smaller here than at other GBs.
Furthermore, both crystals should bend together without any straining of the lattice
due to the high symmetry. The twin boundaries on {111} planes are called coherent
twin boundaries; they are the simplest ones and have the smallest energy. All other
possible twins on different planes are called incoherent. The twin boundaries are also

called ¥3 boundaries according to the coincidence site lattice (CSL).

If it is not possible to classify the GB according to the CSL theory, the degree of
misorientation between the grains is used for description. They will be denoted as high
angle GBs if the twist or tilt angles between two grains are larger than 15 degree,
otherwise they are called small or low angle GBs [15]. GBs, which are due to their

misorientation far to a coincidence relationship, are also referred as random GBs.
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Twin boundary

Figure 2.13: Schematic drawing of the crystal lattice of a twin boundary after Foll [19].

Stacking faults are defects in the planes of the crystal lattice. As we consider the
sequence of three neighboring (111) planes from the silicon diamond structure ...AB-
CABCABC...we talk about a stacking fault if we remove an existing plane or insert an

additional plane (Figure 2.14).

Figure 2.14: Schematic crystal lattice with extrinsic stacking fault after Foll [19].

The extrinsic stacking fault in Figure 2.14 shows an edge dislocation, which is released
by interstitials. The Burgers vector of this dislocations is b= j:% < 111 > and thus it
is not a translation vector of the fcc silicon lattice. Dislocations with this special kind

of Burgers vector are called Frank partial dislocation.
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Partial dislocations were built because perfect dislocations may split up into two

partials to lower their total energy. This splitting is shown for a dislocation with a

Burgers vector b = %[110] in Fig.2.15.

Perfect dislocation

i ber =5 < 110>
Splitting in partials . .
S ba =Z<121>
p V)' o
i g¢ B a _
Stacking fault d 52 = 5 <211 >

Figure 2.15: Schematic drawing of a perfect dislocation splitting in two Shockley par-

tials in a distance d with a stacking fault between the partial dislocations
after Foll [19].

A cross sectional view (Fig.2.16) of this kind of splitting could be found in [26].
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Figure 2.16: Schematic cross sectional drawing of two Shockley partials in a distance d

with a stacking fault between the partial dislocations after Hull and Bacon
[26].

This kind of partial dislocation, shown in Fig.2.15 is called Shockley partial, charac-
terized by a displacement vector of the type b = :I:% < 112 >, which is also not a
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translation vector of the lattice. In general, dislocations characterized by Burgers vec-
tors that are not translation vectors of the lattice are called partial dislocation and
they are necessarily bordered a two dimensional defect like the stacking fault shown
in Fig.2.14 or 2.16 [19]. Besides the Burgers vector, the difference between Frank and
Shockley partials is the possibility to glide. Shockley partials are able to glide on the
same glide plane (spread out by Burgers vector b and line vector f) like the perfect
dislocation where the stacking fault moves along and they are able to change their
length without any issues. In contrast, the Frank partials loops are bounded and can
only move on their glide cylinder, whereby additional length changing would include

the absorption or emission of point defects.

2.3.4 Precipitates

Precipitates could be formed by an agglomeration of point defects at a specific tempera-
ture when the concentration of the point defects exceeds the solubility limit. According
to Borghesi [8], oxygen precipitates emerge predominant from about 1000—1200 °C dur-
ing the block cast process. One main source of oxygen contamination is the dissolution
of the quartz crucible into the silicon melt [80]. Carbon dissolves into the liquid silicon
from contamination of the feedstock, as well as from carbon monoxide from the furnace
environment. Typical impurity concentrations in the solar silicon used in this work are
3 x 10 —3 x 107 cm™3 of O; (oxygen interstitials) and 5 x 106 — 1 x 10'® em ™ of C,
(carbon substitutionals). Additionally, ¢ metallic impurities are always present in cast
silicon material. They originate from contaminants in the feedstock and in the quartz
crucible and its coating” [80]. For examples, the measured interstitial Fe; concentration,

at silicon material investigated in the next chapters, was about 1 — 10 x 10** cm 3.
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2.4 Experimental methods

In the following section, the experimental methods used will be explained. The dif-
ferent methods need various special sample preparations to perform the investigations
correctly. These previously performed preparation steps for me-Si samples are also de-
scribed in the following. Thin-film samples exhibit some complications to prepare them
for the measurements. The discussion about the complications is placed separately in
the second part of chapter three, where the thin-film measurements will be described.
For the initially presented scanning electron microscopy measurement methods, like
CL, EBIC, EBSD and TEM, the interaction of the excitation electron beam with the
sample material is essential to know. Therefore, prior to explaining the methods, the

basic mechanisms about material interaction are briefly shown.

Electron beam - material interaction

If electrons are induced into material, for example through illumination with an elec-
tron beam, electrons will be scattered. Scattering processes can be divided into elastic
and inelastic. Through elastic scattering from electrons at atoms it comes to reflec-
tion of high energetic electrons. These backscattered electrons (Eps) can be detected
through a scanning electron microscope (SEM). In dependence of the atomic number of
the material, a contrast image will be observed. The inelastic scattering allows different
kinds of investigation methods. Due to the electron material interaction, it comes to
secondary electron emission (Fgg), building of electron-hole pairs (E,,), cathodolumi-
nescence, x-ray radiation F,, Auger-electrons and thermal effects like electro acoustical

effect. The energy of the impact electrons (FEy) is distributed into:
Ey = Eps + Esp + Eep + Ep + ...
The energy of the electron-hole pairs may be accepted:
Eop = Ey — Eps = (1 —v)Ey = 0.9E (2.9)

This common assumption is valid under the presumption that the influence of the
secondary electron emission and x-ray radiation in silicon could be neglected and the
backscatter coefficient v of the electron beam is approximately 10 % [98]. The electron-
hole pair generation in silicon occurs through impact ionization. An electron in the

valence band is excited into the conduction band, thus leaving a hole in the valence
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band. Because the conduction and the valence band are not solid single bands but
rather divided into several sub bands, the required average generation energy e for a
electron-hole pair is higher than the band gap energy FE,. For silicon, ¢ is estimated at
~ 3.6 eV [98]. Therefore, it is possible to calculate the number N of electron-hole pairs
per primary injected electron with energy Ej in keV .

Een 900

“" FEy = 250E, (2.10)

N = —
€ 3.6

The penetration depth for the primary electrons in semiconductors can be calculated.
One generally accepted formula was established by Kanaya and Okayama in 1972
[30].

0,0276A\ ¢
r = (S ) Bl

R, presents the penetration depth, Fy electron acceleration voltage in keV, A atom

weight in il’ p density in ig and Z atom number. The exemplary penetration
mo m

depth after Kanaya and Okayama of Si, Ge, GaN and GaAs are shown in Figure 2.17

in dependence of the beam energy. Besides the calculation after the maximum range of

104

Penetrationdepth R,[um]
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Beam energy [keV]

Figure 2.17: Electron penetration depth R. in different semiconductor materials at
increasing electron acceleration voltage FE, calculated after Kanaya-
Okayama.

Kanaya and Okayama, there is also the possibility to calculate the penetration depth

with the universal curve of Everhart and Hoff or with the Gruen range [48]. It is
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generally accepted to use any of these formulas, although it is necessary to be aware

of which one is used during the data analysis.

The penetration depth defines the generation volume of electron-hole pairs. The number
of generated pairs could be described by an normalized analytical empirical depth-dose
function A(Z) given by Everhardt and Hoff [18] valid for 0 < £ < 1.1:

z z 3 z 2 >
AMZ) =\ <Re) =5.69 (Re> —124 (R) +6.21 <Re) 0.6

where z is the depth under the surface. With equations (2.9) and (2.10), the electron
beam current I and the minority carrier charge ¢ the depth-dose function can be

quoted as

N(z) = [BE;B;;@_ )\ (Z) - Y2
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Figure 2.18: Number of electron-hole pairs formed per micrometer for different electron
beam energies by a single energetic electron in silicon. Depth-dose curves
are of the form determined by Everhardt and Hoff [18] with the penetration
depth after Kanaya-Okayama [30].
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2.4.1 Cathodoluminescence - CL

Cathodoluminescence is the emission of light as a result of electron bombardment. It
offers a contactless, nondestructive measurement method with high spatial resolution
for the characterization of semiconductors. One important advantage compared with
optical methods is the possibility to achieve depth resolved information by changing
the energy of the electron beam. The name cathodoluminescence itself comes from the

cathode as electron source.

First time usage for characterization emerged around 1880 by William Crookes, who
used the method at lead glass. Nowadays, interest arose late in the 1950s due to the
development of analytical (x-ray)-electron-microscopy [69]. Initial applications were
in the field of mineralogy and petrology because the CL images reveal the different
components of quartz, dolomite and feldspar, as well as remaining skeleton structures
of fossils. In 1960, CL applications increased due to commercially available scanning
electron microscopes (SEM) and first steps in space investigations and microelectronics
[69]. Today, CL can be found in almost all scientific fields.

Sample preparation: The 1x 1 cm sized samples were cleaned with a Piranha solution
(30% Hy045 and 70% H5SO4) and dipped into HF-solution to prevent the formation of

an oxygen layer at the surface. Thus, surface recombination can be reduced.

Signal

As already mentioned in section 2.4.1, the luminescence results from radiative transi-
tions in material excited by an electron beam. Due to the absence of a general rule like
Moseley’s law in x-ray microanalysis, which could serve to identify bands or lines in
the CL spectrum, it is difficult to distinguish between transitions that involve impuri-
ties or variety other defects [99]. Non-radiative transitions cannot be described by CL
measurements. Radiative transitions are influenced by temperature. Therefore, cooling
of the sample (i.e. with liquid nitrogen or liquid helium) could result in sharper lines in
the observed spectra, which possibly enables the identification of transitions between
defined energy levels [99]. Due to the excitation by an electron beam, the most radia-
tive transitions will be excited at once [99]. The electron probe size, the size of the
generation volume of electron-hole pairs and the minority carrier lifetimes are respon-
sible for the resolution of the cathodoluminescence [99]. According to [83], the spatial

resolution of CL is in the micrometer-range and at areas with strong recombination
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activity a spatial resolution of just ~ 1 um is feasible. Obtained spectra are dependent
on temperature, beam energy, beam current, sample bias and electrical fields. The in-
vestigation of the influence at the silicon BB luminescence is commonly well described

in literature, but for the defect luminescence there remains room for improvement.

Setup

The CL measurements were conducted in a Zeiss EVO 40 SEM equipped with a He-
lium cooling stage working with liquid nitrogen at 80 K, as well as with liquid helium
down to 10 K. Additionally, the SEM was mounted with a Gatan MonoCL3 system
and a Hamamatsu InGaAs photomultiplier detector with a range from 250 nm up

to 1700 nm. The schematic setup is shown in Fig.2.19. The electron beam originates
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Figure 2.19: Schematic setup of the used CL measuring system, including simplified
light path for monochromatic (red), using mirrors 1-4, and panchromatic
(blue), with rotated mirrors, spectrometer settings.

from a tungsten cathode and is focused on the sample through a hole in the parabolic
collecting mirror. This mirror, placed above the sample, collects the generated lumines-
cence and led it to the spectrometer (MonoCL3 system). In the case of panchromatic
(all wavelength) measurements, the mirrors 1 and 4 have to be rotated to lead all col-

lected light to the photomultiplier tube (detector). If a mapping of just one selected
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wavelength is planned, the monochromator mode has to be used. The slits are used to
control how much light will be induced in the monochromator: wide slits give a higher
intensity, whereas narrow slits give a better resolution. After passing the spectrometer,
the signal is recorded by the photomultiplier. The detector allows acquiring a spec-
trum of the chosen sample position (Fig.2.20 ¢) or performing a spatial mapping of a
selected area. The mapping procedure is possible in monochromatic mode (Fig.2.20 a
and b), to record just one selected wavelength, or in panchromatic mode recording

all emitted wavelengths. Another detection system, compared to the sequential one
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Figure 2.20: Monochromatic CL image at a 360 nm, b 560 nm of GaN grown at Al,O3
substrate and ¢ the corresponding spectra from the surface 7 and from
the particle 2 after Krause [43].

used in Cottbus, is mounted in the Electron- and Ion Microscopic Facility of Inter-
disciplinary Resource Center for Nanotechnology of Saint Petersburg State University
(IRC-NT-Lab). It was also possible to use it for this work during a short work stay at
their laboratory. They use a parallel CL detector with a charge-coupled device (CCD)
camera, which allows low noise spectral measurements within few seconds during the
sample scanning process. Therefore, it is possible to acquire all spectra from every sin-
gle point of the scanned area very quickly. The spectral ranged from this detector is 900
up to 2200 nm. Furthermore, this parallel detector with 1064 channels allows spectral
measurements with a spectral bandwidth of about 260 nm during the sample scanning
process. However, it is not possible to record panchromatic or even monochromatic
images of the scanned surface area due to the discharge time of the CCD detector.
The only way round is a mapping procedure, whereby a program measures the spectral
distribution at each point of the selected area, calculates the average intensity value
for a small part and creates a map of the intensity distribution. Even this detour takes

much time related to the studied area and the intensity of the luminescence.
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2.4.2 Electron beam induced current measurements - EBIC

EBIC is used to investigate recombination active defects, lifetime inhomogeneities and
also doping variations. Thereby, it is not important if electron-hole pairs recombine
radiative or non-radiative at these defects. Through the variable beam energy, it is also
possible to collect information about defect depth distribution, diffusion length, as well
as the surface recombination. Furthermore, the high spatial resolution enables the in-
vestigation of selected single defects as well as mapping the recombination activity over
a selected sample area. Due to nondestructive measurements, this method of analysis

is widely used in photovoltaic and microelectronic.

Sample preparation: To perform EBIC measurements, a diode like sample structure
containing a pn or Schottky junction is necessary. Therefore Schottky diodes were
prepared. EBIC samples, 1 x 1 ¢m, were slightly isotropic etched with HNA - solution
(HF, HNO3 and CH3COOH) to prevent influences from surface damage caused by the
wafer sawing step, cleaned in Piranha solution to build an oxide layer to improve the
Schottky barrier, and rinsed with deionized water. Finally the front Schottky contact
was prepared by deposing a 10 nm aluminum layer over the oxide interlayer. The ohmic
contact was formed by rubbing InGa alloy on the sample back surface. This kind of
back contact exhibit also a good conductivity at low temperature like 80 K or even at
15 K.

The I'V-investigations were conducted at samples with Al deposited dots without an
oxygen layer to prepare ohmic contacts at the p-type Si samples. To compare different
regions of the sample, some of the dots are located at regions with a high concen-
tration of twin boundaries and others were placed at areas with plain grains without
boundaries. In addition, the samples were tempered for 20 min at 400 °C to increase
the conductivity of the ohmic contacts by slightly diffusing Al into the sample at the

contact spots.

Signal

Electric current is generated similar to a solar cell. While sun light is necessary at solar
cells, for EBIC an electron beam is used. Measurements are performed at short-circuit
conditions (Fig.2.21).
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Figure 2.21: Characteristic of a solar cell (blue) without, (red) with illumination and
marked measurement conditions for EBIC I,. and EBIV V..

High energetic electrons excite the generation of electron-hole pairs. The electric field
due to the depletion region (SCR) of a short-circuit Schottky junction separates these

pairs and induces a current. The signal emergence is simplified shown in Fig.2.22.
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Figure 2.22: EBIC measurement setup and signal build.
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At the achieved grayscale-map (Fig.2.23), areas with no defects will show up bright,
high collected current (Igpsc), while defect rich areas appear dark, decreased Igpsc.
The EBIC measurements are strongly temperature dependent. Fig.2.23 shows the EBIC
micrograph of a sample overview at 300 K compared to 90 K. Through cooling it is
possible to reveal recombination active dislocations even in the grains which possibly
appear bright at 300 K.

