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Abstract

The aim of this work is to establish tools for opticharacterization of defects in thin-film
silicon solar cells. This is related to a challemgprocess of setup adjustments and careful
interpretation of the measured raw data becaussewdral artifacts and effects, which are
typical for thin films. They are caused by the Itayer/sample thickness and the related high
impact of interfaces. Therefore, different thin¥filsamples were investigated to establish a
process to correct/minimize these thin-film effecibe possibility of a knowledge transfer
from mc-Si wafers with bulk thickness to thin Snfs was checked. This would simplify a
successful interpretation of the corrected datde@s in mc-Si were investigated for many
decades without the parasitic impact of thin fill@sher Si phases, which are limited to thin-
film samples, were investigated to learn detailsuabheir specific physical properties. These
Si phases are amorphous and microcrystalline siliéalditional to that electroluminescence
investigations were performed on mc-Si solar céllsese investigation deals with topics,
which are not even understood on bulk materialdaupow. This could offer a basic for
further knowledge transfers to thin-film Si.

Das Ziel dieser Arbeit ist es Werkzeuge fir dieisghte Charakterisierung von Defekten in
Dunnschicht Silizium Solarzellen zu etablieren. Detsmit einem anspruchsvollen Prozess
von Setupanpassungen und vorsichtigen Interpregtioder gemessenen Rohdaten
verbunden, aufgrund verschiedener Artefakte unekisf die typisch fir diinne Schichten
sind. Diese werden durch die geringe Schicht-/Rrdioke und den damit verbundenen
hohen Einfluss von Grenzschichten verursacht. Dleshavurden verschieden
Dunnschichtproben untersucht um einen Prozess abliesen der es erlaubt diese
Dunnschichteffekten zu korrigieren/vermeiden. Diédliichkeit eines Wissenstransfers von
mc-Si Wafern mit Volumendicke zu dinnen Si Filmenrde geprift. Dies wirde eine
erfolgreiche Interpretation der korrigierten Dataweinfachen. Defekte in mc-Si wurden seit
mehreren Jahrzehnten ohne den stérenden Einflussideen Schichten untersucht. Andere
Siliziumphasen, die auf Dinnschichtproben begremxt, wurden untersucht um etwas uber
deren spezifische physikalische Eigenschaftenrnefe Diese Siliziumphasen sind amorphes
und mikrokristallines Silizium. Zuséatzlich dazu wen Elektrolumineszenzuntersuchungen
an mc-Si Solarzellen durchgefuhrt. Diese Untersngen befassen sich mit Themen, die
bisher noch nicht mal in Volumenmaterial verstandgamd. Das kdnnte eine Basis fir
weiterfihrende Wissenstransfers zu Diinnschichigitizieten.
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Introduction

Since the last 3 to 4 years, photovoltaic indusdryn a crisis, despite of the fact that the
market for PV modules is still increasing. Thisnainly caused by an enormous price decline
and the reduction of subsidies, especially in Eerdpne possible direction for the future
could be the developments in thin-film PV. Thimfikolar cells offer a high potential in cost
and resource minimization [Gre2004]. This technglaguld reduce the electricity price by
reducing fabrication costs and using less matphiak2011]. In case of silicon films on glass
substrates, the required material volume is typicdD0 times less than for wafer-based
multicrystalline silicon (mc-Si) solar cells. Thewer thickness of the absorber layer can be
compensated by using other Si phases. For instayadegenated amorphous (a-Si:H) and
microcrystalline Si (uc-Si:H) are characterized igher absorption coefficients than pure
crystalline Si (c-Si). That allows the absorptioh tbe entire solar spectrum in layer
thicknesses of a few micrometres or even less. Mewyehis advantage is reduced by worse
electrical properties (e.g. lower excess carrigtiine). For that reason, other concepts base
on the use of subsequently crystallized Si by iatawh (laser, electron-beam), thermal
treatment, etc. This is a very rough classificabbthe enormous variety of Si based thin-film
solar cell concepts. Finer classifications can kaselifferent electrical concepts (single- or
multi-junction cells, p-n junction cells, p-i-n leebjunction cells), materials (e.g. amorphous
silicon, crystalline silicon (varying grain sizepell structures etc. However, none of these
concepts is able to compete against wafer-basesol@r cells of bulk thickness in the
important parameters (costs, efficiency and longgtistability) up to now. For this reason,
analytics is needed to improve the mentioned so#dir parameters as well as for quality
control.

The analysis of thin-films differs from the analysif bulk materials, because of several
effects. For instance, luminescence techniqueaféeeted by the low layer/sample thickness,
which leads to low luminescence signals. The mogtortant effect is the strong impact of
interfaces. That becomes additionally amplified doethe required roughness of the
interfaces to enhance photocurrent generation blt ltrapping. All cell concepts are
characterized by distinct interface effects. A vemportant one is the enhanced
recombination at interfaces, which can lead to $ipgedistributions of carrier lifetime because
of rough interfaces [Sei2011]. Other possible fiatez-related effects are band-gap alignment
of the interface [Wei2005], band-gap states, prmollavith light trapping [Peu2003], light
extraction, etc. The attention to these effectssigecially required because almost all analytic
techniques were originally designed for bulk samm@ad are not directly considered during
the measurement. Therefore, it is very importantctonbine several characterization
techniques and very careful interpretation of tbemed data.

Aim and outline of this work
This work is a result of the PVcomB project (Congpete Centre Thin-Film- and

Nanotechnology for Photovoltaics Berlin) - Teilvalden 6 Analytik. The aim of this project
is to establish analytic tools for thin-film PV Wwita special focus on the optical
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Introduction

characterization of defects, mainly by photolumaegge (PL) [Arg2002]. The PL results will

be added by other techniques, such as Raman sgmxiso and electron-induced-beam-
current (EBIC). The challenging adjustments for d@ipelication of the different techniques to
thin films can be written in three key-questions.

1. How to correct/minimize thin-film effects?

It is necessary to investigate the thin-film effe@nd their impact very precisely. That
includes an exact identification of these effects several samples. That shall lead to a
possibility to correct/minimize their impact on theasured raw data.

2. What knowledge/methods can be transferred fromidk Si to thin-film ones?

All Si thin films are characterized by a high contration of various defects, independent on
the exact type of sample/cell concept. These defart one of the most important points
limiting the excess carrier lifetime and the asated solar cell efficiency. Therefore, an
elaborated investigation is necessary. Therefoeecbrrected data from the first key-question
must be interpreted carefully. The interpretatioould be enormously simplified if it would
be possible to transfer knowledge about defectsoamavestigation methods from bulk mc-
Si. At this material, defects were investigatedrfany decades without the parasitic thin-film
effect.

3.  What can be learned about the physical aspectstypical thin-film Si-phases?

Some thin-film solar cell concepts base on amorpremd microcrystalline silicon. In these
cases, a transfer of knowledge from mc-Si is olshpuery restricted. However, it might be
still possible to transfer investigation techniquesthods, which where originally designed
on bulk materials. Physical aspects about the mktgyecific properties cannot be
transferred. This becomes clear due to the fact sieh silicon phases do not have
applications or do not even exist in bulk thickngsg. pc-Si:H). Therefore, physical aspects
of those materials are very interesting, but hardhtain because of the unavoidable presence
of thin-film effects.

To answer these three key-questions the work isreddinto several chapters. In chapter 1
describes basic knowledge, which is necessary douds the obtained results on thin-film
samples. That includes knowledge about mc-Si df thitkness, which is used as reference
for the transfer as well as basic knowledge aldwithin-film phases (a-Si:H and pc-Si:H).

Chapter 2 gives an overview of the most importaxgeemental techniques: PL and
Raman spectroscopy. It also includes some comnadotst their application on thin films.

After chapter 2, this work is subdivided into twar{s. In the first main part, the key-
questions are discussed by investigating severahigiilm samples on glass substrate
(chapters 3 to 5). These samples represent a se@wvolution from bulk mc-Si to other Si
phases, which are restricted to thin-film appl@as. The evolution manifests in an increasing
complexity of the cell stack and changed matenapgprties of the Si layers. Chapter 3 marks
the first step. A large grained electron-beam alized Si film with a thickness of around 10
pm is investigated there. Its properties are varylar to those of bulk mc-Si. The middle
step is given in chapter 4 by a 1.6 um thick pdlyeer with a grain size of a few
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micrometres. The final step is an a-Si:H/pc-Si:lHdem solar cell on glass substrate in
chapter 5. The main advantage of such cell conaspggven by the limited efficiency of
single-junction cells. All important parameters¢isias short-circuit currenkst), open circuit
voltage Voc), filling factor (FF), etc. can increase due to the absorption by rti@ae one
bandgap energy. This was theoretically approximdtedMeillaud et al. [Meil2006] and
experimentally confirmed by several groups [Mei2088d2010]. It will be a high challenge
to minimize/correct the thin-film effects (first kguestion) due to the complex cell structure.
But the main focus of this chapter is on the plalsaspects of pc-Si:H (third key-question).
Thereby two aspects are of particular interest. firseaspect is on PL itself, where variations
in the deposition and growth conditions have anrmoos impact on the detected spectra
[Bhal1983, Boul983, Yue2000, etc.]. The second agpethe transformation process from
amorphous to microcrystalline silicon. This is istigated by measurements of samples with
various crystallinities (ratio between amorphoud arystalline phase).

The shorter second part is discussed in chaptdt @eals with electroluminescence
investigations on mc-Si solar cells to offer a bdsr knowledge transfer to thin-film samples
in the future.

The results of both parts are summarized in chaptanth a focus on the answers of the
three key-questions.



1. Basic knowledge

This chapter gives an overview about basic knowdedghich is necessary to follow the
description of the experimental results in chaptr® 6. It will be focused on radiative
recombination mechanisms and the related luminescsignals in silicon according to the
main technique — PL. Thereby the sub-chapters BadL1.2.2 will describe luminescence
features in bulk mc-Si. It is the reference for tesired transfer of knowledge to thin-film Si.
The structural and optical properties of othertsi-film phases (a-Si:H, pc-Si:H) are given
in sub-chapter 1.3. Sub-chapter 1.4 gives an o&eraf commonly used thin-film solar cell
technologies.

1.1 Recombination mechanisms in dislocated silicon

Excited electrons in the conduction band are inegarstable state and will return to a lower
energy position in the valance band. This transitionsists of an electron moving back into
an empty valence band state and consequently, Wigerlectron falls back down into the
valence band, it removes a hole. This process ledcaecombination. A common
classification of the different recombination meaisans distinguishes intrinsic and extrinsic
mechanisms:

— Intrinsic recombination mechanisms are always prteseen in ideal crystals and do not
depend on the specific technique used for crys@avth. Depending on the way, the
excess energy released by the decay of an eldotienpair is dispersed, two
fundamental processes may be distinguished: radiatecombination and Auger
recombination. Both mechanisms are characterized abylirect transition from
conduction to valence band.

— In case of extrinsic recombination mechanismsdiéeay of an electron-hole pair does
not occur directly via a band-to-band (BB) tramsitiof an electron — as in the case of
the intrinsic mechanisms — but stepwise by tramsitiia a defect centers. These centers
are localized within the band gap. Extrinsic recorabon mechanisms can be
distinguished in Shockley-Read-Hall (SRH) recomboraand surface recombination,
depending on the origin of the defect centers. défect centers are generated due to
imperfections of the crystal structure. SRH is verfgen the dominant process,
especially in indirect semiconductors.

Radiative recombination:

Radiative recombination consists of direct anntlola of one conduction band electron and
one valence band hole. In case of indirect semigctods, it occurs with the participation of
one or multiple phonons to conserve the momentune grobability of BB transitions in

8



1. Basic knowledge

indirect semiconductor is much lower than thatinect ones. The lifetime of excess carriers
is much longer. The radiative recombination Rigan be written as:

dr dr (1.1.1)

where n and p are electron and hole concentration d@dhe radiative recombination
coefficient. In case of excitation, it is usefuldistinguish between equilibrium concentrations
No, Po @and concentrations of the excess caruier4p

n=n,+An
pP=p, +Ap (1.1.2)

In most cases the excitation is done in a way tthetexcess carrier concentrations are equal
An=4p (e.g. PL). Then the semiconductor is in a nonddaium state and the excess carriers
begin to recombine. The excess radiative recombimaiaite 4R is the difference of the total
recombination rat® and the thermal equilibrium conditidt

AR=R-R, = Bnp-Bn,p, = B(n, +An)(p, +Ap) - Bn, p,
= B(n, + p,)An+ BAN® (1.1.3)

At low injection condition,(4dn<<ng) the quadratic term can be neglected. Under high
injection condition, the term becomes dominant.

From now on, the radiative recombination rate Wwél written asR oy to separate it from
other recombination mechanisms.

Shockley-Read-Hall recombination:

SRH recombination denotes the recombination proitessigh energy levels within the band
gap. The energy levels are generated due to crgsfacts. Some of these defects can be
electrically active, causing levels in the band.d&pthese defects act as recombination active
centers or traps for minority carriers. Especiafhportant are impurities due to transition
metals and extended defects.