EBIC: sample overview

Figure 2.23: EBIC micrograph: sample overview merged from 6 single images at 300 K
compared to 90 K with 100 pA and 30 keV.

The calculable collection efficiency n can be used for the characterization of material
properties. With the measured EBIC current /5p;c and the maximal possible collected

current 250FE15, according to equation 2.10 the collection efficiency is:

IEBIC

_ _1BBIC 2.11
1 950E, I, (2.11)

The energy dependent collection efficiency is also a function of the thickness of the
metal Schottky contact, the depletion layer width, the surface recombination velocity
and the minority diffusion length [98]. The recombination activity is characterized by
the EBIC contrast ¢ with the EBIC current at the defect site I; and the current I, far

away from the defect in a defect-free region:

Iy — 1y
=7

C
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The contrast is dependent of the defect geometry, beam conditions as well as the
substrate properties [35]. Kittler et al. [38] reported a tentative classification of defects
related to their contrast behavior. The two different groups of temperature and beam
current related contrast are presented in Fig.2.24. The first group could attributed to
defect charging (deep states) and the second one to shallow defect centers. Deep defect
levels, which are located deep in the band gap, near the Fermi energy (section 2.1.1),
become already recombination active at room temperature, while shallow defect levels
near the band edge, far away from the Fermi energy, show a recombination contrast

after cooling, at a certain lower temperature.

c(l) c(T)

Ib —_—

Figure 2.24: Tllustration of the two different groups of contrast behavior according to
(38].

A diffusion equation to explain the formation of EBIC contrast was solved by Dono-
lato [14], who proposed that the contrast can be defined as a product of recombination

strength I and a correction factor f:

c=Tf
171 1 1 1
Dlrmy 19 L?l L%

with the diffusion coefficient of the minority carrier D, the minority carrier lifetime at
the defect site 7; as well as at the defect free site 7y and the corresponding diffusion
length L4 respectively Lg. In the common case, L; < Ly and it is possible to simplified

I' to I' ® —;. These recombination strength is independent of beam conditions, defect

geometry and sample properties. The correction factor f involves all dependences and
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can calculated using Donolato’s model. Like at CL, the spatial resolution is mainly lim-
ited by the electron beam settings (energy and current), the beam-sample interaction,
and the material properties (i.e. diffusion length of the minority carriers). A spatial

resolution below 100 nm is achievable.

Setup

EBIC measurements were also performed with the same Zeiss EVO 40 SEM as the CL
investigations. Scanning with the electron beam over the sample generates EBIC cur-
rent. This EBIC signal was led to a current pre-amplifier and subsequently digitalized
to a PC with Gatan Software for evaluation. The beam current was measured using a
Faraday cup at the sample holder. Temperature data are gathered using a diode placed
inside the sample holder close to the sample backside. Afterwards evaluation was per-
formed using Gwyddion Software for gathering profiles from recorded EBIC images,

before exporting these raw data sets for further analysis in Origin.

Besides the default EBIC setup shown in Fig.2.22, there is also the possibility to mea-
sure cross sectional. Thus, to examine thin-films, the advantage of considering every
single layer is given. To perform this kind of measurement, a specially designed sample
holder is necessary. In Fig.2.25, both kinds of sample holders used are shown. Both
holders are mainly made of copper. For electric isolation, in contrast to good thermal
conductivity, a thin layer of vacuum grease was placed between the two parts of the
commonly used EBIC holder. This enables the placement of front and back contact at
opposite sample sides without a shortcut to the sample stage. Note that this isolation
is missing at the cross sectional holder setup; therefore, front and back contact have to
be placed at the surface of the sample. There is no shortcut to the sample stage because

the investigated thin-film samples contain a thick glass substrate at the backside.
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Default EBIC sample holder

. Front contact
Sample E-beam
v Back contact
a) LI
a) a) 5
Temperature diode Faraday cup

Cross sectional EBIC sample holder

Faraday cup E-beam

|

JD | Front contact

Back contact

—

Figure 2.25: (top) Setup of the default EBIC sample holder for the common investiga-
tions made of copper a) with an electronic isolating layer b) between the
bottom and top part of the holder. (bottom) Setup of the holder designed
for cross sectional EBIC measurements with front and back contact placed
at the surface of the sample.

Electron beam induced voltage - EBIV

As well as EBIC measurements at short-circuit current (I, in Fig.2.21), it is also
possible to perform EBIV measurements at open-circuit voltage conditions (V,.). For
this kind of investigation, another kind of amplifier with a high input impedance was
used. The EBIV measurements should provide insights into local variation of the sample

resistivity.
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2.4.3 Electron backscattered diffraction measurements - EBSD

The crystallographic orientation of a sample can be measured with the Electron backscat-
ter diffraction (EBSD) method. This microstructural crystallographic technique can be
performed with a SEM equipped with an EBSD detector.

The electron beam of the SEM strikes the tilted sample, which is mounted at a rotat-
able and tiltable xyz-stage. The impinging electrons will be scattered inelastic in all
directions. Therefore, electrons will be scattered at all atomic planes and might be in-
terfere constructively if the Bragg’s law is fulfilled. A pattern from diffracted electrons
will be formed on a fluorescent screen, reflecting the crystal structure and orientation

of the investigated region. This kind of diffraction image is called Kikuchi-Pattern and

is shown in Fig.2.26.

Figure 2.26: At the left Kikuchi-Pattern of mc-Si, at the right with identified reflection
planes.

The computational evaluation of these patterns offers the possibility to identify the
local crystal structure and orientation, as shown in Fig.2.27. In image a), the inverse
polfigure (IPF) is shown, which provides the necessary information to identify the grain
orientations in image b) according to their color. Image ¢) is a gray-scaled image quality
(IQ) map reflecting the sample surface. At this IQ-map, the different grain boundaries
(GBs) are color marked, different colors imply a different GB orientation. The marked
GBs are identified to be red: 33, green: >.9, and blue: >%27a. The light blue GB with a

rotation angel of about 6 — 8° could not be counted to a CSL Sigma value.
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b) IPF-map

a) IPF

¢) IQ-map with GBs

001 ,~;¢f“’w

Figure 2.27: a) Inverse polfigure (IPF), b) IPF-map of an investigated sample from
chapter 5, ¢) Image Quality (IQ) map of the same sample area with marked
grains.

For the measurements, a Zeiss MA 25 SEM equipped with a TSL-camera was used.
The measurements and data analysis were conducted with EDAX OIM software by
H.-M. Krause.

Sample preparation: To improve the EBSD measurement results the sample pieces
were mechanically polished, cleaned in Piranha solution and rinsed with deionized
water prior to conducting the measurements, which should provide the possibility to

record good diffraction pattern.

42 © Christoph Krause



INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS

2 Basic knowledge

2.4.4 Transmission electron microscopy - TEM

An electron beam is transmitted through a thin sample while interacting with it (scat-
tering). According to Krumeich [46] several possible TEM methods could be used to
collect different information from the investigated sample. Bright- and dark-field TEM
(BF/DF-TEM) enables the detection of crystalline areas and the localization of de-
fects and grain boundaries. Phase analysis are possible and the particle size can be
estimated. Using high resolution transmission electron microscopy (HRTEM) provides
the direct visualization of structures and defects. Energy filtered transmission electron
microscopy (EFTEM) and electron energy loss spectroscopy (EELS) is used to obtain
elementally sensitive images. With electron diffraction (ED) lattice parameters, the
crystal symmetry as well as the crystal orientation can be determined. If an additional
system to raster the beam across the sample with appropriate detectors is used, the
modified TEM is called scanning transmission electron microscope (STEM). One used
STEM method in this work is the annular dark-field imaging (ADF'), whereby scattered
electrons are collected with an ADF detector. How the application for signal detection

may could be look is shown in Fig.2.28.

Electron beam

Sample

HAADF
v detector

detector detector  detector

Figure 2.28: Schematic drawing of possible STEM detector arrangement after Krume-
ich [46].
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Similar to the previously mentioned BF-TEM method, the detector for the BF-STEM
method is placed in a way to detect the intensity of the direct beam from a point of the

specimen. The ADF detector, used for this work is a circular plate with a hole in the

located. The ADF detector should collect scattered

electrons, working similarly to the DF-TEM method. The formed contrast mainly re-

center, where the BF detector is

in crystalline areas but is superimposed by incoherent

sults from diffracted electrons

(HAADF) measurements,

there is also a detector disk with a hole in the center, although the disk and also the

hole diameter are much larger than that of the ADF detector. Therefore,

Rutherford scattering. For the high-angel annular dark field

electrons scat-

tered to higher angles will be detected. Almost only incoherent Rutherford scattering

according to the atomic

contributes to the build images and thereby the Z contrast,

An example image for a HAADF TEM is displayed in

|-
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Fig.2.29 showing two twin boundaries in the mc

weight, could be achieved

investigated in chapter 4.
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Figure 2.29: HAADF TEM image of two twin boundaries in mc-Si.

The necessary investigations for this work at a STEM were performed and analyzed

by Dr. A. Hahnel at the MPI of Microstructure Physics Halle.
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Sample preparation: For the TEM measurements, electrons have to transmit through
the sample. Therefore thin samples (~ 100 nm) were prepared using focused ion beam

techniques (FIB). This preparation step was performed by H. Blumtritt at MPI Halle.

2.4.5 Photoluminescence - PL

Photoluminescence (PL) is the luminescence excited by light (i.e. laser beam).

Signal

The signal generation is mainly the same as CL. Instead of electrons, photons excite
electrons to higher energetic levels with following relaxation through radiative and
non-radiative recombination. Similar to CL, only the radiative recombinations are de-
tectable. The achieved information through PL differs from CL measurements. Due
to Beer’s law of absorption, the penetration depth of the laser beam is specific to the
wavelength and the investigated material. It is only possible to generate luminescence
with a lower energy than the excitation energy. According to Klossek [41], the laser
spot size and the carrier diffusion length of the sample material limit the spatial reso-
lution in general. By reducing the laser step sizes, the excess carrier concentration in
the center of the Gaussian laser beam profile will be increased, which would reduce
the resolution under the spot size limit. However, a rough estimation reveals a spatial

resolution of about ~ 100 pm.

Setup

The PL setup (Fig.2.30) includes a semiconductor laser working at 532 nm wavelength.
The power can be varied in 0.01 W steps from 100 mW up to 2 W. A prism led the light
through a heat protection glass (F1) which prevents longer wavelength from entering
the detection system. The chopper after the glass modulated the laser light for the
lock-in signal detection. The parabolic mirror focused the laser beam to a 100 um spot
size on the sample and also collected the emitted light and led it to the spectrometer.
Before the entrance slit to the spectrometer, equipped with a liquid nitrogen cooled
Ge detector, a 830 nm long pass filter (F2) is placed, which blocks the light from the
excitation laser. Arguriov [2] provides a detailed description of the PL measurement

setup and method. The PL measurements were performed by D. Mankovics.
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Monochromator

S

Detector

Lock-in

Figure 2.30: Schematic PL measurement setup; F1 prism and heat protection glass, F2
long pass filter.

2.4.6 Reverse-biased electroluminescence - ReBEL

Electroluminescence imaging under forward (EL) and reverse bias (ReBEL) can be used
to correlate defect distribution and breakdown sites in solar cells [40]. An advantage of
using this technique is the possibility to investigate entire solar cells without cutting

them into pieces like for CL or PL measurements.

Signal

For EL, the sample will be excited by electrical current through applied forward bias,
which leads to the emission of luminescence. Like at PL. and CL, BB and DRL could
also be observed. If applying reverse bias, at a certain bias value (breakdown voltage)
the junction barrier will break down and the current could flow in the other direction,
exciting luminescence at these spots. According to Mankovics, Krause et al. [58], three
types of breakdown appearing in different reverse bias ranges have been described
so far. “Between —4 and —9 V there is early breakdown (type 1), which is induced

by aluminum contamination at the wafer surface. Between —9 and —13 V defect-
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induced breakdown (type 2) dominates. This breakdown site is attributed to metal-
containing precipitates lying within recombination active grain boundaries. Beyond
—13 V avalanche breakdown (type 3) can be found. It is supposed that this breakdown
type occurs at etch pits produced during the cell process [9]” [58].

Setup

Mankovics, Krause et al. [58] describe the setup in the following way: “An InGaAs
camera (Goodrich SUI), with 640 x 512 pixel resolution on 25 mm pitch was used
to detect the electroluminescence signal. The camera has uniform response to light in
the spectral range from 900 to 1700 nm. The operation temperature of the detection
diode matrix is maintained by a Peltier element. Electroluminescence images were
taken at room temperature. To detect the band-to-band luminescence and the defect-
related luminescence under forward bias several filters were used to block unwanted
radiation. For detection of the reverse bias luminescence no filter was applied [78]. For
microscopic electroluminescence images we equipped an optical microscope with the
InGaAs camera. The achievable resolution was about 1.5 mm. Spectra of the reverse
bias electroluminescence (ReBEL) were measured by a spectrometer equipped with a
300 L/mm grating and an InGaAs CCD detector operating at —70 °C.”
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studies

The most produced solar cells are made of multi or monocrystalline silicon wafers. The
well-established methods, previously described in section 2.4, are used to investigate
these commonly used materials to reduce the existing wide gaps in knowledge about
the defect mechanism. There is a need to know how these defects affect the collection
efficiency of the solar cells in detail. In recent years, the research concerning newer
thin-film PV has been increasing. The thin-film technology could possibly enable the
reduction of the electricity price by reducing fabrication costs and the need of mate-
rial [42; 21; 1]. For this reason, investigations at thin-film samples gained interest with
the aim to explain and improve the understanding of occurred defects. In the follow-
ing, there will be an overview of frequently observed defects in mc-Si. Because it is also
mostly possible to apply the described methods at thin-films, the acquired insights into
transferability, containing sample preparations as well as special measurement restric-

tions, are presented after the mc-Si results.

3.1 Multicrystalline silicon - mc-Si

The common solar cells are produced out of block cast solar silicon. Block cast means
silicon is melt in large crucibles and slowly cooled, forming a large silicon block, con-
taining many close-knit crystallites. A principal furnace design is shown in Fig.3.1. Due
to this production process, silicon crystallizes while forming many grains. The ingot
growing process, which includes the furnace design, the crucible type and coating, the
used silicon source, the gas flow, the possibly used magnetic fields as well as the ther-
mal heating and cooling velocity influence the quality of the resulting silicon material.
Therefore, plenty of investigations have to be conducted to determine an ideal process
plan to produce as good as possible solar silicon material. For this reason, detailed re-
search in the field of defect analysis is necessary. Some of the defects that occur during

investigations at mc-Si are presented in the following.
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Figure 3.1: Furnace structure from a directional solidification system for mc-Si af-
ter [24].

Radiative defect features

Cathodoluminescence measurements are commonly used to investigate defect radiation
with a high spatial resolution. An overview of some of the observable defect lumines-
cences at 80 K temperature is shown in Fig.3.2. The first three images are taken with
panchromatic measurement adjustment to visualize all transmitted radiative lumines-
cence at once and localize possible interesting measurement points for further detailed
investigation. Subsequently, spectral information were acquired from the marked po-
sitions, with the different spectral characteristics presented in Fig.3.3. The observed

luminescence could be analyzed and associated with already known defect types.
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CL panchromatic 80 K, 30 keV, 50 nA

CL 1.1 eV, 30 nA

200 pm

Figure 3.2: CL observations with marked measurement points at 80 K, 30 keV panchro-
matic at 50 nA and at 1.1 eV with 30 nA.