The SRH model describes the total recombinatidherfollowing assumptions:

— No radiative or Auger transitions

— energy position of the recombination cerids independent on the occupation

— relaxation of carriers captured at the centre ishfaster than the emission processes

— recombination centers are homogeneously distribatetlat much lower concentration
than the doping concentration

— no direct interaction between the defects

— Fermi-Dirac-Statistic is applicable



1. Basic knowledge

Under low injection conditions the recombinatioters given by [Sho1952, Hal1952]:

np — n’
(n+ Ny )Tp +(p+ Pr )Tn (1'1'4)

Ren =

where the electron and hole concentrations rarand p and n; is the intrinsic carrier
concentration. The indek denotes the concentration of trap statgandz, are the lifetimes
of the excess electrons and holes (completely aedupr empty). They are defined by
following equations:

m:NCex{ﬂ} SN
kBT NTJp\/th,p
p =N, ex ﬁ (115) T :; (116)
! Y kBT " I\ITO-thh,n

with Nc andNy the effective densities of states in the conduactind valence bandgc and
Ev the conduction and valence band enerBy, the energy of the trapNy the trap
concentrationg,, o, the capture cross sections of the trap for elasti@nd holes, ang,
vinp the thermal velocities of the electrons and holespectively. In case of n-type
semiconductors, equation (1.1.4) can be simplifted

np - n’

RSRH:( I

n+n.)r, (1.1.7)

Under low injection conditiofdn~=A4p<<ng, n=ng+4n, p=po+4p, andngpo=n) equation
(1.1.7) can be rewritten:

:(n0+pO)An+An2: nAn N T Vi, ,NoAN _An  (1.18)
(ende, e, nenexdl(E - E)kT] 7o

RS?H

Auger recombination:

Auger recombination becomes important under higictron conditions or in highly doped
semiconductors (majority carriers <+10cm®). Auger recombination processes can be
understood as an extended version of BB transititiriavolves three particles: an electron
and a hole, which recombines in a direct BB tramsiand gives off the resulting energy to
another electron (eeh) or hole (ehh) [Dzil1977]. &ugecombination occurs through a
participation of three particles. Therefore, theorabination rate is proportional to the
product of the concentrations of the three pasicldhe two processes define the
recombination rat&ayger:

R

— 2 2
Auger _Ceehn p+Cehhnp

(1.1.9)
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1. Basic knowledge

where the coefficient€e, andCegn represent the e-e-h and e-h-h recombination méshan
respectively. Figure 1.1.1 illustrates some poestiger recombination processes.

oo
L Lt
|

(a) (b) (c)

I
Jqe—9o °o—

i
00
!
O

J «—

Figure 1.1.1: Scheme of Auger recombination processes: In eleattectron-hole process the transition energy
is carried away by an electron (a); in electroreHoble process transition energy is carried awag bgle (b);
process with participation of traps in the bandgag different possibilities to carry the transitiemergy (c)

Both coefficients are slightly dependent on thegderature [Dzi1977] (Table 1.1.1), but
independent on impurity concentrations.

T [K] 77 300 400
Ceen[cm/S] 2,3x10°" 2,8x10%" 2,8x10%"
Cenn[cm®/s] 7,8x10°" 9,9x10%" 1,2x10°"

Table 1.1.1:Auger coefficients at different temperatures (dedan [Dzi1977])

Surface recombination:

Recombination at surfaces and interfaces can hasigndficant impact on the behavior of
semiconductor devices. This is because surfacesirdatfaces typically contain a large
number of recombination centers because of thepalarmination of the semiconductor
crystal, which leaves a large number of electycatitive states. In addition, the surfaces and
interfaces are more likely to contain impuritiesca they are exposed during the device
fabrication process. Surface recombination is simito SRH recombination. Under
assumption of only one trap, the rate can be wriite[Schr1990]:

np — n’

RSJrf =

1
Vp(n+nT)+Vp(p+pT) (1.1.10)
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1. Basic knowledge

with the recombination velocitieg andvy.

All recombination mechanisms can be summarizetiertatal recombination ratg.

Rtot = Rrad + RSRH + RAuger + Rwrface (1.1.11)

whereR a4, Rz, Raugers @NdRgy denote the radiative, Shockley-Read-Hall, Auget surface
recombination rate, respectively. Therefore, thaltlifetime of the excess carriers depends
on all four recombination processes and can beenrlty the following equation:

1 1 1 1 1
= + + +

tot T rad T TAuger Tt (1.1.12)

where frag, Tsrn and zauger Without 7g,s represent the bulk lifetimgy. This distinction is used
to describe the efficiency of surface passivatibns especially helpful to describe devices
with a high impact of interfaces, such as thin-fdolar cells.

1 1 1
= +
T

tot Tbul k Tsurface (1 1. 13)

1.2 Principles of luminescence

Luminescence spectroscopy is a technique, whicked to study defects in semiconductors.
The main principle for interpretation spectra ig tonservation of energy and momentum.
Photons with an enerdyv > Ey (bandgap) will be able to excite electrons from vhaéence
band to the conduction band and leaving a holehénvialence band. The electron in the
conduction band and hole in the valence band dledcalectron-hole pair. After excitation,
this pair will recombines to obtain a lower enegggte.The first step is thermal relaxations
(thermalisation), whose timescale is very shortcdpeconds). This means that the electron
moves to the conduction band minimum. From thisypdhere are different possibilities to
reach the state of equilibrium. Thereby it mustdmginguished between the two types of
semiconductors. The band diagrams of these twostgpoe shown schematically in figure
1.2.1. Direct semiconductors are characterizedhbysame position of the conduction band
minimum and valence band maximum in reciprocal spdigure 1.2.1a). In this case, a
transition of an electron needs no phonon for camas®n of momentum. Contrary to this,
transitions in indirect semiconductors (figure 1. need the participation of a phonon.
Cheeseman [Chel952] first pointed out the possilmfi such transitions.

12
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Figure 1.2.1:Luminescence in direct semiconductors (e.g. Gé&)s)and indirect semiconductor (e.g. Si) (b)

Direct transitions are more probable than inditeamsitions, because of this requirement.
Such direct transitions from conductive to valermand are called band-to-band (BB)
transitions. During this transition, the electrasleh pair loses energy. The energy must be
transferred to some other particle. Transition$ &mait photons are radiative processes, and
transitions that generate only phonons are noratiadi processes. In indirect semiconductors,
transitions involve both the energy of phongs and photorhv. Then the energy of the
emitted photon is given by:

hv=E, -E, (1.2.1)

The effects of Coulomb interaction between theieegread to reduction of the energy of the
emitted photons at lower temperatures. A part efldst energy is transferred to excitons,
formed by the interaction of a free hole and a &feetron in the conduction band. The energy
of the resulting photon is reduced by the energyefexcitorEey.

hv=E, -E,, - E, (1.2.2)
The excitons may become bound to neutral donocce@or, forming bound excitons. This

reduces the energy of the emitted photon again.ldstesnergy is labeled as binding energy
of the excitongy,.

13



1. Basic knowledge

hv=E,-E, -E,-E, (1.2.3)

The energy position of the peaks in the lumineseesectrum characterizes the types of
transitions during the recombination process. Addél to the band-to-band transition there
are other peaks in the luminescence spectrumi@eliges).

In the next two sub-chapters, the luminescence arSmwill be discussed more detailed.
Sub-chapter 1.2.1 will be focused on the BB lumieese, which is characteristic for silicon
itself. It describes the ideal case of defect-Bdieon. Sub-chapter 1.2.2 will focus on defect-
related luminescence (DRL), which represents thpaih of impurities, dislocations etc.
These defects are characteristic for mc-Si but mimgortant in thin-film Si because of
smaller grain sizes and the associated higher anudnain boundaries. Of course, these two
sub-chapters cannot describe luminescence in ncoi8pletely. It is just a short overview.
Nevertheless, it is necessary to provide a basegénof luminescence on bulk mc-Si as
reference for thin-film Si. The important propestief thin films will be described in sub-
chapters 1.3. This comparison is designed to antiweesecond key-question of this work:
“What knowledge/methods can be transferred from Buiilto thin-film Si?”

1.2.1 Band-to-band luminescence (BB) in dislocategilicon

Band-to-band luminescence (BB) is the transitiotwben the conduction and valence band,
without participation of any traps within the baag@g Therefore, it represents ‘defect-free’
silicon in luminescence techniques and was illesttan figure 1.2.1(b) previously. The most
important parameter for radiative recombinatiorthe radiative recombination coefficient
B(hy,T) [Hall959]. It includes all material properties, ialin are important for radiative
recombination, such as dependences on temperatdrehmton energy. It can be used as a
measure of the luminescence intensity.

Theoretical estimations base on a detailed balproeiple [R001954]. According to that,
the radiative recombination rate at thermal equiiin in an elementary frequency interval,
dv, at frequency, is equal to the corresponding generation ratelettron—hole pairs by
thermal radiation. So Planck’s law can be used:

n2 d(nsv)
8w’ ¢ dv
dv

pv)dy =—; (1.2.1.1)
¢ exr{hq—l

KT

, Where the generation rate is defined by the salguihoton density in the semiconducigr)
(number of photons in unit volume and unit frequenderval). Another parameter is the
absorption probability. It is given as the prodotgroup velocity of the lighty,=cdv/d(nsv),
and the absorption coefficient of the semiconduetoiSo the recombination rate can be
written as:

14



1. Basic knowledge

_ 8ma n? p?
R)dv =—2 F{hq dv (1.2.1.2)
ex -1
KT

, Wheren is the refractive index of the semiconductarh, andk are the speed of light,
Boltzmann and Planck constants, respectively. Tdiglity of this approach can be checked
by writing (1.2.1.2) in a different form. The spaneous emission rate in an excited
semiconductor can be written by the generalizeddRlaquation [Wiir1982]:

N V”S o (E,.T) [{ L }dEy (12.13)
ex

E,-An
KgT

This is an extended form of the van Roosbroeck temuawvheredr is the separation of the
quasi-Fermi energies due to excitation amg the absorption coefficient in the wavelength
range of the BB transition. It can be simplified fan-degenerated occupation of the bands
to:

2.2

E/n An-E
RSP( )_ 2h3 2 aBB(EyaT) eXF{ T V} dEy (1.2.1.4)

B

This equation can be used to get an idea of th&uBihescence signal in silicon by assuming
values for4n and inserting known values afgg(E,,T) from absorption measurements
[Gre1995]. The calculated spectrum (Fig. 1.2.1.Xhilts amazing similarity with
experimentally detected BB luminescence.

Normalised emission rate

09 10 11 12 13 14 15
Photon energy [eV]

Figure 1.2.1.1:Calculated BB spectrum at silicon by using equmatib.2.1.4) with47=0.5 eV, T=300 K and
ag5(300 K) extracted from [Gre1995]
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1. Basic knowledge

As an indirect semiconductor, transitions in siiconust be assisted by phonon

interactions. This fact is included in the absanmpticoefficient a(v). Macfarlane et al.
[Mac1955] gave an approximation for that:

(hv-g,+kf (hv-E,-kof

as o] . o] |
ex{} 1 1- ex{—} (1.2.1.5a)
T T
(hV B Eg +k@)2 )
a= o : (1.2.15b)
exp— |-1
1)
a=0; (1.2.1.5¢)

whereA is a constanty; is the bandgap energy of silico@,is the Debye temperature and
is the temperature. With these equations, it isiptes to obtain a formula for the radiative
recombination coefficient of transitions in inditesemiconductorBingrect [Varl967]:

exp{e} +1
5 AN E T (1.2.1.6)
" 2me, Mg (mm,)* exr{e}—l
=

, Wherem,, m, are the effective masses of electrons and holdshVanis the number of
equivalent minima in the conduction band (8& = 6). One limit of it this model is given by
the temperature behavior of BB luminescence. Eqnafl.2.1.6) includes the increasing
occupation of phonon states with increasing tentpexabehavior. Correspondingly, the BB
intensity should increase with temperature. Despitehis that behavior is not observed
experimentally [Schl1974] in most cases. Thereftire predicted mechanisms to describe the
temperature behavior are not completely understddte reason for this disagreement
between theory and experimental observations idatmeation of excitons. They are formed
due to the Coulomb attraction between electronsharhels. Neutral donors can bind some of
these or acceptors, forming bound excitons (seapteh 1.2). Because of the small binding
energy of the excitons they can easily be destraydigher temperatures. The recombination
probability increases as result of their spatidbhieorhood. [Schl1974] gives an improved
expression of the radiative recombination rate:

©
exp{_l_}+1
|nd|rect_2\/_1{ T( ZﬁeXFi:kT:DCW (1217)
ex ? _1

, WhereG is the binding energy of the excitons (~ 15 mek( & the first two temperature
independent terms in (1.2.1.6). The temperatureerdgnce of the radiative recombination
coefficientB was calculated in several studies. An overviegiven in figure 1.2.1.2.

16



1. Basic knowledge

L
100} |
= * L
‘W
= * ® {
2 « °
p ®
2 °
= oa e,
m *
@]
o @
(m}
1“ ) L m 1]

0 50 100 150 200 250 300 350 400
Temperature / K

Figure 1.2.1.2:Comparison of calculateB(T) from e.g. Varshni [Var1967] (open circles), Sclganotto et al.:
[Schl1974] (full circles) and Trupke et al. [TruZ]{stars); (Image taken from [Tru2003]).