At point A the D1-D4 luminescence which is described before in section 2.2.1 can be
found all at once and additional the BB radiation is noticeable. A very wide lumines-
cence peak with a sharp D1 feature is revealed at point B. “The broad feature around
0.87 eV, however, can have different nature and according to Pizzini et al. [74] it could
be caused either by not dissociated dislocations formed below the plasticity point of
silicon, or it could be a result of an inhomogeneous broadening of the [D2, CK] transi-
tion due to locally unbalanced residual stresses and electrical fields” [45]. Furthermore,
Tajima et al. [94] observed a similar broad defect luminescence at the spectral position
of D2 but without dominating underlying D1 luminescence at Czochralski (Cz)-grown
Si. The broad feature was referred as D, and should be correlated with the D1-D4 lines.

The observed broad luminescence in this work has its maximum intensity between 80
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and 110 K and decrease below as well as above this temperatures. An almost simi-
lar behavior is also reported for the D, luminescence. This band should be dominant
between 100 and 180 K and quench above 150 K. According to these similarities, it
could be possible that the broad luminescence observed at Cz-Si investigations and the

occurred luminescence at mec-Si during this work might have a similar origin.

Spectrum C shows a typically D3/D4 doublet which might be related to glide dislo-
cations or edge dislocations [62]. The peaks are slightly shifted which could be related
to stress in the sample. Besides the shifted BB peak, the spectrum at point D reveals
no sharp luminescence lines and is thus difficult to analyze. The elevation between
~ 0.9 eV and ~ 1.05 eV could be a mixture of D3/D4 possibly with a stress related
influence. However, much more interesting is the high intense BB luminescence, which

also occurs at measurements at point £ in another sample.
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Figure 3.3: Recorded 80 K CL spectra at measurement points marked in Fig.3.2 with
30 keV and 50 nA.
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In the bottom image of Fig.3.2, for the CL image acquiring process at another sample,
the corresponding wavelength for the BB transition at 1.1 eV was chosen. The revealed
BB luminescence along a GB is up to now inexplicable. The BB luminescence should be
much more intense in less defect rich areas inside of grains than at GBs. It is generally
accepted that at GB defect-related luminescence could be observe instead of BB or
at least the detected BB luminescence is weaker than at spots next to the GB. Any-
ways during a stay at the Electron- and Ion Microscopic Facility of Interdisciplinary
Resource Center for Nanotechnology of Saint Petersburg State University (IRC-NT-
Lab), where a parallel CL detector system is used (section 2.4.1), several luminescence
measurements were performed to estimate the applicability of such a charge-coupled
device Camera (CCD Camera) in Cottbus. One of the cross-checked measurements
was the occurrence of the intense BB luminescence along a GB at one of the samples.
In contrast to the measurements in Cottbus, it was not possible to observe this BB
luminescence feature with the CL setup in St. Petersburg. All other measurements
could repeated there very well. It remains an open question why these BB feature was
observed in Cottbus and not in St.Petersburg. One conceivable possibility is that the
beam current in St.Petersburg was not sufficiently high. The beam current was limited
to ~ 35 nA due to the application of a field emission cathode in the used SEM there.
In addition to the BB and D luminescences, it is also possible to observe lumines-
cence features that might be related to oxygen or carbon precipitates as mentioned in
section 2.2.1. In Fig.3.4 are selected CL images presented showing the occurrence of
luminescence, which could be attributed to OP. This luminescence was observed under

different measurement conditions and at different samples.

At the marked points in Fig.3.4, spectral information were collected and presented in
Fig.3.5. The first two images a) and b) are taken at almost the same sample position
at 10 K. Because image b) is shifted a little upwards, the marked position A at image
a) is not visible at image b). Nevertheless, image b) is taken collecting just 0.77 eV
luminescence and reveals a bright luminescence spot at the marked position B. Image
c) is also an energy selected record but at another sample at 80 K. Like at image a)
and b) a bright luminescence at 0.77 eV can be observed at the ¢) record. Once again,
at another sample with panchromatic settings, Fig.3.4 d) shows luminescence features

at 80 K, which are spectral analyzed in Fig.3.5.
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a) CL panchromatic b) CL 0.77 eV

100 pm 100 pm
c)CL 0.77 eV d) CL panchromatic

200 pm 100 pym

Figure 3.4: CL images from 3 different samples a) and b) are from the same sample: a)
panchromatic and b) 0.77 eV energy selected at 10 K, 30 keV and 40 nA, ¢)
0.77 eV energy selected at 80 K with 30 nA, d) panchromatic with 28 nA
at 80 K and 30 keV.

Beginning with the spectrum collected at point A at 10 K with 40 nA just 50% from
the intensity is drawn there to show all spectra from the different measurement points
at once. With no doubt, there is an additional peak with a lower energy than the
neighboring D1 luminescence to recognize. A shoulder of the D1 at 0.83 eV also appears.
It is possibly connected to the reported feature by Tajima et al. [27; 95], which is related
to defect bands referred as D,1, Dgo or Dy.
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Figure 3.5: Recorded CL spectra at measurement points marked in Fig.3.4; spectra A
and B are taken at 10 K, 30 keV and 40 nA, while the others are measured
at 80 K, 30 keV and 30 nA.

Before the spectral position of the BB luminescence is another luminescence peak at
1.035 €V located which might be related to a phonon replica of the BB transition. The
intensity of spectrum B was reduced by 90% and only shows a high intense luminescence
at 0.77 eV, a low shoulder at the position of D1, a low intense D3 and almost no visible
BB luminescence. Spectrum C from another sample at just 80 K have to be reduced
by 50% like spectrum A. The spectrum also reveals a peak at 0.77 eV, as well as a low
shoulder at the energetic position of D1, like spectrum B, and low BB luminescence.
Low intense D1 luminescence with an additional almost comparable intensive peak at
0.77 eV were revealed through spectral measurements at point D and E. The observed
luminescence at 0.77 eV is comparable with the reported emission at 0.78 — 0.77 eV,
15 K by Minaev and Mudryi [65] which was extensive discussed over several years [96;
47; 92; 93; 94; 68; 31; 28; 95]. All investigations conducted suggest a close association
of the luminescence at 0.78 ¢V (P-line) with OP [70; 65; 47; 92; 94; 31; 95] and the

luminescence at 0.79 eV (C-line) to an interstitial carbon-oxygen complex [70; 47;
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68; 28]. Furthermore, Kiirner et al. [47] suggest an interstitial carbon atom could be
also part of the P-line defect additional to an oxygen complex. The images in Fig.3.4
and the related spectra Fig.3.5 show the luminescence at 0.77 eV at 80 K as well
as at 10 K. Also in the related spectra an additional D1 luminescence besides the
0.77 eV emission appears. In contrast to these findings, Tajima et al. [94] reported the
observation of a luminescence at 0.77 eV (labeled Dy in his work) which occurs only
at room temperature without D1 luminescence. Furthermore, at low temperature only
D1 luminescence appears and according to the authors [94] the D, band is negligible
compared with the D1/D2 lines, shifts to 0.83 eV and is thus not observable. The
investigations performed in this work contradict the previously reported observations.
In this work it was shown that the P-line could appear next to the D1 luminescence
line at 10 K.

At point F' a broad luminescence is observed, which possibly comprise more than one
single radiative transition. If there were more energetic closely neighbored transitions
located at this sample spot, the luminescence peaks would superimpose each other and
appear as one broad feature. The intense luminescence named Di in Fig.3.5 at spectrum

G will be the single topic of chapter 4.

Non-radiative defect features

EBIC investigations are performed to investigate the total recombination at conducting
samples. In mc-Si, the main part of the total recombination is provided non-radiative.
Therefore, usually EBIC is used to investigate the non-radiative recombination in mc-
Si. A significant advantage of EBIC is that already processed parts of a solar cell can be
investigate without special sample preparation, whereby the electron beam excitation
is comparable with the excitation by sun light.

Some of the observable defects could cause serious damage to the entire solar modules.
Mankovics, Krause et al. [58] investigate and discuss such defects by PL, EL, Reverse
Bias Electro Luminescence (ReBEL) as well as by EBIC. These breakdown sites espe-
cially with avalanche breakdown through reverse bias beyond —30 V (type 3) can be
observed at etch pits caused during the cell process [3; 9]. Similar observations could
be conducted during EBIC and SE investigations for Mankovics, Krause et al. [58].
These are shown in the following as first example what different kind of defects could

be observed during EBIC investigations.

In Figure 3.6 a), a ReBEL image of a part of a mc-Si solar cell made of upgrade

metallurgical grade (umg) silicon is presented. The three images b), ¢), and d) are
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a) ReBEL

Figure 3.6: ReBEL image of breakdown type 3 a) and corresponding EBIC images with
different magnifications b), ¢), and d).

EBIC micrographs from the corresponding sample area with different magnifications.
It reveals that the luminescence spots could be correlate with the step-like run of the
grain boundary, marked in Fig.3.6 ¢) and d) with circles. The shadowed zone around the
grain boundary indicates according to Mankovics, Krause et al. [58] a zone of enhanced
recombination. Carriers generated in the vicinity of the GB recombining predominant at
the grain boundary instead of moving toward the surface p-n junction and contributing
to the EBIC [58]. At the marked spots are some recombination active defects to observe.
It was suggested in [58] that at these breakdown sites the excess charge carriers are
heavily depleted and could thus not combine radiative which according to the authors
may explains the missing D1 luminescence there. It was also shown in Mankovics,

Krause et al. [58] that sample areas emitting D1 luminescence and sample areas with
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breakdown of type 3 seems to anti-correlate. The former mentioned etch pits [3; 9]
could also be observed. One selected example is presented in Figure 3.7 showing an
EBIC image in comparison to a secondary electron (SE) image with selected spots,
which are suggested to be etch pits, marked with arrows, appear dark in the SE image
on the right and bright in the EBIC image on the left side. A lower signal intensity in
SE imaging process is usually related to a surface dip. The maggot-like structures are

caused by the surface roughness resulting from the cell process.

Figure 3.7: Comparison of EBIC (left) and SE (right) image at a breakdown defect side
with selected marked etch pits.

Efforts were made to use a coupled EBIC-CL system to identify the spatial position of
the breakdown spots with a higher accuracy, although unfortunately the measurements
could not be completed with satisfying results. The emitted luminescence was possibly
not sufficiently intense and thus could not be distinguished from the noise. To improve
the signal to noise radio long time measurements were necessary. However, during
conducting the investigation, the contacts at the sample do not withstand the high
voltage this long and burn out. Besides the defect investigations at full processed umg
solar cells (Mankovics, Krause et al. [58]) also other EBIC measurements at as-cut
mc-Si block cast material were performed. Some of the observations that could occur

are shown in the following.
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300 K

200 pm

Figure 3.8: Temperature influence at observation of defects using EBIC at 30 keV and
100 pA.

Almost always dislocations appear dark while performing low temperature measure-
ments at mc-Si. In Fig.3.8, the temperature influence at the EBIC investigations is
shown. On the left side, there is only one dark GB to observe and the grain seems
evenly bright. However, during the cooling process, increasingly more dark dots and
lines were revealed. These dark features are attributed to thermal activated dislocation
defect structures. For this reason, it is important to perform low temperature measure-
ments. At room temperature, the most defects in the material are not observable but
they could also affect the solar cell performance and are not homogeneously distributed

over the entire sample.

Figure 3.9: EBIC current variation caused by dislocation density alteration, marked
spots containing high dense dislocation clusters, EBIC at 30 keV, 100 pA
and 80 K.

As shown in Fig.3.9, there could be grains with almost no dislocation, bright on the
left image, as well as grains with a high density of dislocations, dark on the left image.
At the position marked with circles, dislocation clusters are located, which emerge as

areas showing almost no EBIC collection efficiency. It looks like there is some kind of
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seed and from this spot, the dislocation sprouts into the material. As shown in Fig.3.9
on the right and in Fig.3.10 a) it is possible that these low efficient areas are bordered

by GB and the neighboring grain only contains a low amount of dislocations, revealing

a certain higher collection efficiency.

Figure 3.10: High dense dislocation clusters, EBIC at 30 keV, 100 pA and 80 K .

Furthermore, in Fig.3.10 b) it is obvious that the dislocations are run at an angle. It
reveals at the upper part of the image where several short dark lines are visible. These
lines have a black tip at the position where they hit the surface and they become
slightly brighter the further away the dislocation slopes from the surface. When just
a black dot is to observe the dislocation may lies perpendicular to the surface. Image
a) of Fig.3.10 is a vertical cut of the bottom region of a silicon ingot. The most dislo-
cations are located along the grow direction and show tree like structures. The entire
sample, where the zoom shots Fig.3.10 a) and c¢) originate from, was previously shown

in section 2.4.2 in Fig.2.23. The images of Fig.3.11 are also vertical cuts.

Figure 3.11: Getter zones around GB at bottom samples a), b) and bright dots ¢),
EBIC at 30 keV, 100 pA and 80 K.

They were chosen because they show getter zones around GBs, observed at the highly
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contaminated bottom of silicon ingots. GBs could act as getter centers. Defects of the
surrounding material could accumulate by the GB and thus a bright belt around the
GB appears, indicating a higher EBIC efficiency. In Fig.3.12, a line profile is super-
imposed over the EBIC micrograph at the position of the measured profile, marked
dashed orange across the sample. It is noticeable that at both sides of the GB the
efficiency rapidly increase while the electron beam approaches the GB. The GB core

itself remains dark with a high recombination contrast.

Efficiency

0.0 0.5 1.0 15 20
Distance [mm]

Figure 3.12: Getter zone around a GB and superimposed efficiency line profile from
marked position, EBIC at 30 keV, 100 pA and 80 K.

Inside of these bright areas, marked with arrows in Fig.3.11 and in Fig.3.12, are less
defects located than in the rest of the grains. The small bright dots are electrical active
defects, which are usually only observable at contaminated material like block bottom
or top. Image a) of Fig.3.11 shows a multi twin boundary structure with several closely
located twins. At these twins are almost no dislocations or defects to observe. Twin
boundaries will be the topic of chapter 5. Just the irregular dark boundary at the end of
the twins shows a higher recombinations activity and an additional getter zone around
them. The marked dark spots with bright belt marked with circles at image b) could
be interpreted as GBs, pierce through the vertical cut. The almost regular structure
of the black dots and the non-active GB lines could possibly indicate up and down
steps between parallel vertical layers. However, further investigations remain necessary
for a more detailed and accurate analysis. The electrical active defects appearing in
Fig.3.11 b) and Fig.3.12, distributed all over the grains, could also be observed along
GBs (Fig.3.11 ¢)) forming irregular pattern.
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3.2 Thin-film Si

In addition to the established standard characterization methods at mc-Si material,
some measurements at silicon thin-film material could also be successfully performed.
As already mentioned in [42], there are many different thin-film solar cell setups with
various materials, amorphous or crystalline silicon, for example. With these two ma-
terials, several types of cells were produced, p-n junction cells as well as p-i-n hetero-
junction cells, also with different amount of layers. To crystallize the thin-films are
various possibilities available. Using an electron beam for crystallization is a possibility
to produce thin crystalline layers. One of the investigated samples shown in Fig.3.15
is produced in the following way. “The samples consist of a 250 nm thick amorphous
SiC:B layer, deposited by RF magnetron sputtering onto a commercial available glass
substrate (Corning EagleXG) of around 1 mm thickness. This layer acts as diffusion
barrier and supports the wetting of Si. The Si absorber is deposited as amorphous to
nanocrystalline Si by a LPCVD process (Low Pressure Chemical Vapor Deposition).
The nominal thickness is about 10 pm. After deposition, the absorber becomes sub-
sequently crystallized by using a line shaped electron-beam with a constant scanning
speed. So the silicon starts to crystallize to large grains with a typical grain size of a

few hundred micrometers in the broadness and a few millimeters in the length” [41].

The sample shown in Fig.3.13 is an a-Si:H/puc-Si:H tandem cell at glass substrate.

Electron beam

V

Glass ~ 3.2 mm

TCO ~ 700 nm

p-i- a-Si:H Top Tandem cell

cell ~ 340 nm Back contact

TCO front contact

p-i- pe-Si:H Bottom
cell ~ 1.6 pm

Glass substrate

Back contact ~ 300 nm Sample holder

Figure 3.13: Scheme of the a-Si:H/uc-Si:H tandem cell. Blue, black and red are the p-,
i- and n-layers, respectively; drawing after [42] (left). Scheme of the cross
sectional EBIC setup for thin-film Si measurements (right).
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The detailed description of the investigated samples is given by Klossek, Krause et
al. [42] “They consisted of a hydrogenated amorphous silicon top cell (340 nm) to
absorb the shorter wavelength of the sun spectrum. A hydrogenated microcrystalline
silicon bottom cell (1.6 ym) was placed above the a-Si:H top cell to absorb the longer
wavelength of the sun spectrum. Both cells were p-i-n structures. The p- and n-layers
had a thickness of around 15 — 40 nm, respectively. The silicon layers were deposited
by plasma enhanced chemical vapor deposition (PECVD) on a 3.2 mm thick glass
substrate. This was coated with front TCO consisting of SnOy:F (0.7 ym). As a back
contact a ZnO:Al/Ag layer with a total thickness of about 70 nm ZnO:Al and 200 nm
Ag was deposited by sputtering”. The EBIC measurements were conducted using the
processed back contact and the TCO front contact of an entirely processed cell. In
contrast to the measurements at bulk Si, described already in section 2.4.2, this time
the investigation were performed in a cross sectional setup, which could be performed at
tandem cells for the first time, according to Klossek, Krause et al. [42]. Cross sectional
measurements were chosen to distinguish between the different layers of the samples.
The standard front-side method would provide mingled information from all layers
with no chance to differentiate between them. For the investigations a small sample
must be provided by breaking the layers and the glass substrate producing an as flat as
possible fracture plane. Sawing and or mechanical polishing would destroy the thin layer
configuration in a way that the measurement analyzing would be impossible. Chemical
treatment with acid for chemical polishing is also no option because in the worst case
the thin-films could be vanished within seconds. The samples were mounted at a special
developed sample holder to investigate the cross section of the layer-stack (Fig.3.13).
The, compared to the Si-layer, thick glass substrates aggravated the measurement.
Glass inclines to become charged and this could disturb the investigation. The optical
imaging becomes unstable which shows up with a feigned “floating” of the sample,
resulting in an unusable image. Another problem was the wish to distinguish between
the layers. They are only some nm to a few microns thick and thus a high magnification
is required at samples that tend to become charged. For this reason, the measurements
were performed at a time where no one else uses any electrical equipment in the entire
lab building to prevent disturbance in the signal processing between the SEM and
the evaluating computer through the grid. Furthermore, beam energy and current was
chosen in a way to reduce the substrate charging without affecting the EBIC and SE

signal.
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BC

puc-Si:H

a-Si:H -

TCO
Glass

Figure 3.14: Cross sectional EBIC on tandem cells: Comparison of secondary-electron
image (SE), giving topological information, with EBIC image showing the
electrical activity. 25000x Magnification, 15 keV and 100 pA at 300 K [42].

As explained by Klossek [41], the missing EBIC signal from the a-Si:H layer could
be caused by a high amount of non-radiative recombination. Another more probable
reason could be a missing connection between the contact and the layer. Thus, no

carriers from there could be collected.

The recombination contrast at EBIC measurements usually increases with decreasing
sample temperature. However, the thick glass substrate, which is a bad heat conduc-
tor, rendered it complicated to cool down the sample. Even with longer cooling down
periods, it is not possible to determine the sample temperature because there is no
mounted temperature sensor at the sample surface. Nevertheless, cooling could reveal
some interesting features at the thin-film samples. In Fig.3.15, an EBIC image taken
with a standard EBIC setup from an electron-beam crystallized Si thin-film sample is
presented. Measurements at thin-films with standard EBIC bring along some analysis
problems [41]. The beam energy, which as in sections 2.4 and 2.4.2 described, deter-
mines the penetration and therefore the information depth. Due to the high interface
roughness and the mostly unknown composition of the back contact, it is difficult to
estimate a reliable information depth. The observable fish scale structure in Fig.3.15

indicates enhanced non-radiative interface recombination at the Si/SiC:B interface [41].
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Figure 3.15: Low temperature EBIC-image at electron-beam crystallized sample,
10 keV and 100 pA.

Many other defects could also be found at thin-film samples. In Fig.3.16, EBIC-images
are shown from an additional investigated thin-film sample at room temperature 300 K

and at low temperature approximately estimated ~ 90 K. At this laser crystallized

EBIC ~ 300 K EBIC ~ 90

3.

Figure 3.16: EBIC sample overview images at room temperature 300 K and at low
temperature.

sample, the glass substrate was cut down to ~ 120 pum to improve the cooling process.
The attempt to entirely remove the glass substrate mechanical as well as chemical was
not successful at any sample. After removing the glass substrate with HF-acid, the

thin-layers become unstable and fall apart.
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Further difficulties at this sample accrued through the contacts at the solar cell. One of
the contacting needles was placed at one of the emitter touching holes and the other one
was placed at one of the p-substrate contacting dimples. These needle placements have
to be undertaken under optical magnification with the help of a microscope because
the contacts have a diameter of just ~ 100 pum. These small contacts generate an
additional problem during the cooling due to different heat expansion. The needles
tend to drift a little during cooling which could be sufficient to cancel the contact.
The circular defects, which could be observed at the sample, are describe in detail
by Schneider et al. [81]. It is supposed that they originate from “holes of a few um
diameter in the seed layer” [81] or “bulges formed by local delamination of a few pm

at the seed/ epi layer interface” [81]. In the close up image, shown in Fig.3.17 a)

Figure 3.17: EBIC close up images at room temperature 300 K a) , at low temperature
b) and at another sample at 300 K ¢).

and b), at higher magnification a contrast inversion could be seen. Up to the date of
investigation it could be the first time that such investigations on crystalline silicon on
glass were realised. In the marked areas, the measured current contribution switches
during cooling, whereby some areas appearing bright at room temperature in image a)
and switch at low temperature to dark in image b). The opposite could also be observed,
whereby dark areas from a) reveal bright at low temperature, as shown in image b).
To date, it is not entirely understood how the temperature induced change works. In
general, an occupation of trap states could possibly be considered as an explanation.
Image ¢) of Fig.3.17 should show the induced change of surface recombination due to
electron beam irradiation. The arrows point to the rectangular structures build during
investigation using higher magnification before the overview image was taken. This
kind of enhanced surface recombination render it complicated to interpret the EBIC
measurement data. Long time investigations have to be avoided and highly magnified

investigations are also difficult to perform because the irradiation dose would increase.
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Therefore, it is not possible to distinguish whether irregularities in the recombination

active regions originate from the surface or from the bulk silicon.

Figure 3.18: EBIC image at room temperature 300 K with electron beam damage, the
white stripe across the entire sample is a scratch at the surface.

Furthermore, this sometimes high electron beam sensitivity of the samples leads to
unexpected defect features as the grid like structures shown in Fig.3.18. The EBIC
imaging process is a scanning process and to generate overview images for the localiza-
tion of interesting investigation spots, the electron beam will scan fast over the sample
at low magnification. It seems that thereby the sample becomes damaged and the pro-
duced grid will be visible at a higher magnification. Klossek [41] reported another also
possible explanation for the grid structure. It is assumed that the observed structure is
already latent in the cell structure and becomes activated by the electron beam. Due
to the light-induced degeneration of the samples the point structures becomes visible
through scanning the sample with the electron beam. If no scanning process is going
on, the electron beam moved out of the investigated area and is placed above the left
upper corner of the image. After changing the investigation area, the positions where
the electron beam former strikes the sample appear as black dots, like in the middle
of Fig.3.18. An also not negligible influence at the EBIC measurements is the surface
structure. At high magnification in Fig.3.19, it is shown that the SE image b) corre-
lates very well with the EBIC image a). The superposition of a) and b) is shown in ¢)
(EBIC signal in green and SE in red). The structure of the surface remains present at

all electron beam energies.
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a) EBIC | b - ¢) Superposition

Figure 3.19: a) EBIC image at 20 keV, 100 pA and 25000z magnification compared
with b) the SE-image with the same measurement settings and the super-
position ¢) of a) and b).

3.3 Summary

In the first part, a wide variation of different radiative and non-radiative defects in
mc-Si could be observed during measurements for this work. The knowledge about the
defect mechanism remains incomplete and that even after long time investigations by

many researchers over recent years.

Through performing CL measurements, indications for oxygen related luminescence at
room temperature and at 10 K could be found next to the D1 luminescence line. As
already reported in literature, the observed luminescence at 0.77 eV should be the,
so-called P-line, whose origin is still subject to heated discussions. In contrast to the
previously reported results in literature, it was possible to observe the P-line and the
D1-line clearly distinguishable from each other at once at 10 K. For this reason further

investigation seems reasonable.

Enhanced BB luminescence at GBs in comparison to the surrounding grains could
be observed. Unfortunately, it was not possible to prove these measurements through
repeated measurement efforts in St. Petersburg. Due to the lack of satisfying explana-

tions, future research is necessary.

An intense luminescence at 0.93 eV at room temperature could be detected. This

luminescence will be the single topic of the next chapter.

Always, during standard EBIC investigations, many different recombination active de-
fects occur. Temperature dependent EBIC contrast at GBs, non-recombination active

twin boundaries, getter zones around GBs, and highly recombination active dislocation
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clusters to name just a few of the often observed features. Furthermore, these are not
fully understood at present. Due to the high amount of occurred defects and the time
consuming measurements, it is only possible to pick a few defects and investigate them
in more detail rather than focusing on every single one just for a short time. For this
reason, in the fifth chapter solely low temperature investigations at twin boundaries

are discussed.

The thin-film section shows the possibility to use established mc-Si measurement meth-
ods like EBIC at thin-film Si samples. Whereby measurement issues could appear due
to high electron beam sensitive silicon thin layers and the glass substrate can also
become charged during electron beam irradiation. Furthermore, the thick substrates
render temperature dependent measurements much more challenging. Sample holders
have to be customized to handle thick samples, provide cross sectional measurements,
or enable placing the back contact also at the front side. Moreover, the sample prepa-
ration also becomes complicated. Chemical etching or polishing thin sample structures
have to be undertaken extremely carefully to prevent layer damages. If the supplier
provided no possibility to bond the backside-contact, it was difficult to produce good
conducting self-made contacts. The interpretation of obtained measurement data is
highly complicated because there is not much known about interface interaction be-
tween the different layers of the thin-film structure. Moreover, due to the thin layers,
it is difficult to distinguish if the obtained data originate from surface, bulk, or the
substrate. Nevertheless, for the first time cross sectional investigations at tandem cells
could be successfully conducted. Furthermore, it could be possible that for the first
time, up to the date of the measurements, contrast inversion at crystalline silicon on

glass was investigated with a common EBIC setup.

© Christoph Krause 69






INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS

4 Investigation of the intensive luminescence at 0.93 eV

4 Investigation of the intensive luminescence
at 0.93 eV

This chapter embraces the investigation of the observed intense luminescence at the
spectral position of 0.93 eV and is mainly based upon the two previous published
articles by Krause et al. [45; 44].

“Typically, at RT the band-band (BB) radiative transition at around 1.1 eV and defect
luminescence at around 0.8 eV are observable. This defect luminescence is usually as-
sociated with recombination on extended defects such as dislocations and grain bound-
aries. The spectral features (D1-D4) [16] were associated with different transitions on
dislocations and usually observed in plastic deformed silicon below 130 K. [95] The
four main dislocation related luminescence lines labeled D1 (0.81 ¢V), D2 (0.87 eV),
D3 (0.93 eV) and D4 (1 eV) appear in multicrystalline (mc)-silicon as well, although

their exact spectral positions may vary from sample to sample slightly” [45].

“Besides BB and D1 luminescence a defect-related feature has been recently reported
at 0.93 eV. [2; 15] It is observed at room temperature on grain boundaries or in their
vicinity. Usually, the region where that defect radiation is detected extends over several
millimeters along the boundary. Although, the defect luminescence appears at the grain
boundaries and its spectral position is close to that of D3, there are reasons to suppose
that it differs from D3. Indeed, the ordinary D3 line usually appears together with D4,
both have nearly equal intensity and both are not visible at RT” [45]. In contrast, this
new feature at ~ 0.93 eV which is refer to as Di line, since Krause et al. [45], shows a
remarkable intensity even at RT. “It could easily be identified by photoluminescence
imaging at RT” [45].

“Di radiation is usually very intense even at low excitation levels. It is not absorbed in
silicon and could be potentially utilized for fabrication of silicon based light emitting
devices for the emerging silicon photonics. Light emitters based on Di radiation could
provide a viable alternative to Er doped silicon [60] and germanium on silicon struc-

tures. [55] However, an origin of Di luminescence and a possibility for fabrication of the
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relevant defect structures should be studied first. Previously, the intense luminescence
near D3 has been attributed to various recombination centers. [2] Based solely on its
photon energy Cu-Cu pairs, [97] carbon related complexes [13] chalcogen (sulphur and
selene) contamination, [10] or a particular state of dissociated dislocations [75] could
be suggested as origin for such luminescence center at 0.93 eV. Newly published work
[95] treats the luminescence center as related to the D3/D4 doublet, which persists
above 130 K. However, the unusually strong intensity of Di line at room temperature

renders those suggestions low probable” [45].

The approach followed in this chapter “is to select typical areas of solar grade ma-
terial showing Di luminescence and examine those by means of high spatially resolv-
ing cathodoluminescence (CL) spectroscopy. The local non-radiative recombination
activity is investigated by electron beam induced current (EBIC)” [45]. Moreover, H.-
M. Krause applied electron backscatter diffraction (EBSD) analysis to find the orienta-
tion of the grains forming the boundary and correlate their crystallographic structure
with the appearance of Di luminescence. Dr. A. Héhnel performed additional TEM
measurements with the aim to associate the Di luminescence with partial dislocations

and confirm the suggestion of existing partial dislocations at Di luminescence spots.
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4.1 Experimental results and discussion

The investigations were performed at me-Si wafers at different stages of their processing
to solar cells (as-cut, textured and full processed). “Detectable Di luminescence has
been observed at all stages and there was no indication of modification of Di emission
due to the cell process. That is why for further investigations pieces were used, cut
from fully processed solar cells, where the passivation coating prevents recombination
activity at the bare silicon surface [63] and allows an easy identification of the Di

emitting regions by PL imaging. Samples of 1.1 x 1.1 cm were cut out from the wafer
for further investigations by PL, CL, EBIC, and EBSD” [45].

4.1.1 First time localization of the luminescence with PL imaging

and PL mapping

Due to the high intense luminescence, the first localization of the intense luminescence
at entire wafers could be achieved through PL imaging [59; 78; 79] by D. Mankovics who
performed the PL measurements. PL imaging is a camera based very fast measurement

method. The samples were excited with an array of LEDs from the backside and the

luminescence emitted was recorded with a CCD camera placed above the sample.

Figure 4.1: PL image of 6 x 6 in solar cell with BB (left) and D3 (right) filter at RT
(300 K)

As shown in Fig.4.1, the observed luminescence in the marked area is remarkably high.