There one can see increasiBgT) with increasing temperature [Varl967] as well as
decreasingB(T) with increasing temperature [Schl1974, Tru2003he Tcalculations by
Schlangenotto and Trupke include the impact of tersi at lower temperatures. Note the
wide range ofB(T) due to the logarithmic scale. So, it should beeekgd that the BB
intensity decreases with increasing temperature ftike theoretical point of view. That is
called the normal temperature behavior. Indeedh duminescence quenching is usually
observed for high-grade silicon. However, oppogtaperature behavior, namely, increase of
the BB intensity with temperature has been obsefwedilicon subjected to ion implantation
[Ng2001] and for solar grade materials [Bre2008jisTanomalous temperature behavior of
the BB intensity has been related to shallow leirethe silicon band gap.

In summary, the temperature behavior of the BBnisity is determined by two main
factors. The first one is the radiative recombimrattoefficientB(T) and the second one is the
minority carrier lifetimez(T). Therefore, it can be expected that the temperatapendence
of the carrier lifetime will influence that of BBuininescence. Besides, above described
temperature dependence of the recombination caafficthere are other factors, which can
limit the luminescence intensity. For instance, petitive non-radiative recombination paths
decrease the concentration of the injected cardemsnddp and lead to observed decrease in
the luminescence [Arg2007]. Another factor is thBuience of the used analysis technique.
This will be discussed by comparative measuremaritd. and PL in sub-chapter 6.1.

However, it is widely accepted that the temperatebavior in PL is a measure for the
silicon material quality. Despite of this fact thléferent mechanisms are not completely
understood up to know. It can be summarized thamabtemperature behavior denotes a
quite high material quality and the opposite foormalous temperature behavior. In this way,
the temperature behavior gives an indirect andicesti approach to the material quality.
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1. Basic knowledge

Another important point is that it includes evideado other material properties, such as non-
radiative recombination processes. These proceasesnot directly visible in PL but
estimations about them can be obtained from th@¢eature behavior.

1.2.2 Defect-related luminescence (DRL) in dislocad silicon

In semiconductors, e.g. silicon, an enormous nurobeeveral defects can be distinguished.
A very rough classification can be obtained by sa&jirag into dislocations and precipitates.
Of course, interactions between both are possibids chapter gives a rough overview of
these two kinds of defects. Thereby the separaietveen dislocations and precipitates
should be used. However, in realistic investigdtibaracterization processes, excluding
specially prepared samples (e.g. model dislocatipngafer bonding [Ike1998])), it is very
difficult to separate both and sometimes not pdssibherefore the more general term
‘defect-related luminescence’ (DRL) will be used.

Fermi level
= Deep level

i
[

Energy

Distance
(a) (b)

Figure 1.2.2.1:Model of a charged dislocation in n-type mates@lace-charge region and deformation of bands
at dislocation (a); space-charge region (Read-@glinwith charged dopands (b); Image taken frongR@073a]

Dislocations and grain boundaries are some of tlst nmportant defects in silicon,
because of their strong impact on its recombinagictivity. Dislocations can be charged due
to the presence of dangling bonds. Such behaviar etmserved in doped silicon, where
carriers were captured at dislocations [Ale199(}isTwas found to be one of the main
reasons for dislocation-related luminescence. smgle estimation, it can be assumed that
dislocations behave as charged lines, which attragtority carriers. Therefore, the
dislocation lines must create a space-charge regioand the dislocation (Read-Cylinder)
because of the required charge conservation (R22.1).
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1. Basic knowledge

Dislocations cause deformations of the bands ins#maiconductor that compensate the
dislocation charge. Kveder et al. [Kve2001] gavéfeing equation about potential barrigr
and carrier density at the dislocatiNg;:

q):eNtot |n Ntit _1
47E TN (1.2.2.1)

, Where & is the permittivity of silicon,e the elementary charge ard, the doping
concentration. The radius of the Read-Cylinder is:

—_ tot
Rocr 7N, (1.2.2.2)

In n-Si dislocations are negatively charged. Thposjie charging is observed for p-Si. The
recombination process of minority carries, capturgdlislocations, is analogue to simple BB
transitions. The only difference is that they rebame through states in the bandgap and the
emitted photon energy is reduced correspondingly.

Origin of defect-related luminescence (DRL)

In chapter 1.2.1 the well-known band-to-band triamsi(BB) was described, which is related
to ‘defect-free’ silicon. Additional to that, theage other radiative recombination processes in
silicon, which are related to defects. Figure 12shows a PL spectrum of dislocated silicon
at 80 K.

Wavelength (um)
16 15 14 13 12 1.1

PL intensity (a.u.)

08 08 10 11 12
Photon energy (eV)

Figure 1.2.2.2:PL spectrum of a dislocated silicon made by piad#iformation at 80 K. All four D-lines and
the BB line are clearly visible [Arg2007a]
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There one can see four peaks (D1 - D4) besideBBhpeak. These peaks are called D-lines
or dislocation-related lines. Drozdov et al. fiysteported them and their spectral positions at
helium temperature: D1 (0.812 eV), D2 (0.875 eV)3 [D.934 eV) and D4 (1.0eV)
[Dro1976].

Despite of many studies with several techniquesettect mechanisms of the D-lines is
still unknown. One possible reason is that theyfammed due to the strain field caused by
lattice distortion around the dislocation, struatutefects at the dislocation or due to impurity
atoms captured at the dislocation strain fieldldvahg the strain-field idea, an approach of
explanation assumes long-range strain fields arodistbcations. These strain-fields are
independent on the structure of the dislocatiore amr its decoration by impurities. Such
strain fields could form one-dimensional energy dsarwhich are related to the Burgers
vector of the dislocation [Lel1992]:

_ b,
E=E " A{Ej (1.2.2.3)

, WhereE is the energy of the emitted radiatid,the bandgap energg,the lattice constant,
A is a constant accounting for the deformation paaeand the effective mass of the charge
carriers andeis the edge component of the Burgers vector ofdikcation. Modifications
of the bandgap for selected types of dislocatioowslgyuiet good agreements with the
observed spectral positions of D-lines. This wasfiomed from theoretical point of view
[Lel1992] as well as from the experimental one [B39d, Sek1996]. A comparison of such
studies is summarized in table 1.2.2.1. Furtheretation between luminescence features and
dislocation types have been found. For instance,aBd D2 are dominant in regions of
intersecting slip lines. In contrast to that, DId are dominant along glide dislocations
[Sek1994, Sek1996]. Relations between D1-D4 arakeel dislocations [Saul1985], between
D1-D2 and screw dislocations, D3-D4 and edge dalons have been found as well

[Mch2009].

Dislocation type h/a Calculated E [eV] Observed E [eV]
Screw non-split 1/2 [110] / /

30° partial glide 1/6 [211] 1.14 /

Stair-rod partials 1/6 [110] 1.125 1.023
90° partial glide 1/6 [112] 1.04 1.013

Frank partial 1/3 [111] 0.9 0.87 (D2)

60° non-split 1/2 [101] 0.87 0.84
Lomer-Cottrell 1/2 [110] 0.77 0.808 (D1)

Table 1.2.2.1:Comparison of calculated and experimentally ob=gtruminescence in one-dimensional band
gap, formed due to the strain field of dislocatifined1992].
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Role of impurities

Impurities are an unavoidable part of silicon. rfighe main differences between various
material qualities is the amount and the type giunties. They can be roughly classified in
two groups: transition metals and non-metallic infjges. Non-metallic impurities contain
desired dopants (e.g. phosphorus) as well as uedesnpurities (e.g. oxygen), which
become embedded in the crystal lattice during tistallization/growth process.

Transition metals

Important transition metals in silicon are Cu, Rg, Ti, Au etc. Their contamination can
influence the radiative recombination activity aslocations drastically. Some transition
metals like copper, iron or nickel have an affinity decorate dislocations and grain
boundaries in mc-Si and increase their electricaividly [McH1993, Hig1993, Kit1993].
Kveder et al. [Kve2001] developed a model of thensitions between traps within the
bandgap and conduction or valence band. The impiatiansition metals was studied on
selectively contaminated dislocations formed byaqpally grown stacking faults [Hig1992].
Thereby a characteristic maximum intensity of DH &2 luminescence was observed at
specific concentrations. The decrease of luminescanensity was related to the beginning
formation of precipitates. That marks the fluerdirgpe from dislocation-related luminescence
to luminescence related by precipitates. An exarfgaleopper is given for copper in figure
1.2.2.3. The appearance of such an optimum isdl/fac most of the transition metals. There
are different theories about the interaction betwwansition metals and dislocations. One
approach of explanation assumes that metals p#ssiom-radiate recombination centers at
the dislocation. This leads to an increase of DRe&k[1994]. But this approach is not totally
convincing, because of metallic-free dislocationosndt show higher total recombination than
slightly contaminated ones [Hig1993].
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Figure 1.2.2.3: Dependence of D1 and D2 intensities on surfacecamration of Cu: The dislocation
luminescence peaks are normalized on the phosphdround-exciton peak, which appears close to Bfhién
spectra. The Cu contamination was controllablyoihiced onto the sample surface [Hig1992].
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The impact of contamination was studied by EBICgemhthe EBIC contrast reflects the
recombination activity of dislocations. Thereby tleeombination activity depends on the
temperature of the sample and the concentrati@xafed minority carriers. This dependence
is characterized by the EBIC contrast as functibthe temperature and beam current. These
investigations exhibit strong interaction of theldcations with impurities. This was shown
by studies of the transition metal contaminationtlé dislocations leading to distinct
temperature behaviors of the EBIC contrast [Kit1351995a].

Kveder et al. [Kve2001] developed a model to déscrihe interactions between
dislocations and metals, whereas a strong coupliatyveen impurity level and one-
dimensional dislocation bands is used to deschieer¢combination. It must be emphasized
that the model is more complex than just a simtéi Secombination process. It assumes a
balance between carrier exchange and recombinhgbmeen dislocation bands and levels
formed by metal impurities.

Oxide precipitates

The relation between oxide precipitates (OP’s) BRI was initially pointed out by Drozdov
et al. [Dro1981]. They showed that the D1 line e at dislocations formed on oxygen
atmosphere. Note that most studies about oxygetecklluminescence were performed on
Float zone (FZ-Si) or Czochralski Si (Cz-Si).

The formation of OP’s in silicon starts with homageus nucleation and is affected by the
presence of vacancies at around 450 °C. In a mextoxygen starts to agglomerate during the
temperature treatment, resulting in the formatidnso-called ‘thermal donors’ (TD’s).
Several types of TD’s can be formed due to seuverlperatures and times of treatment.
Besides these TD’s other oxygen-related luminescératures have been observed. The most
prominent one is the P-line at 0.767 eV at around IPiz2000], among many distinct lines
[KUr1989]. Further temperature treatment leadsheodppearance of broader peaks between
0.7 eV and 0.95 eV [Bin2002] instead of the shampd. Tajima et al. suggested following
approach of explanation for this behavior on thanegle of the P-line: The 0.767 eV PL
defect is an intermediate state of oxygen agglonogrebetween the TD’s and extended
oxygen complexes [Taj1994]. At temperatures, sigaiftly about 450 °C it can be assumed
that almost all TD’s are transformed into moreeassl complex oxygen complexes.

In mc-Si, it is often very difficult to separatentinescence features caused by dislocations
(mainly D1) and those caused by OP’s. Nevertheless, points can be used as good
evidence for the participation of OP’s. The firgteois luminescence, which is clearly
redshifted (~ 0.77 eV), especially at room tempemiTaj1992]. The other evidence for
OP’s is an unusual broadening of the luminesceigeals in the interesting spectral range.
Another important point of mc-Si is the affinity @ixide precipitates to be gettered by
dislocations [Cav1993].
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Properties and behaviors of defect-related luminesnce (DRL)

The complete origin of DRL is still unknown. Howeyeypical properties and behaviors
depending on external parameters, such as tempegratcitation power etc. were observed.
D1 and D2 respectively D3 and D4 are commonly aereid as pairs, because of their
similar behaviors upon external parameters. Thslaiity does not mean that they have the
same origin urgently. However, it denotes any i@habetween the two lines of a pair.

Energy shift upon application of uniaxial stress

The shift of the peak position upon externally aaplni-axial stress gives information about
the symmetry of the radiative centers and theirzgieptical constant. For instance,
compression of samples along the <111>, <110> 4@ crystallographic directions leads
to redshifts in case of D3 and D4 and blue shiitgantrast to that D1 and D2 [Drol1977].
Another stress-related feature is the splittingDdf and D2 into two components each
[Suel982, Suel983], whereas both components hdferedi sign of their piezo-optical
constants. A centre with tetragonal symmetry, rasiide for the D1 and D2 emission, could
explain this.

Radiative decay times

Fukatsu et al. [Fuk1996] did one of the rare stsidadout the radiative decay times on
dislocated undoped SiGe alloy layers. They fount tbat all four D-lines decay in the
nanosecond range of time. The decay times at Ad{cate a pairing of D1 and D2 (~ 200 ns)
and D3 and D4 (~ 60 ns), again. The temperaturerdgmce of decay times show a decrease
with increasing temperature for D1 and D2, but alte@mnstant decay times for D3 and DA4.

Dependence on the excitation power

The dependence of defect luminescence intensityhenexcitation/generation of excess
carriers differs from that one of BB luminescenaginsity. In case of BB, the intensity
behaves linear in low injection regime and quadrati high injection regime (see: sub-
chapter 1.1). In contrast to that D1 and D2 exlshib-linear dependence on excitation level
and at higher temperatures the intensities satigitially. D3 and D4 exhibit almost linear
behavior [Sue1983a].

Temperature dependence of dislocation-related lumiscence

Two models were developed to describe the temperdtehavior of DRL, the ‘bound-to-
free’ and the ‘bound-to-bound’ deactivatiorodels. These models describe the deactivation
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of a carrier trapped at a radiative centre in aisenductor three-dimensional band or in
another bound state, respectively (Fig. 1.2.2.4).

The bound-to-free model assumes two non-degene&atet$ at dislocations, one shallow
trap occupied with electrons and one deep trapmeduvith holes. Injection of carriers leads
to non-thermal equilibrium conditions. The occupatican be described by quasi-Fermi
levels. Further assumptions are that the quasi-Hexals F, andF, are close to the valence
and conduction band and a trap lelzgels close td-, (Fig. 1.2.2.4(a)).
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Figure 1.2.2.4:Models to describe temperature behavior of DRLurubto-free model (a); bound-to-bound
model (b). Image taken from [Arg2007a]

Then the occupation can be described by:
1

E -F,
1*“‘{ T } (1.2.2.4)

The electron densitg in the conduction band, generated due to excitatlose to the trap,
related to the Fermi level is given by:

n= NC exr{ﬁ:l
KT (1.2.2.5)

where, Nc is the effective density of states in the condurctivand. Considering its
temperature dependendé=(= Neo* T%) equations (1.2.2.4) and (1.2.2.5) can be combioed

f=

1
N E -E,
1+ —C0 T¥2exg ——=C
(nj F{ KT } (1.2.2.6)

The substitutionsgEg=-(Er-Ec) and C=Nco/n leads to an expression of the luminescence
intensityl(T) at temperatur@ relative to the intensitl(0) extrapolated to 0 K [Suel1983a]:

f=
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I(T) _ 1
1(0) 1+CT*?exd-E, /KT] (1.2.2.7)

The important parameter is the deactivation en&igyn the model, it describes the energy
barrier between the trap levé&; and the conduction band. In realistic material®e t
deactivation energy is the barrier between the peculevel and an unknown level above.
This can be another trap level or the conductiordba

In contrast to the bound-to-free model, the bownddundmodel assumes the vicinity of a
radiative defect states and a non-radiative s{&ag1985, Pan1975]. Under such conditions
electron-hole pairs can recombine by emitting ofitsphonons or auger process. So the
model describes the recombination probability ob tivaling processes: radiative and non-
radiative. That is illustrated in figure 1.2.2.4(B) carrier is captured at a trap responsible for
radiative recombination (e.g. D1). A deactivatioh this trap is possible if the carrier
overcomes the energy barrigs to the non-radiative trap (NR). The temperatudependent
probability Py, for this transition is give by:

P, =Pexd- E, /KT] (1.2.2.8)

whereP is the non-radiative decay probability. Assumihgttthe radiative recombination
probability P is also independent on temperature, then thesitjeratio is given by:

Im_ P _ 1
1(0) P, +P,  1+Cexf-E,/kT] (1.2.2.9)

whereC is a constant, accounting for the radiative and-ramliative transition probabilities,
andEg is the deactivation energy of a radiative traps.

Studies of the deactivation energies obtained gatdi@bout 165 meV for D1 and 95 meV
for D4 in heavily dislocated Si [Kve1995, Kve1998]though most studies (e.g. [Sue1983a])
found similar temperature dependences of D1 an@iithe one side and D3 and D4 on the
other side, there are contrary results. Such asgrSat al. [Saul1985] found that D1 and D3
remain virtually constant up to 20 K, while D2 abd showed a gradual decrease.

Spatial distribution

The spatial distribution was investigated by higkelution cathodoluminescence
measurements. Thereby D3 and D4 appear at thecdiglo core. D1 and D2 appear in the
vicinity. Vicinity means a distance of 2 — 9 um §iP92a, Sek1996], which is not detectable
by the PL setup used in this work. Therefore, BBiihescence and DRL should exhibit a
spatial anti-correlation. If this is not the casther reasons, such as gettering, must be
discussed.
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Addition D-lines in non-relaxed dislocations

Other lines D5 (0.953 eV), D6 (1.0126 eV) and DD28443 eV) were associated with

dislocations, too [Saul985]. They were attributechon-relaxed dislocations, produced by
two-step deformation. These additional D-lines wgenerated by extended temperature
treatments of FZ silicon samples. However, it ifigient to focus on the dislocation-related

peaks D1 — D4 during analysis of luminescence speCther D-lines might be a possible

misunderstanding of spectral shifts due to strass e

Phonon replica relation between D3-D4

The correlation between D1 - D2 and between D3 -h&glbeen observed in many studies of
various parameters. Therefore, D3 is considerdzetdO phonon replica of D4, whereas the
larger peak width of D3 in comparison to D4 is expéd by the small energy differences
between the three, momentum conserving TO phonéms1992]. Such close relation was

not observed between D1 and D2, despite of siragaaviors.

Summary

The defect-related luminescence (DRL) consists dinBs (D1-D4), which are related to

dislocations and other luminescence features, waietrelated to precipitates (e.g. oxygen).
The luminescence properties (peak position, peakhwetc.) are affected by several external
parameters (stress, temperature, contaminatior), BX8 and D4 are generated by transition
between one-dimensional dislocation bands on 6)6chtions. D3 is a phonon replica of D4.
Contrary to this, the exact origin of D1 and DZigl unknown, but they are most probably
caused by the interaction of the dislocations wilckground metallic impurities. D1 and D2
are related in any way, too.

1.3 Basic material properties of silicon phases ithin-film
solar cells - a-Si:H, pc-Si:H and c-Si

In this sub-chapter the basic structural and opticaperties of amorphous (a-Si:H) and
microcrystalline silicon (pc-Si:H) are discussed aompared with those of crystalline silicon
(c-Si). Note that both Si phases become hydrogdn&de photovoltaic applications to
passivate the dangling bonds.
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Structural properties

Crystalline Silicon (c-Si):

Crystalline silicon is a very general term for&ln with grain sizes above a few micrometres.
That includes monocrystalline silicon (Cz-Si, FZ-8&nhd multicrystalline silicon (mc-Si). Of
course, they are distinguished by defect conceotrst such as grain boundaries. However,
for this overview the optical and structural prdpeey can be considered as equal. Crystalline
silicon has a diamond lattice structure with a btamth of 2.35 A and a covalent bond angle
of 109°. Further information can be found in [SZ&19 The well-known band structure of c-
Si was already shown (see: figure 1.2.1(b)). Thiead lattice structure is responsible for the
presence of a well-defined and abrupt bandgap afitab.12 eV in crystalline silicon at room
temperature.

Amorphous Silicon (a-Si:H):

The main difference between amorphous and cryseéaliilicon is the structural disorder,
which is characterized by enormous deviations imddength and bond angle. That results in
the presence of localized states close to conduetna valence band of a-Si:H, called ‘tail
states’ [Ovel1989]. The range of the band tailsa-8i:H, is about 0.2 eV (conduction band
tail) and 0.3 eV - 0.4 eV (valence band tail) [287]. The term tail states originates from the
broadening/enhancement of the bandgap visible sorgkion measurements (see: Fig. 1.3.3).
These tail states differ from defect states in ,ceausing SRH-recombination, because of
their high density and energetically broadeningeylban be described as bands and/or tails
of the regular conduction and valence bands.
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Figure 1.3.1: Sketch of the density of states diagram of a-SBldnd tail states are localized close to the
conduction and valence band, differently chargddalestates (D D° and D) are localized in the middle of the
bandgap. (Image taken from [Mer2005])
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It is very important that these states lead to Higlly relaxation of the momentum
conservation. Therefore, radiative recombinatiocobges much more probable than in c-Si.
To emphasize this fact a-Si:H is also called ‘cquisgct semiconductor’. Of course, defect
states in the middle of the bandgap are still preSEhese defect states are also characterized
by a significant broadening. All states are illagdd as a distribution of the density of states
N(E) in figure 1.3.1. The charged defect statés and O, in the middle of the bandgap,
might be caused by dangling bonds and have to teasad by hydrogen passivation to
improve the electrical properties. Due to the tsilges it is not so easy to determine an exact
definition of the bandgap. It can be estimated.6eV — 1.8 eV, larger than the bandgap in c-
Si. Another important property of a-Si:H is the Inigbsorption coefficient, which makes it
interesting for thin-film solar cell applicationis allows efficient absorption of the entire solar
spectrum in films with a thickness of around one pm

Microcrystalline Silicon (uc-Si:H):

Microcrystalline silicon represents a junction/sdion between amorphous and crystalline
silicon, but it is rather comparable to c-Si thaBiad. Exact statements about its properties
are complicated by the fact that they are strodgiyendent on the deposition conditions, e.g.
ratio of silane to hydrogen, substrate temperaete,Several studies were published dealing
with these dependences on the structural, electiwad optical properties of pc-Si:H [Car
1997, Fin1997].

decreasing crystalline volume fraction

i
-

substrate

% crystallites amorphous regions T_L voids

Figure 1.3.2:Sketch of the structure of microcrystalline silicgrown by high frequency PECVD. From the left
to the right, the film composition changes fromsatafline to highly amorphous regions. (Image takem
[Vet2000])

Combined techniques, such as transmission electrocroscopy (TEM), Raman
spectroscopy and X-ray diffraction (XRD), were usedlevelop a model of the structure of
pc-Si:H. Figure 1.3.2 shows an image, which illagts a widely-accepted model of pc-Si:H.
One of the main key-parameters for the depositibp®@Si:H is the silane concentration.
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Simplified it can be said: the lower the silane camtration the higher the crystalline fraction
of puc-Si:H. Under crystalline growth conditionsetldeposited films consist of columnar
clusters of smaller grains with coherent crystalliregions (left side of Figure 1.3.2).

Amorphous regions or regions of voids separatectitemns from each other. Tzolov et al.

found out that the exact composition depends ordépmsition conditions and the substrate
properties [Tzo1997]. In strongly amorphous regjasiBcon crystals can be described as
nanocrystalline isles within an a-Si:H matrix (rfighide of Figure 1.3.2). It is important to

emphasize that the grain size of pc-Si:H crystHsnm - 30 nm) do not increase significantly
with increasing crystallinity. The single crystalart to agglomerate to columns with a size of
several hundred nanometers [Luy1997, Houl998]. Highsities of twin boundaries and

stacking faults are typical for the columns.

Optical Properties of a-Si:H, pc-Si:H and c-Si

The optical absorption spectra of all three siliglhases are shown in figure 1.3.3. At high
photon energiet©iv > 1.8 eV the absorption of a-Si:H is much higheant in c-Si. The
absorption of pc-Si:H is between both, caused lspgdtion in a-Si:H regions and/or internal
light scattering in the pc-Si:H phase [Die1998].mMitddle phonon energies (1.1 eV - 1.8 eV)
pc-Si:H behaves quite similar to c-Si, while thes@iption of a-Si:H drops drastically with
decreasing energies. The critical photon energy is1 eV, the bandgap of c-Si. It exhibits an
abrupt drop of the absorption coefficient, causgdhe well-defined conduction and valence
band. But the absorption spectra of a-Si:H and ipgtd-8xhibit tail states. These are clearly
visible by the non-vanishing absorption coefficgeat photon energies below 1.1 eV. Thereby
the tail states in a-Si:H are more distinctive thrapc-Si:H.
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Figure 1.3.3: Absorption coefficientr of crystalline silicon (c-Si), hydrogenated amarph silicon (a-Si:H) and

microcrystalline silicon (uc-Si:H) measured by pitbermal deflection spectroscopy (PDS). (Imagerigkem
[Mer2005])
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Luminescence from a-Si:H, pc-Si:H and c-Si

In principle, generation and recombination processa-Si:H and pc-Si:H are the same as in
other semiconductors (see: sub-chapter 1.2). Ini:Hh-@nd pc-Si:H three different
thermalisation processes can be distinguished. fifee one is thermalisation by phonon
emission happening in less than?1Gs. The second one is thermalisation by tunneling
between localized states (hopping down) occursoat temperature [Str1981]. The last
thermalisation process appears by multiple trappimgchanisms [Orel981]. Note that
thermalisation ends in the tail state and notatttnduction band minimum.
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Figure 1.3.4: Sketch of the band diagram of a-Si:H (uc-Si:Hésyvsimilar, but tail states are less distinctive).
Possible recombination paths are shown. (Imagentaken [Str1980])

Next, the carrier can recombine by two main radeatecombination paths. The first one is
radiative transition between tail states of conducand valence band ((1) in figure 1.3.4).
The second one is a non-radiative transition fromtail states to defect states in the middle
of the bandgap ((2) in figure 1.3.4). From thestedestate radiative transition is possible
again ((3) in figure 1.3.4).