The apparently low contrast is related to the used filter. The BB luminescence is not
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entirely blocked by this D3 filter. Therefore, the whole sample seems to emit light in
the region of D3 whereas it is just a BB tail. PL mapping provides a more detailed
insight in the distribution of the luminescent defects. For this reason, it is possible to
confine the investigation area in the following of a small part (1.1 x 1.1 c¢m) of the
region where the intense luminescence feature is located (Fig.4.2). At the PL maps in
Fig.4.2, the BB and D3 maps at 300 K and 80 K are compared with each other. The
intense Di luminescence at just one GB is observable at 300 K () and as well at 80 K
(d). The BB map at 300 K (a) shows at this GB no noticeable contrast while at 80 K
(c) there is an increased dark contrast to observe and the GB is clearly visible. GBs
often contain an enhanced level of defects. Through the cooling process, these defects

became activated and the BB luminescence will be reduced. As already explained in
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Figure 4.2: PL map of a 1.1 x 1.1 e¢m solar cell with a) BB 300 K, b) D3 300 K and ¢)
BB 80 K, d)D3 80 K

[44], “typically, the luminescence spectra taken on multicrystalline silicon show two
distinct futures, related to transitions on extended defects (D1) and to BB radiative
transition. Fig.4.3 (left) shows two spectra recorded on a defect rich region from a solar
cell at 300 K and at 80 K”, where these two features are present. “The red shift of the
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luminescence lines at room temperature compared to 80 K is always observed and is
related to the temperature induced band gap narrowing of silicon [51]. The intensity of
these luminescence lines depends on the local minority carrier concentration and the
local defect density” [44].
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Figure 4.3: Typical PL spectra showing BB and D1 luminescence in mc-Si at 80 K and
at 300 K (left)[44] and PL spectra detected from mc-Si: (1) spectrum from
a location with ordinary D3/D4 doublet at 80 K; (2) and (3) spectra from
a location with Di luminescence at 80 K and at 300 K, correspondingly
(right)[45]. Note, that the amplitude of the signal for spectrum (2) was
reduced 10 times.

“Besides D1 there are areas where other lines of the dislocation spectrum are present.
An example is given in 4.3 (right). The figure also demonstrates the difference between
the Di and D3/D4 luminescence. It shows three spectra: a spectrum with the usually
observed doublet of D3/D4 (curve 1) and spectra with Di luminescence at 80 K (2),
and 300 K (3). D3 and D4 are detectable at lower temperature only. Both peaks
have similar intensities and widths. In contrast, Di appears as a single strong peak at
room temperature and its intensity exceeds that of BB luminescence. It also shows a
temperature-related red shift” [44].
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4.1.2 CL and EBIC investigations with high spatial resolution

In the following, the investigations will be focused at the luminescent GB only. Due to
the higher spatial resolution, provided by CL measurements, this method will be used
to correlate the results with these collected with EBIC and EBSD. Temperature, beam

current and beam energy dependent CL and EBIC results will be discussed also in this

section.

a) Panchromatic b) 1335 nm Filter

200 pm

Figure 4.4: CL images of a preselected area with GBs a) Panchromatic CL image and
b) Di (1335 nm) luminescence. Both images were taken at 10 K [45].

“A panchromatic CL image is shown in Fig.4.4 a), which reveals areas of bright lu-
minescence at the grains caused mainly by BB radiative transitions and dark linear
images corresponding to some of the grain boundaries. At the grain boundaries non-
radiative recombination prevails and the radiative transitions are suppressed. [63] The
strong emission detected around some of the grain boundaries is mainly due to defect
luminescence at 0.8 eV (D1) and 0.93 eV (Di). Figure 4.4 b) presents a monochromatic
CL image of the same sample location taken at the spectral position of Di emission. An
entire straight segment of a grain boundary emits Di radiation, whilst the rest of the
grain boundaries and the grains themselves remain dark. One should note that the Di
radiation is non-homogeneously generated along the grain boundary line, but appears
at certain randomly distributed spots. Such pattern is not typical for grain boundary -
originated luminescence. Usually, it appears as a homogeneous bright stripes running

along the grain boundary. Previously, two types of pattern were reported. [75; 25; 86]
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One was a bright stripe straight at the grain boundary and the other consisted of
two parallel bright stripes running on both sides of a dark grain boundary line. The
presence of isolated, closely spaced bright spots is not usual, but appears characteristic
for the Di emission” [45]. This characteristic could be also observed at other GB at

different samples, as shown in Fig.4.5.

100 pum

Figure 4.5: CL images of inhomogeneous Di (1335 nm) luminescence. Both images were
taken at 80 K.

A typical Di spectra is shown in Fig.4.6. “In addition to the Di peak at 0.93 eV, a
second one at 1 eV (D4) is present. Note that differently from the ordinary case of
D3/D4 luminescence, the intensity of the D4 peak is much smaller than that of Di
one” [45].
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Figure 4.6: CL spectra of Di luminescence at 80 K, 30 keV and 28 nA and the temper-
ature dependence of the Di luminescence at one chosen spot with 30 keV

and 30 nA.
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4.1.3 Estimation of the energetic position of the defect level

“Based on the temperature dependence of the recombination rate one can estimate the

energy position of the band gap levels involved in the recombination” [45] (Fig.4.7).
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Figure 4.7: Arrhenius plot of the temperature dependence of the CL intensity; Inset
with linear fit of the high temperature part (left). Arrhenius plot for the
total recombination activity (EBIC) and radiative (Di) recombination ac-
tivity (CL) together with a best fit to the model, for a grain boundary
emitting strong Di radiation at another sample spot (right), after [45].

“The activation energy of Di recombination was determined by a fit of the temperature
dependent CL intensity to a model for a transition between an electronic state in the
band gap and the semiconductor bands. [76] The model takes into account, that the
minority electrons trapped at certain level in the band gap can be activated thermally
back to the conduction band. It is clear, that upon decreasing temperature the ac-
tivation process would be suppressed and, accordingly, the probability for transition
of those electrons into the valence band will increase. The energy offset of the defect
level can be determined by fitting the experimentally measured recombination rates at
different temperatures with: [76; 10]” [45]

1
R =

- - 4.1
1+ CT%G_% (.1

For Fig.4.7 (left) the recombination rate R is given by the intensity of the CL, C

is a constant accounting for the degeneracy factor of the level and the density of
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states in the band, kT is the thermal energy, and F, is the energy offset between the
defect level and the band edge. It is possible to obtain a value of 112 £ 9 meV for
the activation energy F 4 of the lower temperature part which is in a good agreement
with the previously reported 115 meV [2]. The higher temperature part from 220 K
up to 260 K shows another slope as the rest of the curve. Therefore, it is possible
to conduct an additional linear fit for this region, which indicates an additional 4
of 93 £ 10 meV. This could suggest an additional defect level. Unfortunately the fit
does not provide any information if the defect level is located below the conduction or
above the valence band. In [45; 44] (Fig.4.7 (right)) we assume a recombination of the
minority carriers through the estimated level located 120 meV beneath the conduction
band in the p-type silicon. These former measurement data at another sample spot
yield a comparable activation energy to the here presented data, but there was no
indication for a change of the slope (Fig.4.7 (right)). But actually, the now suggested
second defect level does not change the former provided band model. Fig.4.8 rather
supports the model with the second missing energy. A similar energy barrier like the
obtained ~ 11249 meV could be introduce in the band gap of silicon by Frank partial
dislocations [7; 33]. The “estimation of the activation energy of the level involved in the
transitions is in agreement with those given in the references. Moreover, the photon
energy of the radiative transition is also in good agreement with that theoretically
estimated for transition at Frank partials. Indeed, the band gap narrowing due to the
strain field around Frank partial dislocation [53] results in an energy of 0.9 eV, the
value fairly well consistent with the experimentally observed 0.93 eV photon energy of
the Di emission” [45].

CB 0.940
\ ‘AE 112 mey 3 0930
— 0.930 |
@]
£ 0925
. 2, 0.920 |
Dl 2
A NR £ 0915 |
20.910 |
)
0‘900 T T T T T T T T T T T T
AE ~93 meV | | 100 140 180 220 260 300
VB Temperature [K]

Figure 4.8: On the left image, the suggested band model for Di luminescent transition
[45; 44] with additional energies and on the right the Di peak energy shift
as function of temperature.
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A similar pattern as shown in Figure 4.5 was also “observed on the EBIC micrographs,
where the total recombination activity of the defects was monitored. Figure 4.9 (top)
shows a pattern of dark points in the EBIC contrast of the grain boundary, previ-
ously examined by CL 7 [45] Fig.4.9 (bottom). It is evident that spots with intense Di

luminescence also show a dark EBIC contrast.

EBIC |

EBIC 100 pum
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CL 100 pum
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Figure 4.9: Correlation between EBIC micrographs and CL images at two different
spots [45; 44].

Besides the spatial correlation, there could be also a correlation in the temperature
dependence of the total recombination rate given by the EBIC contrast and the radia-
tive recombination detected by CL. “The temperature dependence of the normalized
EBIC contrast (EBIC contrast divided by the maximum contrast at low temperature)
as well as the normalized CL intensity (Cl intensity divided by maximum CL intensity
at low T) is given in Fig.4.7 (right). Both curve progressions are similar and indicate
an increase of the total and the radiative recombination rates on decreasing temper-
ature. The temperature dependence of the EBIC contrast [50; 52; 36] on dislocations
and grain boundaries is determined by the degree of their contamination [50] and the
crystallographic structure of the boundaries [52]” [44]. The EBIC contrast presents the
total recombination rate at the defects. Applying the model to the EBIC results, as-

suming that the total recombination rate is proportional to the normalized contrast will
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obtain similar activation energy as was estimated from the CL measurements [45].“The
temperature dependences of EBIC and CL signals are related to thermally induced
changes in the occupation of the Di level” [45]“Moreover, the radiative and the total
recombination rates show similar temperature behavior and the sites of high radia-
tive recombination coincide spatially with those of high total recombination. Therefore
it is possible to suggest that the radiative processes prevail in the total recombina-
tion” [45].

To testify if this is true, an estimation of generated and collected carriers was performed.
At a beam current of 50 nA with 30 keV acceleration voltage there will be a generation
of ~ 2.34 x 10" eh-pairs per second after equation 2.10. In contrast, only 2.5 x 10 per
second counts will be registered at the detector. To compare the generated eh-pairs
with the collected photons, it is necessary to calculate backward how much photons
have to be emitted to realize the detected signal. Therefore, several loss processes have
to be taken into account. Beginning with considering a quantum efficiency of ~ 0.5%
at 1300 nm of the detector there should be ~ 5 x 10° particle before the detector.
Allowing for a further loss of ~ 40% due to passing the spectrometer at a slit width of
3 mm in comparison to a slit width of 10 mm, were almost all luminescence could pass,
there should be ~ 8.3 x 10° photons before the spectrometer. Finally, there is a loss due
to the hole in the collecting mirror (=~ 20%) and an unavoidable contamination of the
mirror due to the not oil-free vacuum leads to approximately estimated ~ 75% signal
reduction, caused by the complete mirror. That implies there should be ~ 3.3 x 10
photons collected by the mirror. Eventually this shows that only a small fraction (less
than 0.1%) of the excited carriers recombine radiative and thus still the non-radiative

recombination prevails.

4.1.4 Estimation of the defect level position inside of the silicon

band gap

As previously mentioned, the model 4.1 used for the estimation of the Di defect level
does not provide any information if the defect level is located below the conduction or
above the valence band. According to [83], there is a possibility to estimate the location
of the defect level in the band gap of Si. Analyzing the peak energy as a function of
temperature (Fig.4.8 b)) and correlate the slope with the temperature dependence of

the band edge positions of conduction and valence band.
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Figure 4.10: Temperature dependent shift of valence and conduction band at the indi-
rect gap a), of Eg band gap b) and of states at the I', L and 0.84X points
of Si ¢), taken from simulations from [51] compared to the temperature-
related shift of the Di luminescence peak.

A similar attempt shown in Fig.4.10 a) revealed that is not possible to evaluate the
gathered data in the described way. Nevertheless, the peak energy shift of the Di
luminescence could be almost correlated to the shift of the 'y, band which is involved
in the transition through the Ey gap in Si (Fig.4.10 b) and c¢)). These direct Ey gap is
the second lowest gap in Si [51]. The comparison of the temperature dependent shift
of the Di luminescence with that of the Fy gap, also shown in Fig.4.10 b), reveals a
consistent agreement. The discrepancy between the measured data and the temperature
dependent 'y band location (Fig.4.10 ¢)) could be explained with the existence of
the expected second defect level which is possibly located next to the valence band.
However, it is difficult to separate both defect levels and there different temperature
dependences from the measured data. The attempt to estimate the location of the
involved defect levels in Di luminescent recombination could not prove where the levels
are located. At least it supports the suggested model (Fig.4.8 @)) in the manner that
the position of one of defect levels below the conduction band and the other one closely

above the valence band is probable.
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4.1.5 Beam current and beam energy dependence of the Di

luminescence

The luminescent recombination at these levels could be excited with remarkably small
beam currents. This was for the first time obtained while conducting investigations
during the already mentioned stay at the Electron- and Ion Microscopic Facility of
Interdisciplinary Resource Center for Nanotechnology of Saint Petersburg State Uni-
versity (IRC-NT-Lab). One achieved result is shown in Fig.4.11.
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Figure 4.11: Beam current dependence from 40 pA to 32 nA of the Di luminescence
at 80 K and 30 keV; measured during a stay at the IRC-NT-Lab St.
Petersburg.

The following repeated measurements in Cottbus are presented in Fig.4.12 (inset). A
detectable signal of Di radiation could be achieved even at beam currents below 10 pA,
while typical values necessary for detection of BB luminescence are in the range of
several 10 nA - 100 nA [52; 73].
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The saturation effect observable in Fig.4.12 above 15 nA could be related to an oc-
cupation of the defect level. Also due to high injection condition, an increase of the

non-radiative transitions is conceivable.
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Figure 4.12: Beam current dependence of the Di luminescence at 80 K and 30 keV with
saturation above 15 nA and luminescence with low injection condition
from 0 up to 100 pA in the inset.

The energy dependence is shown in Fig.4.13, whereby an almost linear increase of the Di
luminescence intensity is noticeable. According to equation 2.10, there is also a linear
dependence between the beam energy and build eh-pairs in the material (Fig.4.13).
However, the Di luminescence does not seem to be directly proportional to the eh-pairs
generated. Since no saturation or decrease is observable, this could point to a structural
defect in the Si material extending over the entire penetration range of the electron
beam. The more defective material will be in or next to the eh-pair generation volume

the more Di luminescence will be emitted.
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Figure 4.13: The beam energy dependence of the Di luminescence with a linear fit and

the calculated eh-pair generation in dependence of the beam energy.

4.1.6 Structural investigations

The EBSD investigations were performed by H.-M. Krause to find the orientation of
the grains forming the boundary where the Di luminescence appears and correlate its

crystallographic structure with the Di emitting spots.

To correlate the appearance of the Di luminescence with structural and local electrical
properties of the sample a region emitting Di luminescence was selected and additional
EBSD was performed. “Figure 4.14 presents EBSD, EBIC and CL maps of such a
region. A grain boundary running from top left to bottom right is visible in all three
images. The monochromatic CL taken at the spectral position of Di reveals strong
luminescence at certain sections of that boundary. The EBIC image in the middle
reflects the local recombination activity of the boundary and shows a pattern similar
to the CL image” [44].
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Figure 4.14: “Comparison between EBSD (top), EBIC (middle), and CL (bottom)
maps. The < 344 > grain boundary (white) shows strong EBIC contrast
and Di luminescence. The green marked segments in the EBSD image are
identified as ¥27a and violet marked are small angle boundaries (7°)”[44].

“The EBSD image at the top shows all boundaries in the selected sample region and
indicates their type. It is found that the boundary in question consists of segments of
3 types: (i) a boundary characterized by an about 60° rotation of the adjacent grains
along a < 344 > axis (boundary labeled < 344 >), (ii) a small angle boundary (7°),
and (iii) a 327a boundary. Only the < 344 > segments exhibit Di luminescence, while
Di is not observed at 7° and X:27a segments” [44]. A close up of another region is shown

in Figure 4.15 to explain what is meant by < 344 > axis in more detail.
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Figure 4.15: “Orientation of adjacent grains forming a dark grain boundary and a grain
boundary emitting Di radiation as determined by EBSD analysis. To each
of the grain boundaries a pole figure is given, showing the coinciding crys-
tallographic directions for each of the crystallites”[45].

“The pole figures in Fig.4.15 present the orientation of the < 111 > crystallographic di-
rections on a stereographic projection. Each grain generates four marks corresponding
to its four < 111 > crystallographic directions. The overlap of the < 111 > directions
of two neighboring grains is shown in each of those pole figures. The different symbols
indicate different grains. A coherent >3 boundary presents a perfect overlap of the
< 111 > direction of both grains (left pole figure on Fig.4.15), whether a small misori-
entation produces two close to each other, but not overlapping marks (right pole figure
on Fig.4.15). The distance between the marks at the closest < 111 > position (marked
with open circle) on the pole figure is a measure for the angle of misorientation between
the crystallographic planes of the grains. The misorientation of the Di emitting bound-
ary amounts 7 degree and is consistent with overlapping of one < 344 > direction of
both grains. The orientation of the boundary plane relatively to the crystallographic
orientation of the grains should be considered as well. For a coherent ¥3, the normal
to the boundary plane coincides with both matching < 111 > directions. Correspond-

ingly, the boundary plane (and the dark line in the image) appears perpendicular to a
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line connecting the center of the pole figure and the marks of both matching < 111 >
directions on the pole figure. To facilitate the reading of the boundary orientation the
image of the sample in Fig.4.15 is rotated by 90 degree. Thus the grain boundaries ap-
pear parallel to the line connecting the center of the pole figure and the mark of both
matching < 111 > directions” [45]. It is supposed in Krause et al. [45] that the bound-
ary, from where the luminescence seems to originate, is reconstructed, compensating
the local misorientation by forming a uniform network of dislocations containing Frank
partials. “Those dislocations surround areas of locally perfect 33 planes. The structure
of those areas resembles the structure of <111> stacking faults. Therefore, the grain
boundary could be regarded as a set of stacking faults in < 111 > plane closely aligned
to one another” [45]. It is assumed in [44] that “a faceting of the < 344 > bound-
ary plane occurs into a mixture of two lower energy boundary facets, one of which is
< 111 >. Those < 111 > facets and the dislocation surrounding them resemble the
structure of the stacking faults. Due to the misorientation, a dense local dislocation
network is formed at the boundary. Those findings suggest that this dense dislocation
network, containing Frank partials can be considered as origin of the strong 0.93 eV

emission in mc-Si” [44].

To receive detailed structural information about the luminescent parts of the boundary,
scanning transmission electron microscope (STEM) investigations were performed and
analyzed by Dr. A. Hahnel at the the MPI of Microstructure Physics Halle. First a
FIB lamella of the cross section at a certain luminescent and EBIC active part of the
GB was prepared by H. Blumtritt, also at MPI Halle Fig.4.16 (left).

Figure 4.16: FIB lamella from preselected part at a luminescent GB (left), observable
twins(mid) and dislocations along the boundary to compensate the misfit
between the two grains, steps are projected by tilting approximately to
the [121] orientation (right).
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The left image of Fig.4.16 shows the prepared FIB lamella which was characterized in
detail by STEM. As can be seen in Fig.4.16 (right), twin lamellae are grown from the
grain boundary into the right grain. Further zooming in the grain boundary structure

(Fig.4.17) demonstrates that there are closely neighbored dislocations located along

the grain boundary.
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Figure 4.17: Dislocations along the boundary, shown in Fig.4.16, to compensate the

misfit between the two grains, steps are projected by tilting approximately
to the [121] orientation.

These dislocations compensate the small mistilt of ~ 7 — 8° to the perfect twin orien-
tation between the adjacent grains. That way a step-like interface is build up which
differs from the known perfect ¥3{111} structure. By analyzing STEM annular dark
field images it is possible to identify the type of dislocation in the GB.
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Sit win
(right grain)

Figure 4.18: STEM-ADF analysis of the dislocation type: Image showing GB disloca-
tions and a Burgers circuit a), IFFT image calculated by selecting the
(111) reflection (from the right grain) as well as the (111) reflection (from
the left grain) in the FFT ¢). The Burgers circuit round the dislocation

demonstrates the Burgers vector to be b = 1/3[111], which corresponds to
a Frank dislocation b).

This is demonstrated in Fig.4.18, in which the top image is a highly resolved STEM-
ADF image of a GB dislocation. It is possible to see that a single row of atoms split into
two rows. In the inverse fast Fourier transform (IFFT) image, Fig.4.18 b) it is much
easier to observe. The green marked Burgers circuit around a dislocation identifies
the Frank-type of the dislocation by its Burgers vector which is b = ;[111]. This is
illustrated by the IFFT, which was calculated by selection of the (111) reflection (from
the right grain) as well as the (111) reflection (from the left grain) in the fast Fourier
transform (FFT) of the STEM-ADF image Fig.4.18 a). The Frank partial dislocations
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with b = g[111] are located in [101] direction with a distance of ~ 3 nm above each
other. In addition, the FFT image Fig.4.18 ¢) shows the mistilt between the left and

the right grain and the mirror plane being (111).

Figure 4.19 presents a zoom shot of the GB, which demonstrates the arrangement of
extrinsic stacking faults in the GB. The extrinsic stacking faults are located parallel
to the (111) plane and act as seeds of secondary twin lamellae with extended % (111)
boundaries.
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Figure 4.19: Zoom on the GB to show the extrinsic stacking faults.

Furthermore, the stacking faults are probably bordered by Frank partial dislocations.
These findings strongly support the previously postulated hypothesis of the involvement
of Frank partial dislocations as root-cause of Di luminescence. Unfortunately, it is
difficult to prove whether Frank partials are the origin of the Di luminescence. It
would be necessary to investigate specifically produced samples with < 344 > GB
which contains Frank partial dislocations. Only if Di luminescence could be observed
there, the hypothesis could be proven in the last step. However, at locations where Di
luminescence occurs, a high total recombination exists, and the GB segment could be

identified to be < 344 > oriented, Frank partials are located at this spot.
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4.2 Summary

The intense 0.93 eV luminescence at room temperature observed with PL imaging orig-
inates from GB. This luminescence was named Di luminescence throughout the course
of investigation. With high spatial PL. mapping and CL it could be shown that the lu-
minescence is emitted inhomogeneously along certain GBs. Analyzing the temperature
dependence of the intensity indicates a defect level inside of the Si band gap 112+9 meV
below the conduction band and also provides a second level 93 + 10 meV above the
valence band. Based upon this estimated defect levels a band model for the Di lumi-
nescent is suggested. The considered ascendance of radiative recombination could be
denied through estimation of build eh-pairs in comparison to detected phonons. The
ascertained temperature-related energy shift of the Di luminescence is almost similar
to the change of the direct Ey band gap of Si. Also it is shown that the temperature
dependent position of the I'yy band correlates about a certain distance with the shift
of the Di luminescence. The mismatch at higher temperature is explainable with the
second suggested defect level above the valence band. Furthermore, there is no correla-
tion to the bands involved in the indirect band gap. Through beam current dependent
measurements, it was possible to show that the luminescence could be excited with
remarkably small beam currents even below 10 pA. Moreover, the Di intensity satu-
rates above 15 nA. This indicates an occupation of the defect level or an increase of
non-radiative recombination could also be possible. The beam energy dependent CL
intensity results reveal a linear behavior, which could be interpreted in a way that there
exist a structural defect area, which extends over the entire electron beam penetration

range.

The orientation of the luminescent sections of the investigated GB is according to EBSD
measurements identified to be < 344 >. The < 344 > orientation indicates a small
misorientation compared to the < 111 > twin boundary orientation and the energy
of the emitted luminescence is comparable with that reported in literature for Frank
partial dislocations. Therefore, these dislocations, which are built to compensate the
misorientation between two adjacent grains, are proposed as a first hypothesis for the
origin of the Di luminescence. This suggestion was proved through TEM measurements.
These show that Frank partials, bordering extrinsic stacking faults, could be found in

the GB, at locations where Di luminescence appears.
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5 Collection efficiency at twin boundaries -

low temperature investigation

Our work group observed the first sign of the uncommon behavior of twin boundaries
(TB) in 1996 [37] (Fig.5.1).

~ 1mm

Figure 5.1: EBIC temperature dependence of collected current [37].

In the following section the bright contrast at the TB (Fig.5.1 right image) will be in-
vestigated in more detail with the aim to exhibit the behavior of TB at low temperature
(~ 15— 30 K). Temperature dependent EBIC measurements will be used to determine
which temperature is necessary to observe the enhanced collection efficiency. Using
various electron beam currents should enable the opportunity to provide a statement
to the carrier concentration dependence. In addition, current dependent measurements
could provide information about conductivity differences between TB and grains. The
electron beam acceleration voltage was altered to discuss the occurrence of the multi
TB behavior at areas with several closely neighbored TB. The build-in potential of
the diode could be estimated through measurements with applied bias in forward and
reverse direction with beam on as well as with blanked beam. Furthermore, investiga-
tions with a narrowed ohmic back contact were performed, to show resistivity issues in
the mc-Si sample at low temperature. To examine the extension width of the depletion
region, capacitance-voltage measurements where performed by Dr. W. Seifert. EBIV

investigations were realized to reveal alterations in the local resistance.
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5.1 Experimental results and discussion

At first, a few words about what is actually observable during low temperature EBIC
investigations. It is easily visible in Fig.5.1 that from 300 K to 70 K the TB are hardly
recognizable, while below 30 K the EBIC current of the grains decrease (grains becomes
darker) and the current of the twin boundaries remain at a higher level (bright at the

images). For a better insight is a schematic drawing presented in Fig.5.2.
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Figure 5.2: The schematic drawing of EBIC current properties through cooling.

The change of the efficiency during the cooling process is shown in Fig.5.2. On the left
image, at 80 K there is no difference in efficiency between grains and the TB. On the
middle image, at 20 K a clearly visible breakdown of the grain efficiency in contrast to
just a slightly reduction at the twin location happens. Finally, on the right image, an
overlap from several twin boundaries is observable, marked as multi twin GB, which
leads to a high almost plain efficiency level along the twinning area. This behavior of
single as well as multi twin boundaries will be explained and investigated in more detail

in the following sections.
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5.1.1 Estimation of critical temperature

For the estimation of the critical temperature, where the collection efficiency of the
TB extends the efficiency of the grains, the sample was cooled down to 20 K and then
stepwise slowly heated up. It is generally accepted that the defect density at the bot-
tom of the ingot block is, due to the nearby crucible bottom, very high. Therefore, as
suspected, the EBIC image 5.3 a) shows a high amount of defects already at room tem-
perature (300 K). The strong recombination active GBs 4 and B reveal an additional
bright getter zone at 80 K in image b), whereas the TBs (C, D, E) just show a low
activity. At further cooling down to 20 K ¢) the GB B vanish, GB A shows a low EBIC

contrast, and the twins at C, D, F reveal an enhanced charge collection compared to

the surrounding grains.

Figure 5.3: EBIC images with 30 keV 100 pA from a bottom-sample at different tem-
peratures a) 300 K scale 0.8 to 1.0 b) 80 K scale 0.4 to 0.8 and ¢) 20 K
scale 0 to 1.0.

Temperature-related efficiency measurements (according section 2.4.2 and equation
2.11) were performed to determine the temperature where the electrical behavior at
the TBs begins to change (Fig.5.4). The first guess that the TBs act like conducting
dislocation networks [34] could be ruled out. The conducting networks show EBIC
current even in areas not covered with the Al front contact. In contrast, in Fig.5.3 ¢) a
hard cut of the EBIC signal is found at the border of the contact, visible at the lower

end of the image.
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The EBIC profile was recorded along the dotted red line in Fig.5.3 ¢). At the marked
points x at the single TB, y at a random GB, and z at a plain grain the values were
plotted in Fig.5.4 for 15 to 80 K. It is evident that the EBIC current of the random GB
(blue) and the plain grain (black) starts to decrease at 30 K respectively at 25 K while
the TB efficiency decline not until 23 K. In the inset the entire detectable temperature
range from 15 to 300 K is shown. Beginning from 300 K down to ~ 80 K (blue),
respectively ~ 50 K (green, black) a decrease of efficiencies is observable, followed by
a strong ascent, ending at 30 K (blue), 25 K (black) and 23 K (green).
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Figure 5.4: Temperature dependence of the collection efficiency from 15 to 80 K at a
bottom sample (Fig.5.3) at a single TB (z), a random GB (y) and at a
grain position (z) with 100 pA and 30 keV. Inset shows the temperature
dependence from 15 to 300 K.

To verify that the uncommon electrical behavior below 30 K is not related to the degree
of contamination, a sample from the same block was investigated next, albeit this time
from the middle (Fig.5.5). At this block position, the influence of the crucible can
be neglected. At image Fig.5.5 a) a common 80 K EBIC image is shown. In general,
there was measured a high collection efficiency over the entire sample and several
recombination active dislocations become visible. In the right corner, some TB can be

observed, which become visible due to the chosen contrast scaling.

96 © Christoph Krause



INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS
5 Collection efficiency at twin boundaries - low temperature

1novestigation

200 pm

¢) 80 K

200 pm 200 pm

Figure 5.5: EBIC images with 30 keV 100 pA recorded at a sample taken from the
middle of the block at different temperatures a) 80 K scale 0.8 to 0.95 b)
18.5 K scale 0.2 to 0.65, ¢) 80 K and d)18.5 K same scale 0.3 to 0.95 with

marked measurement points: x grain, w single TB and z multi TB.

The scaling ina) and b) is chosen in a way that the most sample details are visible. In
contrast, both images ¢) and d) are scaled similarly to enable comparing the contrast of

both images. With same-scaled images, no evidence of TBs at image c¢) is noticeable.
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The related measurements to the marked positions in Fig.5.5 d) are shown in Fig.5.6,
whereby the position z is located at a grain, w at a single TB, and z at an intensive
bright EBIC location where some TB are located close to each other (multi twins
Fig.5.2). At position z the efficiency shows no noticeable decline in the investigated
temperature range, whereas the efficiency decrease at the grain starts at 24 K, followed
by the TB efficiency at 22.5 K, which is comparable with the value from the block
bottom Fig.5.4. To test if the measurement results are reproducible, investigations were
repeated at two different positions at the same TB as in Figure 5.5 and at another single

TB at the same sample.
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Figure 5.6: Temperature dependence of the collection efficiency from 18 to 30 K at

a mid-sample (Fig.5.5) at a single TB (w), a multi TB (z) and a grain
position (z) with 100 pA and 30 keV; Inset: 18 to 70 K.
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Figure 5.7: Temperature dependence of the collection efficiency from 18 to 27 K at
two different points at the same single TB, one other TB and two different
points at the same multi TB with 100 pA and 30 keV.

Fig.5.7 exhibits that at different measurement points similar behavior can be observed.
Because it does not matter at which position of the TB the measurement was per-
formed, the same investigations were also performed at samples from a different sup-
plier to check if the observations are generally unrelated to a special selected kind of

samples.
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Figure 5.8: EBIC images with 30 keV 100 pA at a sample from the middle of the block
at 20 K with marked measurement positions.