First photoluminescence measurements on a-Si:H penfermed by [Eng1973]. Street et
al. [Str1980, Str1981] performed studies that amrenextensive. Thereby two peaks were
distinguished. In amorphous silicon, the dominadkiative recombination mechanism at low
temperature and low defect density is the radiatiaasition between localized tail states at
around 1.2 eV — 1.4 eV ((1) in figure 1.3.4). Atgher temperatures defect-related
luminescence at about 0.9 eV ((3) in figure 1.B&jomes more important.

Peak energy and peak width of PL spectra contéanga amount of information about the
occupation and energy position of electronic stafdthough this information is not easily
available especially in disordered system, suci+8H and pc-Si:H. Exact statements about
the peak width require very low temperatures (~K)Oto avoid thermally activated non-
radiative transitions. Only at these conditions theak width can be used to extract
information about the electrical broadening of stetes due to disorders in the crystal lattice,
like in a-Si:H or pc-Si:H. At higher temperatursach statements are just qualitatively.
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Figure 1.3.5 shows a slightly simplified compositiof typical PL spectra measured on a-
Si:H, pc-Si:H and c-Si at low temperatures of 16 RO K.
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Figure 1.3.5: Comparison of PL spectra of crystalline (c-Si),dlogenated amorphous (a-Si:H) and
microcrystalline (uc-Si:H) silicon: PL spectra eSaH and pc-Si:H films are excited by energy &2eV at 10

K. The PL spectrum of c-Si was excited by a meranyat 18 K and is taken from [Var1967]. (Imagketa
from [Mer2005])

Crystalline silicon is characterized by an abrugmdigap leading to a very sharp luminescence
peak in PL. Several phonon participations are ptssand labeled by the letters A — E,
because of the indirect transition. D is the masbable band-to-band transition at about 1.1

eV. It is equal to the transverse optical (TO) plroemission, originating from bound exciton
recombination. The further phonon transitions aseubssed in [Saul985].

In a-Si:H a very broad peak between 1.25 eV and¥.4s observed at low temperatures.
The exact peak energy varies depending on the digmosonditions. The peak broadening is
caused by the disorder in a-Si:H and is one ofntlest characteristic features of a-Si:H tail
states. The peak form exhibits an asymmetry duketect-related luminescence at around 0.9
eV. The defect related emission is also shows awnewus peak width. It is especially

observed in doped a-Si:H and in materials with tdglfect densities. In contrast to the tail
state peak, it is dominant at room temperature.

PL spectra of puc-Si:H are strongly dependent onosiéipn conditions (e.g. substrate
parameters, layer thickness etc.). That meansainadst every single publication reports
different PL spectra. For that reason, this ovevvaan just summarizes some very typical
features in pc-Si:H. A broad PL peak is observetth@range of tail states of a-Si:H (1.2 - 1.3
eV) [Bhal983]. This peak is not surprising becatise related to the remaining amorphous
phase in pc-Si:H. Often the peak width is slightdwer than that one of a-Si:H. A second
typical PL peak is detected around 0.9 eV - 1.08eMw temperatures. It is probably related
to transitions between tail states in the micro@iiise phase. This is shown in figure 1.3.5.
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Additional to these more or less typical lumineseesignals further peaks were observed
depending on the deposition conditions of the petSiims. The spectral range of these

peaks reaches from around 0.45 eV to 1.7 eV. Palysiterpretation of these various peaks
differ from defect-related luminescence [Mer20064 widening of optical bandgap and

narrowing of band tails by hydrogen dilution in aF5[Yue1999] trough to terms of quantum

size effects [Kaa2000].

It makes no sense to discuss all these approaeheskecause of the enormous impact of
deposition conditions. Therefore, a sufficient camgbility between them is rather
improbable. But it should be emphasized that therpmetation of puc-Si:H spectra is more
complicated than in a-Si:H or c-Si due to this cbogped dependences on deposition
conditions.

1.4 Overview of thin-film solar cells technologies

Since decades, photovoltaic market has been domadinay solar cell concepts based on
silicon wafers of bulk thickness. Thin-film concegtave the potential to capture their own
place on market due to the high pressure in casitmzation.

Thin-film technologies can be distinguished intatmain classes. One bases on several
silicon phases (a-Si:H, pc-Si:H, c-Si) and the othree bases on polycrystalline chalcogenide
compounds (CdTe, CIS, etc.). Other thin-film tedogees can be summarized in a third
class, including upcoming technologies like orgalar cells.

Cell type Area Voc lsc FF [%0] Best known
[cm?] [mV] | [mA/cm] efficiency [%]
_Bukeells | [ | [
__mono-Si | a | 706 | 427 | 828 | 25
mc-Si ~1 664 38 80.9 20.4
Thin-film cells
_______ Sibased | | | 0 |
a-Si:H ~1 886 76.75 67 10.1
uc-Si:H ~1 539 24 .4 76.6 10.1
a-Si:H/uc-Si:H ~1 1365 12.93 69.4 12.3
__Chalcogenide | |
______ CIS/CIGS | " ~1 | 713 | 348 | 792 196
CdTe ~1 845 26.1 75.5 16.7
________ Others |
_________ pssc | ~1 | /14 | 2193 | /3| 11
Organic ~1 899 16.75 66.1 10

Table 1.4.1:0verview of several record parameters for the rmpbrtant solar cell technologies; data extracted

from [Gre2012].
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Table 1.4.1 gives an overview of the most importait-film technologies in comparison
with established wafer based bulk cells. Note thatreported record values differ from those
measured on stabilized large-scale modules.

The different silicon phases, which are used for-fitm solar cells, were presented in the
previous sub-chapter focusing on material aspéatthis chapter, the focus will be on the
applications for Si photovoltaic. In an intermediatep, the relation between the materials
and the cell concepts will be discussed. Therelgytédim relation refers to the different
deposition and crystallization processes of Si,cwheads to different phases. These distinct
phases require distinct solar cell technologiesalfy, complete solar cell technologies will
be presented in the sub-chapters 1.4.1 and 1.4l2er Qhin-film technologies will be
presented very shortly, to give a general overview.

Classification of Si thin films

A classification of Si based thin-film solar cettan be done according to the grain size
That is one of the most important parameter of-fitim solar cells, because of its enormous
influence on electrical structure (p-n or p-i-n ¢tion), diffusion length, deposition
temperatures etc. A simplified relation betweenrgezeg and possible efficiency is shown
in figure 1.4.1, where the open circuit voltags is used as indicator for the efficiency.
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Figure 1.4.1: Open-circuit voltageVoc of thin-film Si solar cells as function of graifize g: Voc rapidly

decreases with grain size, experimentally (dasiveg) bs well as predicted from fit of diffusion tth data
based on cast Si (solid line) (image taken fronr1B89]).

No Si grains:

These solar cells totally consist of amorphouga@iiand require a p-i-n junction within the
cell structure. They are characterized by easy @rehp production costs (simple CVD
deposition) and low stabilized large-scale efficies between 5 and 10 %.
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Small-grained Si witlg << 1 mm:

These grain sizes include nc-Si:H and pc-Si:H. &bgra clear separation of both is not
possible considering the fact that pc-Si:H consa$tsanocrystalline Si (see: sub-chapter 1.3).
However, both terms deal with grain sizes of arodl®@dnm. Solar cells made by these
materials base on intrinsic or moderately dopeddies and need a p-i-n junction with build-
in drift field for carrier separation. The advargagof this material are the low deposition
temperature of around 450 °C and the lower affifotylight-induced degradation.

Silicon with grain sizes in the order of a few noicretres does not need the p-i-n junction
urgently. In those cases, a simple p-n junctisuiéicient. The material is also called poly-Si.
It is often obtained by subsequent crystallizabbamorphous or nanocrystalline silicon. The
crystallization can be induced by thermal treatmgdis1988] or irradiation (e.g. laser-
induced [Mch2011], electron-beam induced [Lul1987])

Large-grained Si witlyg ~ 1 mm:

This type of silicon is called large-grained Siislalso produced by subsequent crystallization
of a-Si:H or nc-Si:H. Such cells use higher dopge(— 10° cm™) absorbers and thus
employ p-n junction to separate free carriersaft be deposited on several glasses [Feh1997]
or metal films [Mat1996] in a temperature rang&dd °C — 700 °C.

Very large-grained Si with > 1mm:

Such grain sizes are typical for mc-Si or mono-&il aequire p-n junction. The material
crystallizes in high temperature processes abo@e’80 The formation of mono-Si thin-films
is a special case and need a transformation skgs growing on mono-Si substrate
transferred to foreign substrate). It should be lesEed that mono-Si thin films are
characterized by high costs. This is contrary &dbsired price reduction.

1.4.1 Silicon based thin-film technologies

Single-junction amorphous silicon (SJ a-Si:H)

Usually amorphous silicon is deposited by CVD (clwainvapor deposition) of a gas mixture
containing silane (SikJ. Thereby two different deposition mechanisms @amonly used:
plasma-enhanced-CVD (PECVD) [Wro2001] and hot \@kéD (HWCVD) [Ami2004]. The
advantage of these technologies is the incorporatib about 10 % (atomic) hydrogen,
whereas the hydrogen passivates the dangling bohdsSi:H. That leads to a significant
improvement of the electronic properties [Gre2003]e high absorption coefficient allows
the absorption of the incident sunlight in almosé enicrometer. A disadvantage is the light-
induced degradation (LID), e.g. Staebler-Wronskedtf [Stal977]. One of the properties,
which are affected by LID, is the low carrier matyil Therefore the structure of a-Si:H solar
cells differ from crystalline bulk ones in two pt8n[Gre2003]. At first, free carriers are
generated in the electric field of a p-i-n junctidrhis is used to aid the collection of excess
carrier. Therefore, the light-induced generationstrioe localized in the intrinsic layer. The
second difference is the use of a transparent atimguoxide (TCO) on the front side, e.g.
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SnQ. The TCO is necessary to allow lateral flow ofreas. Otherwise, the low mobility and
the small thicknesses of the p-layer would lead tery low conductivity. A sketch of such
single-junction a-Si:H cell is shown in figure 1LA.. Such cells are equipped with surface
texture [Lec2002] for light trapping. The main adtages of these cells are the very low
material costs and the simplicity of the technoldggr example, it is possible to deposit large
glass sheets automatically interconnected durimqgpsigon. The main disadvantage is the
quite low stabilized module efficiency of aroun&®b

TC0

p-i-n a-=icH cell

Back contact

Figure 1.4.1.1:Sketch of single-junction a-Si:H p-i-n solar cgtucture. The layers may be deposited onto both
rigid substrates e.g. glass or onto flexible suaitefy

Multi-junction (tandem) amorphous silicon solar cels (MJ a-Si:H)

The light-induced degradation of single-junctioiaH cells can be reduced by using thinner
layers of amorphous silicon in form of two or maedls stacked on top of one another (Fig.
1.4.1.2). An improvement of the performance carcigated by changing the bandgap from
high values on top to lower ones by alloying wigrmganium (a-Si:Ge:H) [Ayr2002]. The
module efficiency is in the order of 6 % to 7 %.udly such cells are deposited on glass
substrate. It is possible to stack more than twits @ each other. However, there is no
significant increase in efficiency. For instancglé-junction stacks with different Ge content
achieve stabilized efficiency of just 6.3 %. That insufficient considering the desired
reduction in material and processing costs.

Flazgrsubstratel
T2y

p-1-nea-or HY
Top-cellq

p-i-nra-s1Ge HY
Bottom-cellq

Baclecontacty

Figure 1.4.1.2:Sketch of a-Si:H based tandem solar cells wheceammore current matched cells are stacked
on top of another.
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a-Si:H/uc-Si:H tandem solar cells on glass

The next step to improve the efficiency of thin¥filsolar cells is the combination of an
amorphous silicon top cell with and microcrystadlisilicon bottom cell. It is much easier and
cheaper to use pc-Si:H instead of real c-Si, becafighe enormous effort in subsequent
crystallization. Thereby variations of the hydrogemcentration in the gas mixture lead to
deposition of pc-Si:H films [Bab1995] instead oSaH ones. It should be emphasized again
that puc-Si:H films consist of mixed-phases of sneayistallites within an amorphous matrix.
That is illustrated in figure 1.4.1.3(a). One o tmost important advantages of pc-Si:H is the
higher stability under intense illumination (LID)he carrier mobility is still low. Therefore,
p-i-n structures are still necessary. Due to theensomplex cell structure there are matching
problems, e.g. match current from a-Si:H top célhwc-Si:H bottom cell. Such tandem cells
can beat triple-junction a-Si:H cells in terms dficeency and stability [Sha2004] by
achieving stable efficiencies of around 10 %. Atskes shown in figure 1.4.1.3(b).

pe-Si:H column

(7lags substrate

TCO

p-i-na-=1H
Top cell

p-i-n pe-31H
EBottom cell

Back contact

(b)
Figure 1.4.1.3:Sketch of the structure of pc-Si:H [after Fuh20@8] Sketch of a-Si:H/pc-Si:H tandem cell (b)

Thin-film solar cells based on mono-Si

One of the main problems of thin monocrystallindiléis is the costs, which are related to
the crystallization of mono-Si. Sony Corp. presdritee first solar cell result based on a 12
mm thin, mono-Si film with an efficiency of 12.5 Pbay1998]. This efficiency is comparable
to thin-film cells based on large-grained poly-Bificiencies above 19 % are currently only
obtained by techniques that are not suited for ¢ost production such as wafer thinning
employed at the Max-Planck Institute for Solid 8tResearch (MPI) in Stuttgart, Germany
[Bren1995] and other groups or the use of epitakladls on SIMOX substrates by the
Fraunhofer Institute for Solar Energy Research li&Ereiburg, Germany.
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1.4.2 Other thin-film technologies

Cadmium sulphide

The first thin-film solar cell candidates for largeale manufacture were based on cadmium
sulphide. Attempts to commercialize this technologgre not successful, because of the
stability issues with the cells and the appearasicamorphous silicon as an apparently
superior contender.

Cadmium telluride solar cell

Investigations in CdTe start in the 1950s [Jen1984]bandgap of about 1.5 eV matches
quite well to the distribution of the solar speatrtA device sketch of cadmium telluride solar
cells is shown in figure 1.4.2.1. The substrate B8 structure is analogous to silicon based
thin-film solar cells. The active part consistsao§imple heterojunction design involves a p-
type CdTe absorber layer matched with n-type &dS.. Various deposition techniques like
close-spaced sublimation (CSS), vapor transpomital spraying or electroplating are
used. Cell efficiency has achieved 16.5 %. CdTetha®ptimal band gap for single-junction
devices, it may be expected that efficiencies ctos20 % can be achieved. But this positive
aspect is reduced by the problem of CdTe-technologynely the toxicity of cadmium.
Therefore, cadmium based PV was banned in somer&sin

=lass substrate
TCO

- C d S;(Te1 -

p-CdTe absorber

Back contact

Figure 1.4.2.1:Sketch of a CdTe solar cell

Copper-indium diselenide (CIS)

CIS technology is able to achieve very high efficig up to 19.5 %. The metal contact is
deposited on glass in CIS cells. This is shownigaré 1.4.2.2. The electrical connection is
similar to other thin-film cells. Sometimes an dabghal glass layer on the top is used to
laminate the cell stack. One of the main disadwgedaof this technology is the limited
availability of indium. This might make CIS solaells unattractive as cheap thin-film
technology in the future.
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T
Cds window
Cu (Ga,In) (51,302

absorber

Mo contact

Ilass substrate

Figure 1.4.2.2:Sketch of a CIS solar cell

Copper indium gallium selenide (CIGSe) solar cells

CIGSe is a I-llI-Vh compound solid solution of copper indium selenj@¢S) and copper
galium selenide, which is summarized as GGbpnxSe. It is a tetrahedrally bonded
semiconductor, with the chalcopyrite crystal stnoet Its direct bandgap varies continuously
with x from about 1.0 eV (for CIS) to about 1.7 €r CGS) [Tin1991]. The absorption
coefficient is higher than 2am® [Stan2002]. The basic structure of CIGSe solalsdsl
shown in figure 1.4.2.3. Usually a glass substistgsed, but other materials (e.g. polyimide
or metal foils) have the advantage of flexibilifyhe substrate is coated with a molybdenum
(Mo) layer as back contact and internal reflecfop-type CIGS absorber layer and a thin n-
type ZnO layer form a heterojunction. The CIGS faigedoped by intrinsic defects and the
ZnO by aluminum. Usually some buffer layers of Cal®l intrinsic ZnO are deposited via
chemical bath deposition between these layers. Thimecessary to improve the cell
performance by electrical isolation between thedcative ZnO and the CIGS layer. CIGSe is
mainly used in polycrystalline form reaching ceffi@encies up to 19.9 % and module
efficiencies in the order of 13 to 14 %. It shopluint out that CIGS compared to CdTe need
smaller amount of toxic material cadmium.

TCO
Zno

Cd=

ZIZS absorber
Wo Back contact

=lass substrate

Figure 1.4.2.3:Sketch of a CIGS solar cell

Dye-sensitized solar cell (DSSC, DSC or DYSC)
A dye-sensitized solar cell is a low-cost thin-fisalar cell. The basic structure consists of a

semiconductor formed between a photosensitizedeaaod an electrolyte. This creates a
photo-electrochemical system. The active elemergnisorganic dye generating electricity
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under illumination [Gerl1968]. Modern DSSC, Graetzells [O'Re1991] are composed of a
porous layer of titanium dioxide nanoparticles, @@d with a molecular dye that absorbs
sunlight, like chlorophyll in green leaves. The madvantage of DSSCs is the low costs. In
theory, they can reach the best price/performaatierr of all solar cells, even similar to fossil
fuels. The current record efficiency is about 11-%42 %. Other advantages are the
mechanical robustness and low weight. The maj@ddiantage to the DSSC design is the use
of the liquid electrolyte, which has temperaturabgity problems. Additional to that DSSC
have a quite high affinity to degradation causedJbdyabsorption.

Organic/polymer solar cells:

The technology is relatively new. It promises hgfce reduction, because of a simple large-
scale production, including processing from solutamd simple printing. Device structure

differs from inorganic solar cells, based on p-npdrn junction. The absorber (~ 100 nm)

consists of two organic semiconductors (includimgymers), in what one acts as donor and
the other one as acceptor. A light-generated elediole pair is generated as exciton and
becomes separated by diffusion to donor-accepterfate. Highest reported efficiencies are
in the order or 10 %.

Summary and conclusion

An enormous number of different technologies charae thin-film solar cells. Note that the
reported technologies are just an overview basimghe used absorber materials. There are
several technologies for every material (e.g. d#ffiee electrical connections etc.). Among all
these technologies chalcogenide-based solar celkha one that currently exhibit the highest
efficiencies. However, it is highly probable thaese solar cells will not dominate the thin-
film market, because of their inherent disadvardagdéat means the limited availability of
toxic and expensive materials, such as indium, bud#ypum, etc., and the scientific and
technological advantages of silicon. Therefore,b&ed technologies seem to be the
dominant thin-film technology in the future. Buktkxact cell concept is unknown.
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Basic elements of PL and Raman will be discussethim chapter. These are the main
investigation techniques in this work. Note thathbtechniques use the same excitation
wavelength of 532 nm. Therefore, the penetratigrtidef the laser is constant and different
results are caused by different sensitivities eftdchniques. It should be emphasized that the
sub-chapter 2.2 includes the Raman setup and sie kaowledge for interpretation of the
detected signal. This is in contrast to PL, whéeeluminescence features were described in
chapter 1. Sub-chapter 2.3 discusses the impadroé typical thin-film effects, which must
be considered during the investigation/charactBaagprocess. The impact of these effects
affects the actual measurements as well as thepretation.

Important setup parameters of other used technjcque$ as EBIC, will be mentioned at
the corresponding parts in chapters 3 to 5.

2.1 Photoluminescence (PL) investigations

Major parts of the reported results were obtaingdubing PL techniques. Thereby two
different setups were used.

The first one is a camera-based setup for electiolescence (EL)- and PL investigations.
It is an upgraded version of the setup, which wasighed for defect monitoring using a
luminescence imaging technique for mc-Si solar v&af8chm2011, Man2012]. Samples can
be excited by electrical current for EL or by a LBbay for PL. The current is supplied by a
power supply connected with the busbars on the Bme and the full-scale metal contact on
the backside of the solar cell. In case of PL,d&mple is illuminated from the backside by a
LED array. The standard excitation wavelength i® 6. Other wavelength can be applied
by using other light sources and optical filterawtdnted light due to heating of the LED is
blocked by a VIS-filter (pasd < 800 nm). An InGaAs 512 x 640 CCD-camera detduts t
emitted luminescence. The detected wavelength reagde selected by using several filters
to image distinct luminescence features, such atuBihescence or DRL. Usually, the setup
is used to get an overview of complete solar wafelisvever, it is also possible to obtain
higher magnifications, with a maximum spatial resioh of around 30 — 50 um. This setup is
called ‘PL Imaging setup’, from now on.

Another setup was used was used for more detaileth\stigations. It was originally
designed by Tzanimir Arguirov [Arg2007a]. The eXxpental setup is shown in figure 2.1.1.
The samples (size: up to 1.2 cm x 1.2 cm) are glatea liquid nitrogen cryostat Microstat N
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(Oxford Instruments), which allows measurements irange of temperature from 80 K to
325 K by controlled electrical heating. The crybssamounted on a motorized XY- table.
The excitation beam for PL measurements is supjplyed water-cooled OPS laser (optically
pumped semiconductor laser) with 532 nm waveleoftne Verdi G series from Coherent.
Before exciting the sample the laser beam pasgeisra and an IR-filter (pass< 800 nm).
These optics secure that only 532 nm and no paragivelength can reach the sample. The
laser output consists of about 40 % - 50 % neamiiatl components, like the fundamental
wave (1064 nm) of the frequency-doubled 532 nm.

Monochromator

IR-Filter —1—

Chopper%—

-~
~J

Detector
/ \ Lock-in
amplifier
Sample in
cryostat

Figure 2.1.1: Setup for PL Mapping: The sample is placed in yostat and excited by a laser beam. The
luminescence is collected by parabolic mirrors spelctrally resolved by a monochromator. For anatyz Ge-
Detector with lock-in amplifier is used.

The power of the laser beam can be controlled logpeer software in a range from 10
mW to 2 W (Attention: the power controller does datinguish between 532 nm and 1064
nm.). The excitation light is directed normal t@ ttample and focused by a parabolic mirror
with a focal length of 12 cm. The focused lasert s a diameter of about 100 um at the
sample surface. The same mirror, which is useddad the laser beam, collects the emitted
luminescence and guides it to other mirrors. Tisé tairror focus the luminescence light on
the monochromator slit. In front of the monochroonaa VIS-filter (pass\ > 800 nm) is
placed to eliminate scattered light of the examatiwavelength. The luminescence is
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spectrally resolved by a monochromator (HR 640 rnJobvon) offering the possibility to
choose three different gratings blazed at 1300 aoh.eDepending on the desired spectral
resolution, it can be selected between 300, 6260 I/mm grating. The 300 I/mm grating is
set as standard giving a spectral resolution ofutb®d nm. The bandpass of the
monochromator can be adjusted by the widths oktiteance and exit slits. It is set to 15 nm
as standard. Luminescence is detected by a lig@idgen cooled germanium p-i-n diode
(North coast L). The detector is sensitive betw@@d nm and 1800 nm (1.55 eV — 0.69 eV).
A mechanical chopper modulates the signal with eqdency of 33 Hz to use lock-in
technique to amplify the signal.

For scanning PL measurements, the monochromatobeaet on a fixed wavelength and
than the sample can be scanned by stepwise movitige anotorized XY-table. Therefore,
this technique is also called ‘PL Mapping’. A tygistep size is about 50 pm. Note that this
is not equal to the spatial resolution, becaus¢heflaser spot size and changing spatial
distribution of the excess carriers by diffusiorogesses. A rough estimation of the real
spatial resolution is about 100 um, depending an diffusion length of the investigated
material.

Temperature dependent EL measurements were pedooneanother setup allowing
temperature ranges from 10 K to 300 K. Therebystmaples (size: 1 cm x 1 cm) are mounted
on a sample holder and contacted with contact fsxgepplying current from a stabilized
power supply. The sample holder is placed in a €las/cle Refrigerator System, which
provides the cooling of the sample by controlleanpeession and expansion of a fixed
volume of helium gas. A compressor is used to pi®@vhe high-pressure helium gas needed
for the cycle. Flexible metal gas lines deliver toenpressed helium gas to the refrigerator for
cooling the sample, and return the low-pressuretgaise compressor for recirculation. This
setup allows comparisons with the excitation coadg of PL, whereas the excitation beam
comes from a pulsed ns-laser system. This systamiste of a pump laser (Continuum
Powerlight 9030) and an optical parametric osahlgiContinuum Panther EX OPO). The
laser parameters are a pulse length of about 5 itis avrepetition rate of 30 Hz and
wavelengths between 410 nm and 2550 nm (differmeggpes). The spot size is limited by an
iris diaphragm to about 1 mm. The luminescenceolected by two parabolic mirrors and
focused into a monochromator with a 300 I/mm gmtiblazed on 1700 nm. The
monochromator is equipped with an air/water codfgslaAs CCD-line detector operating at
-60 °C / -70 °C (Andor iDUS DU492A-2.2).

2.2 Raman Spectroscopy

Raman spectroscopy offers an approach to sevextalrés of solid states. For instance, it can
be used to identify different materials. Its al@kt to identify several phases of solid states
(chapter 5) and to investigate internal stress fi@rad) are important for this work. In
general, Raman scattering describes the inelastittesing of a photon under emission
(Stokes process) and under absorption (Anti-Stghexess) of a phonon. A detailed
discussion of the method is given in the literat(geg. [Lon1977]). The identification of
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different phases based on the differences in @éinsl symmetry with well-defined electronic
transitions and selection rules.