In Fig.5.8, the samples from the other supplier show at low temperature, 20 K, the
same behavior as the previously measured ones. It seems that usually at TB location

the collection efficiency remains at a higher level during cooling below 30 K.
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Figure 5.9: Temperature dependence of the collection efficiency from 15 to 30 K at
different points at different single TB, different points at the multi TB and
at different plain grains with 100 pA and 30 keV.

It is not important at which of the marked TB the measurements were performed,
given that all of them show similar behavior (Fig.5.9). The single TBs as well as the
multi TBs are comparable with each other and also with these measured at the first

samples at block mid and block bottom.
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A potential reason to explain the difference between the temperature where the grain
efficiency starts to decrease and the slightly lower temperature at where the TB effi-
ciency subsequently decreases could be a different “freeze out” temperature. Accord-
ingly, Figure 5.10 schematically shows how it perhaps could be imagined. At the top
is the standard EBIC setup shown at a temperature at which no difference between
TBs and surrounding grains could be observed. In the middle, it is visualized what
might happen through cooling down to 20 K. At first, the carriers in the grains freeze
out while they remain alive in the TB. Therefore, the suggestion is that grains act
more like semi-insulators than semiconductors and the semiconductor properties still
dominate in the TBs. This would lead to an EBIC signal like drawn at the bottom of
Fig.5.10 (left). A possibility to achieve the suggested difference in the “freeze out” tem-
perature between grains and TB could be a local shrinkage of the Si band gap in the

TB region, as shown in Fig.5.10 (right)
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Figure 5.10: (left) Schematic drawing of the standard EBIC setup (top), hypothetical
imagination of changes at low temperature (middle) and resulting con-
ceivable EBIC-signal (bottom); (right) Schematic drawing of Si band gap
shrinkage at TB at 20 K
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To estimate the extent to which he band gap has to be shrunk, the carrier concentration
at a given temperature was calculated and subsequently compared with the concentra-
tion at a 2 K lower temperature. It was revealed that a ~ 4 meV decrease of the band
gap would be sufficient to achieve the same carrier concentration as calculated for a
2 K lower temperature, but without lowering the temperature. A band gap shrinkage
of only 4 meV would end in a 2 K lower “freeze out” temperature. It is shown in Figure

5.10 (right) in simplified terms.
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It is known that stress influences the band structure of Si [11]. An increase of the band
gap can be produced with compressive strain, wich would reduce the lattice distance.
This would result in a higher “freeze out” temperature in the strained material. Oth-
erwise, if we induce tensile strain the lattice distance would be increased and the band
gap energy will be decreased, which leads to a lower freeze out temperature. Moreover,
it is common to use stress in the production process of microelectronic devices. Aimed
induced strain could influence the carrier mobility and other silicon properties. Devices
could be designed in the desired way [89; 57]. Moller [66] reported a reason for stress
in TB. He investigated Edge-defined film-fed growth (EFG) silicon and reveals carbon
monolayers inside of the TB. Caused by the EFG production process there is a real
high amount of carbon inside the material. Carbon inside TB leads to a reduced lattice
constant which is similar to comprehensive stress and results in an increase of the band

gap energy. However, an increase of the lattice distance can also be found in TB.

That twins are able to induce stress is shown through TEM measurements and following
geometric phase analysis (GPA) of TEM/ HRTEM images through investigation of
(111) reflex in Fast Fourier transform (FFT) at the University Gottingen by P. Schwager
at electron beam crystallized thin-film Si on glass substrate (Figure 5.11). Also large
strain at multi TB regions where reported by Chen et al. [12] investigating mc-Si

samples.

Another conceivable reason for the electrical behavior, besides the already discussed
discrepancy in the “freeze out” temperature, could be a change in the depletion area
during the cooling. An increased SCR width results in a decreased electrical field,
which leads to a decreased carrier separation and a lower collected current. If there is a
difference between the SCR at areas with TB and at spots without, it should be visible
through a CV-measurement. A different SCR width should be shown as a different
capacitance behavior because of the difference in the influenced capacitor width. A
schematic setup is drawn in Fig.5.12. The resulted data are plotted in Fig.5.12 (right)
and they reveal a slower decrease of the capacitance at regions with a high amount of
TB than at the region without TB. Unfortunately, it could be the case that there was
a measurement problem affecting the collected data. It could be possible that the serial
resistivity was changed due to the cooling process. This also could lead to results like
those observed. Up to now, this parasitic influence could not be ruled out. Therefore,

the obtained CV-data could be adulterated and the measurement should be repeated.
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Figure 5.11: TEM thin film Si on Glass: undisturbed Si lattice compared to disturbed
once (top left); Geometric phase analysis (GPA): stress induced reduc-
tion of lattice constant (top right), no lattice variation (bottom left) and
stress induced increase of lattice constant (bottom right) (P. Schwager,
Uni Géttingen)

However, the formula to calculate the SCR width do not show any direct temperature
dependence. Therefore, it is suggested that the properties of the SCR could have simply

an additional side influence at the TB behavior.

Another additional side influence could emerge through carrier freeze out in grains
surrounding TB while they remain alive in them. This enables the build of a potential
barrier at the TB. Through the barrier, a local SCR is built, which enhanced the local
field strength. Because of the local higher field strength, an increase of the collection
efficiency at the TB seems possible. A schematic drawing of how it might be imaginable
is shown in Fig.5.13 (left).

Besides the mentioned strain, defect states in the band gap could as well cause a local

band gap shrinkage. In section 2.4.2 it is already pointed out that there is a tentative
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Figure 5.12: Schematic setup of CV-measurements at different 80 K (top) and at ~
20 K (bottom), capacitance decrease during p-EFG sample cooling at
contacts with twins and without them with —0.1 V (right).

classification of defects, which is attributed to the contrast behavior of the defect. In
Fig.5.13 (right) is the EBIC contrast profile of one of the single TB presented. The
general curve shape looks like the contrast-temperature relation from group 1 defects
(Fig.2.24) which are attributed to deep states in the band gap. These deep defect levels
localized at the TB could act like a band gap shrinkage and cause a difference in the

“freeze-out” temperature between grains and TB.
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Figure 5.13: Schematic change of local SCR and field strength(left). EBIC TB contrast
from 15 to 30 K (right).

However, if we consider the current dependence, like at the temperature-related mea-
surements in Fig.5.13 (right), the contrast behavior is plotted in Figure 5.14. Tt is
difficult to associate the measurement results to one of the suggested defect groups.
The right image at 30 K could be attributed to group 1 like the temperature depen-
dence in Fig.5.13 (right). In contrast, the run of the 15 K curve, on the left, above
100 pA rather looks like the group 2 drawing in Fig.2.24. Below 100 pA no clear be-
havior could be identified. It is also possible that there exist some kind of mix type
defects, also reported by Kittler et al. [38]. In general, it is doubtful to use this kind of
classification in this case. The investigated defects in [38] always shows a dark contrast
(positive) which indicates a recombination center somewhere but in this case there only
exist bright contrasts (negative) and according to the EBIC measurements there is also

no indication of any recombination center at the TB.
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Figure 5.14: Beam current dependence of the EBIC contrast at 15 K and 30 K, 30 keV.

That the electrical behavior from the TB is not related to the doping type could
be proved by investigations at n-type Si (Fig.5.15 a)) which show similar results like
the measurements at p-type Si. Furthermore, investigations at EFG-Si were performed
which also show the same features at the closely neighbored twins (Fig.5.15 b)). Indeed,
at the EFG samples the characteristic seems enhanced, possibly caused by the high
concentration of twins. In contrast, a repetition of measurements at EFG samples
reveal no changes of the EBIC efficiency at all. No sign of “freeze-out” was to observe.
The efficiency of grains and twin boundaries remain at a high level over the entire
investigated temperature range. This could possibly be explained with the close density
of the TB and thus the multi TB behavior could be valid over a broad sample area.
The effect, special observed at multi TB, will be discussed in the following sections. In
addition, the EFG samples could contain a high amount of carbon impurities. It is, up
to now, not possible to estimate the influence of these impurities to the low temperature
behavior. Furthermore, it should be mentioned that the EFG material, related to the
production process, is different compared to block cast mc-Si, and could thus hold

other properties. Finally, the reliability of the EFG results seem questionable.
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Figure 5.15: EBIC images 30 keV 100 pA: a) n-type Si sample at 20 K and b) p-type
EFG also at 20 K.

5.1.2 Influence of excess carrier concentration

Due to the similarity of the results at samples from both suppliers, the focus in the
following will be at the presentation of measurements from the last discussed mc-Si
samples from the second supplier (Fig.5.8). Changes in the measurement setup were
performed, like mounting a thermal shield around the sample and cutting of the he-
lium jack, which enables working at lower temperature. These lower and more stable
temperature conditions during the measurements are an additional reason to remain

focused on the last investigated samples from now onwards.

Through comparison between the current dependent efficiency at 30 K and 15 K
(Fig.5.16), a change in the behavior becomes evident. Before the curve declines, the
efficiency measured at 30 K at the grain remains above 0.9 until 300 pA, respectively
500 pA for single and multi TB. The TB curves and the grain curve are bifurcate
after 300 pA, which indicates a similar change in the collection efficiency like before
at 22 — 23 K and 100 pA, as described before in section 5.1.1 and also shown in
Fig.5.17. Even at 34 K, it is possible to provoke the enhanced collection at the TB
with ~ 2200 pA.
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Figure 5.16: Beam current dependence of the collection efficiency from 0 to 1 nA at
the same measurement points at 15 K (open symbols) compared to 30 K
(filled symbols) at 30 keV.

This behavior could may be explained with eventuate high injection conditions at 30 K.
Hence, it is necessary to examine the carrier concentration in the material through dop-
ing in comparison with generated eh-pairs by electron beam. The investigated silicon
should have a resistivity of 0.7 — 1.1 Q2cm which indicates a doping concentration of
~ 2.2x10%—-1.3x10' cm~3. With an effective hole concentration at 30 K in the valence
band of about 3.6 x 10'” cm ™ and therefore, with equation 2.3, the hole concentration
should be decreased to about 1.5 x 10'% — 1.15 x 10'* cm 3. The generated eh-pairs at
300 —500 pA are estimated with equation 2.10 to ~ 1.4 x 10*® —2.3 x 10'3 cm~3. Hence,
it can be supposed that low injection conditions are no longer valid and high injection
influences might have to be taken into account. One consequence of high injection could
be an enhanced recombination. Thus, on the assumption that at TB are less recombi-
nation centers located than in the grains it is conceivable that the collection efficiency
at the grains declines at increasing beam current while at TB still more carriers could
be collected. However, a strong influence regarding enhanced recombination seems im-
probable, because for enhanced Auger recombination, which could be increased due
to high injection, although the complete carrier density should be too low. SRH re-
combination, which is the main recombination part in silicon, is under high injection

conditions independent of doping, trap energy, and injection level. If taking into account
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Figure 5.17: Beam current dependence of the collection efficiency at 30 K a) 200 pA
scale: 0.94 —0.96, b) 350 pA scale: 0.9—0.96, ¢) 1000 pA scale: 0.44 —0.75
and d) at 34 K with 2190 pA scale: 0.17 — 0.19.

that the recombination contrast in the grains increases with decreasing temperature
respectively with increasing injection level enhanced SRH recombination appears un-
likely. To validate or exclude high injection effects or even clarify the influence, further
detailed investigations remain necessary. Another also imaginable approach is that the
changing efficiency at increased beam current could indicates an alteration of the serial
resistance. A higher current needs a higher conductivity to be collected. If there is a
conductivity difference between TB and grain regions and the introduced current will
be exceeds a certain value the amount of collected current would also show a difference.

The result could be the investigated enhanced collection efficiency shown in Fig.5.17.

To show how the material resistance influences the charge collection, a small sized

ohmic back contact was placed at some TB, instead of covering the entire sample.
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Figure 5.18: EBIC setup with just a small ohmic back contact (top); EBIC images at
a) 34 K, b) 23 K and ¢) 17 K (bottom).

The schematic setup is shown at the top of Fig.5.18. At 34 K an EBIC signal can
be measured all over the Al contact. Through cooling the sample slowly down it is
noticeable in Fig.5.19 (right) that the size of the area where charge collection could
be detected decreases. At 17 K, the collection area is almost narrowed to the size of
the backside ohmic contact, marked red in the inset of Fig.5.18 ¢). Due to the high
resistance the amount of separated charged carriers, which are able to reach the ohmic
contact, is strongly decreased. Only carriers generated next to the contact could be
collected. This is schematic shown in Fig.5.19 (left).

The noticeable contrast between the curves in Fig.5.20 and partly in Fig.5.16 could
possibly be explained with the size of the eh-pair generation volume. A lower beam
acceleration voltage induces a smaller carrier generation volume with a smaller pen-
etration depth in the material. Therefore, the curve shape in Fig.5.20 could also be
explained. There is the comparison between the current dependence at 10 keV and
30 keV at 15 K presented. At 10 keV, the generation volume is smaller and thus leads
to a higher carrier concentration next to the front contact. This could be a reason why
the 10 keV curves from the grain and the single TB are situated above there 30 keV
curves. The multi TB exhibit a different behavior. The 30 keV curve is located above
the 10 keV data.
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Figure 5.19: (left) Carrier separation with just a small ohmic back contact at 34 K top
and at 17 K bottom. Size of the temperature dependent EBIC collection

area (right), 100 pA and 30 keV.

The multi TB structure has a larger width than the single TB. The generation volume
does not extend the size of the multi TB so much at 30 keV and thus at increased
carrier concentration still more carriers can be collected at the position of the multi
twins. At the single TB at 30 keV the size of the generation volume could extend the
width of the TB and more carriers will be generated next to the TB structure instead
of inside them. These generated carriers might not be counted to the EBIC signal. This
possibly explains why more carriers were collected at the multi TB than at the single
TB (Fig.5.16 (15 K) and Fig.5.20).
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Figure 5.20: Beam current dependence of the collection efficiency from 0 to 1 nA at
the same measurement points at 15 K and 30 keV (open symbols) in
comparison with 10 keV (filled symbols).

5.1.3 Multi TB behavior

To investigate the influence of the penetration depth and thus the size of the generation
volume at the collected EBIC current, beam energy dependent measurements were
performed. Again, like in section 5.1.2, the same measurement points (Fig.5.8) were
used. Additionally, in Fig.5.21 (left), there is a plot of a dataset collected at 30 K in
comparison to 15 K, which shows the difference in the electrical behavior at very low

temperature below 30 K.

It is evident that the three curves from the grain, single and multi TB at 30 K super-
pose each other and display an expected behavior for beam energy dependent EBIC
measurements. The efficiency rises with increasing beam energy. With rising beam en-
ergy the penetration depth as well as the generation volume expands thus leading to a
higher amount of generated eh-pairs as well as a higher collection current. At 15 K, an-

other manner can be observed, whereby the efficiency at the grain measurement point
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Figure 5.21: Beam energy dependence of the collection efficiency from 4 to 30 keV at
15 K (open symbols) and 30 K (filled symbols) (left). Cross sectional SE
TB image (right).

runs almost straight below 0.1. The single TB exhibit a maximum above 0.35 between
6 and 10 keV where the generation volume is located closer to the front contact, has
a smaller size and due to that contains a higher concentration of carriers. This could
be an explanation for the maximum collection. After 10 keV, the curve goes down be-
low 0.25 at 30 keV. The excess carrier concentration is decreased and the generation
volume extends about 6 to 8 um into the sample. Furthermore, the volume of the gen-
eration area extends the width of the TB as mentioned in section 5.1.2. This is shown
in Fig.5.22.