Raman intensity [a.u.]

200 300 400 500 600 700
Wavenumbers [cm™]

Figure 2.2.1: Deconvolution of pc-Si:H Raman spectrum: Sevelanon modes are attributed to a-Si:H. For
pc-Si:H the intermediate (~ 505 &jrand crystalline components (~ 520 9rare characteristic.

Figure 2.2.1 shows a typical Raman spectrum of erauoiystalline silicon thin-film
excited by a 532 nm laser and the deconvolutiom setveral Gaussian peaks. It consists of a
complex mixture of peaks, which attribute eithermataorphous or to crystalline silicon. The
broad peaks around 200 €r{iTA), 300 cn* (LA), 400 cni'* (LO) and 480 cnl (TO) belong
to several phonon modes of a-Si:H. The weak pebé&léd w2 . at about 600 cihis an
overtone of the main a-$ha structure [Ric1981, Lia2008]. A very sharp peal62® cnf,
characterizes c¢-Si. An additional peak at aroun8 B6i' is typical for pc-Si:H It was
associated with structural defects of the crystallphase (stacking faults) as well as bond
dilutions at grain boundaries [Vep1987]. Howevhis intermediate phase is a typical Raman
feature in pc-Si:H samples and is related to thesition from amorphous to crystalline
silicon in any way. Various puc-Si:H films mainlyfi@r in their crystalline volume fraction.
That describes the ration of remaining a-Si:H tgstlline regions. It can be determined by
following equation:

X = ZIC ~ I505""520
CTN Uyl N+l ]
Z c Tt Y, 480 505 520 (2-2-1)

, Wherelc andl, are the integrated intensities of the crystalioemponent and the amorphous
component, respectivel¥c is the crystalline volume fraction including theio of the cross
section for the amorphous and crystalline phage determination of this parameter requires
the knowledge of the actual grain size [Bus1988] XRD or TEM). For that reason, a
simplification of the equation is given by focusiog the main amorphous peak at 480"cm
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the c-Si peak at 520 ¢hand the intermediate one at 505 trithe obtained value of this
simplified equation is known as Raman-crystalliratyd is a well-established measure for pc-
Si:H films. All crystallinities in this work are Raan-crystallinities.

The peak position and peak width of the c¢-Si peak a measure for the
crystallinity/crystalline quality of silicon. Usugl the c-Si Raman peak of Si thin films
appears at lower Raman frequencies and is broaddrad one measured on mc-Si or even
mono-Si wafers.

Mechanical strain or stress affects the peak positf the Raman modes. Ganesan et al.
[Gan1970] wrote one of the first theoretical papdysut this. Compressive uniaxial or biaxial
stress leads to an increase of the Raman frequernilg tensile stress causes a decrease. A
detailed description about the theoretical backgdois given in [Wol1996]. Note that the
temperature also affects the peak position. Thezefa careful selection of the used laser
power is necessary.

Raman setup:

The Raman setup is shown in figure 2.2.2. In thkwthe microscopic entrance of the

spectrometer was used. The spatial resolutiomigdd by the laser spot size to around 1 pm.
A microscope focuses the laser beam for excitabibthe sample. The microscope is also
used to collect the scattered light from the samiplestigations of the spatial distribution of

the Raman signal were not performed, because ofeitpeired high flathess of the sample

surfaces. The investigated thin-film samples araratterized by very rough surfaces. The
used Raman spectrometer is a Dilor XY-Modular Raspettrometer consisting of a double-
grating monochromator (G) and a L BNooled Si CCD-Detector. The used laser is an diode
pumped frequency-doubled Nd:Y\{@aser with a wavelength of 532 nm. The applie@&das

power at the sample is between 2 and 5 mW. A LabSodtware is used for spectrometer
control and the recording of the spectra.
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Figure 2.2.2:Raman setup
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2.3 Typical effects in the analysis of thin-film saples with
laser-based techniques

This sub-chapter gives a short summary of somectsffevhich are typical for laser-based
investigation techniques on thin-film samples. Withs, it will be easier to follow the
detailed investigation processes of several thm-famples in the following chapters. Most
thin-film samples are characterized by specifie@, which must be identified during the
investigation/characterization process. Therefthis,chapter describes some typical thin-film
effects very roughly. Their exact impact dependshenspecific samples. It is very important
to consider them before the actual investigaticawatterization process starts. It is also
possible that some effects can interact with eablero The description is focused on PL
analysis of silicon layers on glass substrate. Buian also used on other thin-film materials
(e.g. CIS) and other techniques, especially lasseth ones (e.g. Raman spectroscopy).

Lower laser power:

The maximum laser power of the used PL setup isitaba/V at 532 nm with a spot size of
about 100 um. This excitation density does nougrice the sample structure in case of bulk
mc-Si wafers. But on thin-film samples, it wouldsué in extreme, probably destructive
modification of the sample. Thereby two types ofdifioations can be distinguished.

The first one is a more general modification of gaenple induced by radiation. It also
appears under excitation by sunlight. The typicagscales are quite long (hours to months).
Such light-induced degradation processes are maifgpto thin-film materials. They are also
present in bulk silicon. An example is the creatmnboron-oxygen complexes in mc-Si
[Kn0o1996]. However, in thin-film materials thesdeslts are much more critical. An example
is the Staebler-Wronski effect (SWE) [Wro1976, Sfad]. Such effects result in reduced
solar cell efficiency. It can be understood as &beound effect, which is often dominated by
other modifications of the second type.

Modifications of the sample induced by this typgesr much faster and are directly
related to the high intensity of laser light. THeeets range from phase transformations, e.g.
light-induced crystallization of a-Si:H [Der1981m1993] to melting and burning. The
probability for these effects is amplified due &sd heat dissipation because of the low
material volume and thermal insulation by the glasbstrate. Some of the effects do not
exhibit visible modifications at the sample surfaegen with an optical microscope. It is
necessary to combine the use of low laser powedssanultaneous control of the sample
during measurements to avoid these light-inducediiications. A web cam and spot tests of
repeated measurements at known positions perfosaegle control. Nevertheless, the key-
point is still the selection of the laser poweref@is no simple procedure to determine the
correct power. The penetration depth and the rwatentration in the material due to thermal
insulation give important evidences by glass sabstiTherefore, it can easily concluded that
CIS/ICIGSe samples require much lower laser powan tBi, because of the different
absorption coefficients (~ 20cm® for CIGSe [Wan2010] and ~ iocm® for Si).
Nevertheless, this is only a very rough evidencdHhe selection of the exact laser power and
must be added by experimental investigations orspeeific sample. Suitable values for Si
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on glass are in the range of 50 to 100 mW. Theahatwestigation/characterization process
should be realized at lower values, if possiblés bbvious that low laser powers enhance to
the low PL signal because of low material volumd e surface recombination additionally.

This must be compensated by longer integration gianed/or averages series. The problem
becomes further amplified in case of investigatimetguiring very high spatial resolution due

to the related higher focusing of the laser beam.

Optical interferences:

Usually thin-film samples consist of many differdayers. Therefore, luminescence spectra
can be influenced by multiple reflections in thengée structure creating optical interferences.
It should be emphasized that the incident lasemb&acase of PL, does not create the optical
interferences. The actual source of the interfaasns the generated luminescence itself.
Therefore, it is also present in other luminescetechniques, e.g. electroluminescence. Of
course, optical interferences require plane celictires on the scale of the laser spot size.
Nevertheless, microscopic roughness of the layetsch are desired to improve light
trapping, do not affect the creation of interferempattern.

Fortunately, interferences can be identified easiljanged incident angles of the laser
beam lead to significant peak shifts in case oifcaptnterferences. Therefore, it is possible to
reduce the impact of optical interferences andht@ia spectra with suppressed interferences
pattern. However, for real interference-free sy@eatrother PL setup must be used.

The ‘Standard PL setup’ configuration is showfiigmre 2.3.1(a). It is well established for
bulk materials. In this case, the laser is direatedmal to the sample surface and the
luminescence is collected above the sample. Tharadges of this setup are a very high PL
intensity and the possibility for investigations thie spatial distribution by scanning. The
main disadvantage is the presence of interfererid@s. artifact is eliminated in another PL
configuration, which is shown in figure 2.3.1(kt)id called ‘Cross-section PL setup’. In this
geometry, the laser is still directed normal to saenple surface, but the luminescence is
collected along the cross-section of the samplerdiyy two properties of this setup must be
noted. The first one is that luminescence has $s pauch more material before reaching the
cross-section surface. Therefore, reabsorptionspéagignificant role. That is minimized as
good as possible by using low distances betweessection surface and position of laser
spot of about 1 mm. The limited distance excludhesgossibility of scanning PL. The other
property is the difference in collection efficieasiof luminescence from layers of different
thicknesses. This is caused by the different prapaig of light, which is strongly suppressed
in very thin layers, where the wavelength of lunsicence is higher than the effective layer
thickness. A simple estimation illustrates the peob Let us assume that the detected
luminescence ranges from around 800 nm to 1700mdthee thickness of the emitting layer
is in a range of a few hundred nanometers. Soviglig improbable for light to pass a distance
of around 1 mm, when the wavelength of luminescesagnificantly higher than the layer
thickness (the absorption coefficient of Si is anbd). Therefore the collection efficiency of
luminescence is the less the thinner the emitaggd becomes.

Temperature dependent measurements were only [@ssitstandard PL setup’, because

of the geometry of the cryostat. Optical interfeesimust be considered and reduced during
the measurements.
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Figure 2.3.1:PL setups: Standard PL setup (a); Cross-sectioseRIp (b)

Parasitic luminescence signals:

The analysis of the thin-film samples is focusedtlo@ absorber materials, usually silicon.
However, there are also other components in thar s@ll structure emitting luminescence
signals. The spectral overlap of these signals makeore complicated to investigate the
interesting luminescence from the absorber. Thesaspic luminescence signals can be
created in other materials as well as in the estiraple structure, e.g. optical interferences. It
was already described how to avoid/reduce optitalfierences. Elimination of luminescence
from other materials in the sample structure uldgergquires detailed investigations of
partially processed samples. That allows the afiobh of luminescence signals to distinct
layers as well as the investigation of the infllen€ several processing steps on these layers.
In case of silicon on glass, the first partiallyopessed sample must be the glass substrate
alone. Often luminescence spectra from glass ex&ibomplex spectrum with a main peak at
around 1.16 eV.

The desired spectra of the absorber layer can taénell by two different approaches. The
first one is to place the sample with the glasssakte on the bottom side and the excitation is
directed on the absorber. This approach is resttit quite thick films, where the penetration
depth of the laser is lower than the thicknesshef absorber layer. Note that the Lambert-
Beer law defines the physical term of penetratieptd. That means that penetration depth
represents the distance after that incident ligtansity is reduced by the factbe (~ 37 %),
wherease is Euler's number. An efficient suppression of Inescence from glass substrate
requires an absorber thickness of at least 3 tilmepenetration depth. Then the laser power
is reduced to less than 5 %. In case of the ussd l@mavelength of 532 nm a Si layer should
have a thickness of more than 3 pum. However, swdmgtry might lead to insufficient
cooling of the layer, because of thermal insulatiue to the glass substrate (see: Thermal
insulation due to glass substrate).

On thinner absorber layers and/or thicker glasstsates, another approach must be used

to eliminate luminescence from glass. Thereby #rapde is placed with the glass substrate
on the top and its luminescence must be elimindgddeconvolution of the measured
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spectrum. This geometry is needed because of #etrap broadness of luminescence from
glass. The mentioned peak at 1.16 eV is just tmeimgEnt peak among others, reaching from
about 800 nm to 1700 nm. If the Si layer would betlze top, it would act as a filter for the

luminescence from glass. Note that Si is charamdriby enormous deviations in

absorption/transmission over several orders of magdm in the investigated spectral range.
Therefore, deconvolution of luminescence would nequ temperature-dependent

absorption/transmission curves for every specifitilid. Such data are not available.
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Figure 2.3.2: Transmission and PL spectrum of SGG Planilux ghatis a thickness of 3 mm. This type of glass
was used on the samples in chapter 5. The tranismidata are extracted from datasheet of SGG [SGH20

Of course, the absorption/transmission of glassai constant over the entire spectral
range and so luminescence from Si is influencedspgctral-dependent filtering, too.
However, such measurements are significantly I#sstad by filtering because of the lower
deviations of transmission/absorption of glass cameg to Si. That is illustrated in figure
2.3.2 on the example of SGG Planilux glass withiekhess of 3 mm. This type of glass is
used for the a-Si:H/uc-Si:H samples in chapter Ber& one can see deviations in the
transmission of around 5 %. Nevertheless, in soases this small deviation must be
considered. For instance, it can lead to slighttshif peak positions, especially when the
luminescence from glass is more intense than thatfimm Si. This was observed in chapter
5.2 and reduced by comparative PL measurementtedXoom both sides of the sample.