Therefore, more eh-pairs will be created in a larger distance to the TB. Thus, a lower
amount of carriers can be collected. At the multi TB, a different curve shape is revealed.
Starting at the same efficiency like the single TB at 4 keV, the carrier collection ascends
over the entire energy range until reaching 30 keV. As explained in section 5.1.2 and
shown in Fig.5.22 the width of the multi TB structure is larger than that of the single
TB. Thus, more of the generated eh-pairs will be collected in the area of the TB.
Already at 17 keV the run of the curve follows the behavior of the efficiency at 30 K.
Also cross sectional measurements (Fig.5.21 (right)) reveal that the TBs are not run
perpendicular to the sample surface but rather they run obliquely. Therefore, the TBs
area in the EBIC images as well as the current profiles (Fig.5.2 (left)) seem wider than

they actually are. Even if the electron beam passed the TB at the surface, the generation
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Figure 5.22: Schematic beam energy dependence of the generation volume width for
10 keV and 30 keV at 15 K.

volume still strikes the TB structure below the sample surface. Another reason to
explain the multi twin boundary behavior as well as the TB efficiency increase during
beam current dependent measurements, which should be taken into consideration, is
the increase of generated current in both measurement cases. The amount of generated
carriers is related to the beam current as well as to the beam energy. Thus, a certain
higher generated current in the sample could lead to a breakdown of the diode barrier
at the grain position, which consequently results in a lower collection of carriers at
the front contact. It is suggested that there exists a higher barrier at the TBs, which
still provides the necessary electric field for the carrier separation. This thought will

be taken up again in the next section.

5.1.4 Estimation of build-in potential
Through EBIC measurements with applied bias on the sample, it is possible to estimate

the build-in potential. In Fig.5.23 (left), the significant difference between the black

grain curve and the colored curves of single and multi TB is clearly observable. From
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—2.5 to 0.2 V the grain curve reveals ohmic properties while the single and multi TB
curves show the characteristic line of illuminated solar cells. The efficiency of the single
TB starts to decrease right after forward bias at the sample was applied, saturates from
0.8 to 1.2 V at ~ 0.12, and break down at 1.5 V to almost 0. The multi TB efficiency
begins to decrease a little after the single TB at 0.2 V. This could possibly indicate a
difference between the field strength in single and multi TB.

1.0 .
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Figure 5.23: EBIC efficiency from 4 V reverse bias to 1.5 V forward bias at 15 K(left).
EBIC current versus bias voltage with noise current at blanked electron
beam (right).

© Christoph Krause 115



INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS
5 Collection efficiency at twin boundaries - low temperature

1noestigation

More probable seems again the explanation through the width of the generation volume
and the size of the multi TB structure, as previously mentioned in section 5.1.2 and
5.1.3. The multi TB efficiency declines to ~ 0.9 and saturates from 0.6 to 1.2 V before
the final break down to almost 0. These results lead to an estimated build in voltage
between 0.6 and 0.8 V at the TBs where the efficiency is decreased about ~ 90%. In
contrast at the grain the potential barrier seems lower. It is shown in 5.23 (left) that
the grain efficiency starts to decrease already at —2.5 V, while the TBs efficiencies
remain at a high level. Thus could indicate a lower potential barrier at the grain than
at the TBs. Also the previously shown current dependence in Fig.5.16, where the grain
efficiency decrease at 15 K starts 200 pA before the TBs efficiencies, could support the

conjecture of a barrier difference between TBs and grains.

In addition to the EBIC measurements, EBIV was performed. Therefore, another am-
plifier was used with a high input impedance. Thus, current independent voltage mea-
surements should be able to perform. EBIV micrographs (Fig.5.24 (right)) should show
the differences in the resistance without the influence of additional serial resistances

which may could influence the EBIC current investigations (Fig.5.24 (left).

EBIV

Figure 5.24: EBIC (left) and EBIV (right), 30 keV, 100 pA at 15.5 K.

It is noticeable that both EBIC and EBIV images looks almost similar. To show that in
more detail in Fig.5.25 normalized EBIC and EBIV profiles were compared with each
other.
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The green arrows and circles mark the most evident similarities. One problem with
the EBIV measurement should be mentioned, namely if the resistance of the material
exceeds the input impedance of the amplifier, the assumption of measuring the current

independent voltage is no longer valid.
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Figure 5.25: Normalized EBIC and EBIV profile taken at the same position across the
sample shown in Fig.5.24, 30 keV, 100 pA at 15.5 K.

The also measured characteristic IV curve, with blanked electron beam, (Fig.5.23 (blue
at right)) of the sample reveals a diode with a differential resistance of ~ 0.8 M at
the operating point at 0.9 V with an input resistance of 100 €2 at the EBIC amplifier.
Because of the high differential resistance, it is conceivable that the measured EBIV
values are no longer current independent. Therefore, the evaluation of the EBIV values

with respect to estimate local differences in the resistance is unfeasible.
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5.2 Summary

Twin boundaries that reveal no EBIC contrast from 300 K room temperature down
to 80 K liquid nitrogen temperature, show bright features below 30 K with liquid
helium cooling. Below a certain temperature the collection efficiency at grain positions
dramatically decrease while the efficiencies at TB remain at a higher level for a few
more K. Furthermore, areas with several close neighbored TB remain at high collection

efficiency over the entire investigated temperature range.

The critical temperature where the grain efficiency starts to decrease could be estimated
at this samples with temperature dependent EBIC measurements to 27 — 24 K. The
single TBs follow 2 —3 K later. It was possible to show this behavior at different p-type
mc-Si samples at varied block heights and also from different suppliers. It should be
mentioned that the measured samples have an almost similar doping level. Additionally,
the bright features could also be observed at n-type mc-Si. To ensure that the findings
are not gathered at special selected spots the measurements were repeated at different

spots at the same TB, as well as at several various TBs.

A model to explain the difference in the electrical behavior between grains and TB could
be suggested. An alteration in the so-called “freeze out” temperature is conceivable.
While the carriers in the grains freeze out, the carriers in the TB remain alive. This
may lead to a more semi insulating characteristic of the grains than semi-conductive
in the TB. With this assumption, EBIC signals like the measured once are probable.
The “freeze out” temperature should be dependent of the doping level. To achieve a
difference in the “freeze out” temperature between grains and TB a shrinkage of the
local band gap at the TB could be a potential reason. A shrinkage of just ~ 4 meV
would lower the “freeze out” temperature about 2 K, which is just about the estimated
difference between the efficiency decrease at the grains and the TB. The band gap

shrinkage is possibly related to local strain.

A main influence at the electrical behavior through a possible temperature dependent
enlargement of the SCR seems improbable. As a side-effect, it is possible that a local
SCR is built around the TBs and enhanced the field strength there.

Furthermore, it was pointed out that deep defect levels are also able to cause a band
gap shrinkage, but it was no dark EBIC contrast to observe. Just the temperature-
related bright contrast is comparable with the previously reported behavior of group
1 defects attributed to deep defect levels. The current dependent contrast could not

be clearly counted to one of the reported defect groups. Due to the absence of dark

118 © Christoph Krause



INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS
5 Collection efficiency at twin boundaries - low temperature

1novestigation

contrast at the EBIC investigation, it is doubtful to use this classification of defects for

this case in any way.

It is suggested that also enhanced recombination could be involved in triggering the
difference in the collection efficiency. This is considered because at the measurement
conditions at where the bright features could be observed, low injection is no longer
valid and high injection effects might have to be taken into account. Further investiga-
tions to clarify the influence of high injection conditions to the carrier recombination

at low temperatures below 30 K are necessary.

Otherwise, a more probable explanation for the appearing behavior under higher beam
current excitation is an alteration of the resistivity in the grains compared to the
TB, because a higher current also needs a higher conductivity to be transported. This
suggestion is supported by placing just a small ohmic contact at the backside. This
shows that at low temperatures due to the increasing resistivity just a few amount of
carriers are able to reach the contacts. Only carriers next to the contact are count to

the detected EBIC signal.

Due to the absence of an EBIC signal next to the front contact, it was possible to rule

out dislocation networks as reason for the low temperature TB behavior.

The multi TBs show always a deviation from the single TB behavior, which could be
explained with the size of the generation volume, the width of the multi TB structure
as well as with the tilted progression of the TB. Another conceivable explanation
for the behavior of the TBs during beam current as well as beam energy dependent
measurements could be a possible potential barrier break down of the Schottky-diode.
At a certain generated current, the diode potential at the grains will break down
and cause a lower charge collection. The suggested difference in the barrier heights
of grain and TB sites could be supported through measuring the EBIC current with
applied bias. Thus enables the estimation of the build-in potential at the TBs to about
0.6 — 0.8 V. In contrast, at the grains, the efficiency already starts to decrease at —2 V.
Thus, the barrier tends to be lower than at the TBs. This assumption is supported by
the current dependence of the grain and TBs efficiencies, which show that the grain
efficiency decrease starts at first and the TBs efficiencies follow only when 200 pA more
are applied. Accordingly, it is possible that the necessary electric field for the carrier
separation is still provided at the TBs, while at the grains the potential is reduced and
thus the electric field is also weaker than that of the TBs. As a result, the carriers at
the TBs could be separated and count for the EBIC signal, whereas at the grains the

collected current is reduced.

© Christoph Krause 119



INVESTIGATION OF PARTICULAR CRYSTAL DEFECTS
5 Collection efficiency at twin boundaries - low temperature

1noestigation

Additionally, investigations with blanked electron beam provide a characteristic line of
a diode with a differential resistance of 0.8 M.

The evaluation of a deviation in the local resistance using EBIV instead of EBIC is un-
feasible because it is possible that the material resistance exceeds the input impedance

of the amplifier.

Finally, to ascertain a satisfying explanation for the higher collection efficiency at the
TBs compared to the grain, additional investigations have to be conducted. It should be
noted that the investigations in this chapter were highly complicated to perform. Due to
the high amount and high cost of liquid helium, which was necessary to provide stable
low temperatures over a certain time it was simply possible to measure three connected
days at each can of helium. After two - three days the temperatures become unstable
and the collected data unreliable. Every delay within the investigation procedure could
wreck the entire three day measurement period. Bad contacts at the sample below
80 K, inexplicable cooling problems caused that temperatures below 30 K could not be
reached, frozen helium jack including the needle valve to control the helium flow, and
unstable beam currents with following cathode rupture to name just a few problems

occurring and disturbing the investigations for this chapter.
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After the first two introducing chapters, the third was focused on the usual appearing
defects. For this reason radiative as well as non-radiative defects features were shown,
appearing through CL and EBIC measurements. Performing these investigations also
reveal some uncommon and unexplained defect features. It was possible to show a
luminescence line at 0.77 eV at room temperature which is related to OP, according to
the literature. This line could be identified to be similar to the already reported P-line.
However, in contrast to the reported properties by Tajima et al. [94], it was also possible
to detect this luminescence at 10 K next to the D1-line clearly distinguishable from each
other at once. These contradictory measurements results will fuel the existing discussion
about the oxygen related luminescence lines and their relation to the long time known
D1 luminescence. Moreover, due to the unexpected results, further investigations could

be considered necessary.

Besides the oxygen related luminescence the occurrence of an enhanced BB lumines-
cence at a few GBs, in comparison to the surrounding grains, could be shown briefly.
Unfortunately, it was not possible to establish the same observation through repeated
measurements in the laboratories of the Electron and Ion Microscopic Facility of Inter-
disciplinary Resource Center of Nanotechnology in Saint Petersburg. It is conceivable
that the usable beam current there was not sufficiently high to excite the BB lumi-
nescence. Therefore, it is reasonable to perform additional investigations to offer a

satisfying explanation for the occurrence of the intense BB luminescence at all.

One remarkable success is the highly educated guess of the relation between the inves-
tigated intense luminescence at 0.93 eV, named Di luminescence after previous reports
by Krause et al.[45; 44], and the occurrence of Frank partial dislocations at the lu-
minescent grain boundary spots. At room temperature, usually just D1 luminescence
could be observed. Given that defects that show recombination activity at room tem-
perature could potentially affect the solar cell performance, the question of where this
luminescence originates from has gained interest. The strong luminescence appears

inhomogeneous at GBs, which also show a strong EBIC contrast. Through electron
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beam scattering diffraction measurements, it was possible to identify these lumines-
cent parts of the grain boundary to have a <344> orientation. Additionally detailed
structural investigations with transmission electron microscopy show the occurrence of
Frank partial dislocations bordering stacking faults at the Di luminescence emitting
grain boundary spots. Energy levels induced by Frank partials are similar to these
ones necessary to cause luminescence in the energy range of the Di-line. A conceivable
two level model to explain the energetic transitions is supposed, containing one level
located at 120 meV below the conduction band and the second one at 90 meV above
the valence band. For these summarized reasons, Frank partials are strongly suggested

to be a root-cause for the observed Di luminescence at 0.93 eV.

In addition to the observed and presented radiative defect features with luminescence
methods like PL and CL, methods were also used to observe recombination active de-
fects in general. With EBIC, it was possible to show dislocation clusters and getterzones

around certain GBs and at dislocation spots.

The second accomplished main aim was to explain the unexpected electrical behavior
of twin boundaries. In general, these TBs do not show an EBIC recombination con-
trast. However at a certain low temperature, 27 — 24 K for a sample doping level of
~ 10 cm™3, the EBIC collection efficiency of the grains decrease strongly while the
charge collection at the location of TBs remain at a higher level. Because this effect
could be demonstrated at samples from different suppliers, different p-type mc-Si in-
got block heights and at samples with a different kind of doping, n-type mec-Si, the
revealed twin boundary property is supposed to be a general one. It is suggested that
the difference in the charge collection could be related to a difference in the “freeze-
out” temperature between grains and TBs. The alteration could possibly be explained
with a local shrinkage of the band gap at the TBs. A possibility to achieve such a band

gap decrease is the local existence of tensile stress, induced through the TB structure.

With certain higher beam currents, it was possible to achieve the higher collection
efficiency at the TBs also at a higher temperature, above 27 K, even at 34 K. Therefore,
it is conceivable that there is also an influence through the generated current and the
diode potential to the collection efficiency. It was shown that beam current and beam
energy dependent measurements indicate that there could be a breakdown of the diode
potential barrier at the grain sites due to increasing generated current. The diode
potential barrier at the grains seems lower than the estimated one, 0.6 — 0.8 V, for the
TBs. An existing increase of the material resistivity due to temperature decrease was

presented through measurement results by EBIC investigations with a smaller ohmic
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back contact. At low temperatures, just carriers generated next to the back contact
could be collected, far away generated carriers were unable to reach the contact, and
consequently these are not contributed to the collected EBIC signal. The possibility of
an existing conductive dislocation network, like reported in the literature [34], could
be ruled out due to the missing bright EBIC contrast next to the contact. To provide
a complete detailed satisfying explanation of the TB behavior at low temperatures,
further investigations are remain necessary. One of the open questions remain whether
the eventuation of high injection at a certain temperature - beam setting relationship
with the coincidentally occurrence of the higher collection efficiency at the TB is simply
accidental. In addition, the potential barrier breakdown should also be verified in future

measurements.

In addition to the presented research at mc-Si, results from investigations at thin-film Si
samples were also shown. First time cross sectional EBIC investigations at tandem cells
could be performed. These measurements reveal recombination differences between the
various layers. With the information gathered through the measurements, contacting
as well as material problems could be demonstrated. It was shown that thin-films could
be highly sensitive to electron beam radiation and that the underlaying glass substrate
could influence the properties of the silicon layer. Common EBIC measurements could
show interaction problems between interlayers and the silicon film. Furthermore, prob-
ably first time investigations of contrast inversion at crystalline silicon thin films at
glass substrate could be conducted. Additionally, it was pointed out that the interpre-
tation as well as the analysis of the acquired data are rather complicate at thin-film
than at mc-Si samples. It seems appropriate to continue with further investigations at
thin-films to provide a broad basic knowledge to improve the data interpretation as

well as the conduction of the measurements themselves.
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