Another problem in the deconvolution can appearthié exact ratio between the
luminescence intensities from glass and Si exhdtibng dependences upon external
parameters. In general, the ratio of luminescergeats from different layers is not affected
by different spot sizes of the laser beam withia sample stack, because of the used non-
confocal PL setup with a focal length of aroundch2 Nevertheless, on very thin absorber
layers the luminescence ratio can be affected byhan effect. In this case, the ratio between
PL signals from glass and absorber must be corgiderore carefully. The problem is
illustrated in figure 2.3.3. The incident laser iveia reflected on the sample holder and passes
absorber and glass substrate again. Then the baainecreflected on the glass/air interface.
So the way of the laser beam can be amplified pielttimes. It is determined by the
temperature-dependent absorption coefficigf) of the Si absorber mainly. Therefore the
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exact intensity ratio must be determined for eveample of a series (e.g. different
crystallinity of pc-Si:H) and every temperature.

Lase\

a(T)

Glas:

] Absorbe

Sample holder

Figure 2.3.3: Multiple reflections in thin-film sample leading tchanged ratio of luminescence intensities
between entire sample and glass substrate. The mainly depends on the absorption coefficiefT) of
absorber layer.

On such thin samples, when the laser is reflectethe sample holder, it must be secured
that the sample holder does not influence the lesdance spectra in any way. For instance,
the sample holder could scatter the laser beans. Wbuld affect investigations of the spatial
distribution of luminescence and was avoided bylegsped aluminum on the sample holder.

Thermal insulation due to glass substrate:

The high thermal insulation of the glass substcate limit the laser-induced dissipation of
heat as well as the efficient cooling of the absorlayer during temperature-dependent
measurements in the cryostat. The first point weaesady discussed (see: ‘Low laser power’).
The second point becomes important if the gladedalized on the bottom (see: ‘Parasitic
luminescence signals’). In this case, the poomtiaéiconductivity/high thermal insulation of
the glass substrate leads to not well-defined teatypess of the absorber and sometimes the
desired temperature cannot be achieved. The probémbe avoided by placing the glass
substrate on the top of the sample. This approadunires plane and unstructured glass
substrates. Otherwise, the laser beam would beesedtand that would eliminate the
possibility for scanning PL measurements. Note thatproblem is always present in EBIC
measurements, because of the needed sample geamtéttire glass substrate at the bottom
of the sample holder [Sei2011].

Low material volume/Enhanced non-radiative recombimtion at interfaces:

The low material volume is one of the most chargtie properties of thin-film samples.
Among others, it becomes noticeable, because ofatvesignal intensity. This cannot be
compensated by the use of higher laser powers (se. laser power’). The problem is
additionally amplified by the enhanced non-radiatrecombination at interfaces. It is the
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general form of surface recombination, which waeady described in sub-chapter 1.1. The
word ‘enhanced’ is used intentionally instead afnpdified’. It emphasizes the fact that
interface recombination does not just reduce tmeirascence intensity. It can also affect
other features of luminescence on thin films. Fstance, interface recombination can lead to
specific spatial distributions in case of regulaterface structures [Sei2011]. Another point
that can be affected is the determination of thectieation energy by fitting the temperature
dependent luminescence intensity [Sue1983a, Sali1985

Light trapping and scattering by rough/textured interfaces:

Light scattering and light trapping on rough indeds by texturing is commonly used to
improve the efficiency of solar cells. Its importanin thin-film PV is caused due to the low
sample/layer thickness and high probability of ltatéernal reflections within the cell stack.
This has a significant impact on the charactemrdinvestigation by laser-based techniques
(e.g. PL). For instance, it is hard to compare damwith different interface roughness,
considering the different absorptions leading féedent signal intensities. One way to reduce
this impact is to compare the absorption probabdftrough textured interfaces with those on
flat ones. Deckman et al. [Dec1983] suggested aepiare for this. Thereby the absorption
expected of rough samples can be estimated comgid@ultiple reflections of a light beam
inside the layer. The enhanced absorption probgbili, is an infinite geometric progression.

(1-exp-2al]T)

e “1-exp- 2al]+(n2 /n?[T expl- 2al] (2.3.1)

Herel is the mean thickness of the samplas the optical absorption coefficiemt, andn,

are the refractive indices of the textured mediuna #ne surrounding dielectric, respectively,
andT is the Fresnel transmission coefficient of the isenductor-dielectric interface. The
impact of light scattering in different films cae bompared by an enhancement factor, which
is given byE(a)= Feq/Fra, WhereFe, is the experimentally measured absorption prolgbil
in the textured film and

T-exd-al])
1-(1-T)exd-al] (2.3.2)

Fha =

is the absorption probability in an equivalent femple. It is possible to calculate the
enhanced absorption in case of quite simple text(eey. regular pyramids). But on typical
thin-film samples with total reflection in sevetayers and random interfaces roughness such
calculations do not lead to sufficient results. few important point of rough interfaces is a
higher probability for interface recombination.

This is just a very short overview of effects, whimay affect the analysis of luminescence
on thin-film samples. It emphasizes the enormoysarhof low sample/layer thicknesses and
the related importance of interfaces. This sub-t@rapill be mentioned as reference during
the detailed investigations of the thin-film sangp{ehapter 3 to 5).
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3. Electron-beam crystallized large grained Si thin
films

The investigated samples are partially processedtreh-beam crystallized large grained
silicon solar cells on glass substrate. They weredyced at Helmholtz-Zentrum fir
Materialien und Energie Berlin (HZB) by Daniel Anekitz et al. Partially processed refers on
this absence of any electrical contacts. The samsipleture is selected for focusing on the
material properties of the subsequently crystalliggicon. The absorber layer is thicker than
typical thin films and the silicon grain sizes ayeite high, almost similar to bulk mc-Si.
Because of these very specific properties, the kmmgresent a first step in the evolution
from bulk mc-Si to Si thin-film phases, such asidd&nd pc-Si:H. Therefore, these samples
are a good beginning to discuss the key-questidriki® work. The reported results were
presented at the 48. Punktdefekttreffen [Klo2011].

Investigated samples:

The samples consist of a 250 nm thick amorphousBSli&g/er, deposited by RF magnetron
sputtering onto a commercial available glass satestfCorning EagleXG) of around 1 mm
thickness. This layer acts as diffusion barrier andports the wetting of Si. The Si absorber
is deposited as amorphous to nanocrystalline SiabiPCVD process (Low Pressure
Chemical Vapor Deposition). The nominal thicknessaabout 10 um. After deposition, the
absorber becomes subsequently crystallized by usitige shaped electron-beam with a
constant scanning speed. So the silicon starteyttatlize to large grains with a typical grain
size of a few hundred micrometres in the broadmesk a few millimeters in the length.
Sketches of the investigated samples and theYipaticessed cells are shown in figure 3.1(a)
and figure 3.1(b), respectively. It should be engited that the glass substrate is localized on
the backside in this solar cell concept. It will &t transmitted by incident sunlight. Further
information about the samples can be found in [AGIK2 Sei2011].
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Figure 3.1: Sketch of the investigated partially processedpdarsiructure (a) and the finally processed saddlr c
(Image taken from [Amk2011]) (b)

3.1 Results and Discussion — Optical investigations

Transmission investigations:

Ten micrometres silicon is a quite high thicknesssthin-film solar cells. It may allow PL

investigations by the PL Imaging setup, which wagjimally designed for mc-Si wafers
[Schm2011, Man2012]. Excitations by various wavgthas were performed to obtain the
optimal PL intensity considering the high dependenn the absorption of the incident
wavelength.

Despite of this the emitted PL intensity is too léw the sensitivity of the used InGaAs
camera. Nevertheless, the transmitted light cansee to obtain an image of the actual layer
thickness. Figure 3.1.1(a) shows a transmissiogénexcited by 660 nm LEDs. The samples
exhibit broad bands of more or less thick silicBmer linear structures are visible within
these bands. It is remarkable that all structuxésoé the same direction. A profile along the
red arrow was extracted, which is perpendiculath® band structures to obtain the actual
layer thickness. These data were used to estimhatesiticon layer thickness, assuming a
homogeneous glass thickness and a negligible ingfdahe very thin SiC:B buffer layer. The
calculations obtain an average absorber thickneasoond 8.5 um (Fig. 3.1.1(b)). This is a
significant deviation from the expected nominatkmess of 10 um. Moreover the observed
bands correspond to variations in the silicon lagekness of around = 1 um. The regularity
of these bands and finer structures indicates ieledion with the processing of the samples.
Discussions with D. Amkreutz suggest that the baar@screated during the electron-beam
crystallization and not during the deposition. light be related to some diffusion or
segregation processes of the heated Si.
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Figure 3.1.1: Transmission measurements by PL Imaging setupnsfmassion image of the electron-beam
crystallized sample with an excitation wavelengtio® nm (a); calculated profile of the thickne$she silicon
absorber layer along the red arrow (b)

At longer wavelength, like 1480 nm, the samplesobhez almost completely transparent.
Nevertheless, the incident light is still affecteyg structures within the samples due to light
scattering etc. This allows investigations of thyagraphy of distinct layers by tiny variations
of the camera focus. Of course, it is not posdibleorrelate the images with exact depths in
the sample stack. Layers can only be distinguisifiethere are specific topographical
differences between each other. Besides this, diierd must have a detectable thickness.
Therefore the very thin Si:C layer cannot be ingaséd in this way. These requirements do
also exclude the application of the PL Imaging getn most other thin-film samples. But on
this specific electron-beam crystallized samplerdgpiirements is fulfilled.

Transmission images at 1480 nm exhibit interedadures, which are illustrated in figure
3.1.2. Both images exhibit a circular distributiaf light, which is caused by the
inhomogeneous illumination source. The camera ¢sided on the sample surface in figure
3.1.2(a). It mainly shows the silicon absorber tayéhe focus in figure 3.1.2(b) shows the
topography of the glass substrate. The silicon rlaige characterized by structural
inhomogeneities, exhibiting one main direction, kear by a dashed line. The direction is
equal to that one in figure 3.1.1(a). Importanthat these structures vanish in the image of
the glass substrate. Therefore, the structures repsésent defects in the silicon layer and
could denote the direction of subsequent crystdlbn by the electron-beam. Perpendicular
to this, regular lines become dominant by focusamgthe glass substrate, marked by the
dashed line in figure 3.1.2(b). The strong correfabetween crystallization and Si structures
on the one hand and structures in the glass stdbstrathe other hand might indicate a
formation during the electron-beam crystallizatiBmscussions with D. Amkreutz obtain that
the regular structures in Si and glass are probablyated during the subsequent
crystallization process. Thereby the electron-be@wes step-by-step over the sample. Every
step is represented by one line in figure 3.1.Z{le excitation by electron-beam leads to
crystallization of Si as well as thermal insta@kt and modification in the glass substrate
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3. Electron beam crystallized large grained Si fitins

(possibly melting). The perpendicular directionssititon crystallization and structures in the
glass substrate are one of the most charactefiestiores of these thin-film samples.

(a) (b)

Figure 3.1.2: Transmission measurements by PL Imaging setumshmassion image of the sample with an
excitation wavelength of 1480 nm focused on diffietayers/depths of the sample stack: mainly Sodies (a);
mainly glass substrate (b). Circular intensity iiisttion is caused by inhomogeneous illuminatioarse.

It is quite surprising that investigations by the Ilaging setup were able to reveal these
important features just by very simple adjustmeritthe setup. Despite of the fact that the
setup cannot be used for most other thin-film sasydbecause of lower layer thicknesses, the
obtained results are very informative and helpful further steps of characterization and
investigation process.

PL investigations:

For detailed PL investigations, at the PL Mappietup, the samples were placed with the
glass substrate on the bottom. That avoids possitdéering of the laser in the structured
glass substrate. Fortunately, the silicon layahisk enough to exclude PL signals from the
glass. Cooling problems due to thermal insulatibthe glass can be neglected, because of
the quite thin glass substrate (~ 1 mm). This guaes sufficient cooling of the Si layer on
the PL setup.

The detected PL intensity is quite high considering low material volume and the
missing passivation. The samples exhibit only BBnihescence and no defect-related
luminescence (DRL) at room temperature. PL Mapgshgws extended defect regions of
reduced BB luminescence (Fig.: 3.1.3(a)). The apdistribution of luminescence is almost
independent on the temperature. Therefore, theldigson of the BB Map at 300 K is equal
to that one at 80 K, which is shown in figure 3(&)3The defect regions exhibit a main linear
direction over the entire sample size. This comwesg to the direction of the defects, which
was already observed by transmission measuremirgbould be emphasized that these
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3. Electron beam crystallized large grained Si fitins

defect regions are quite extended. That forcesdnelusion that the defect regions represent
highly dislocated silicon grains and no grain baanws, according the typical grain size of a

few 100 micrometers. Two effects can explain theeabe of grain boundaries. The first one
is a possibly more ordered crystal growth in congoar to ingot casting of mc-Si due to the

high effort in the crystallization process. The @&t effect considers the fact that optical

effects, i.e. scattering and shadowing relatedntersections of grain boundaries with the

surface [Mch2012] are less important in thin filthan in bulk materials.
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Figure 3.1.3: Scanning PL measurements at 80 K: BB Map (a); [@p kb); PL spectra at marked positions A
(defect-poor region) and B (defect-rich region) (c)

In addition to the defects, other structures asibie in the BB Map (Fig. 3.1.3(a)). The
main direction of these structures is perpendictdathe defects. That corresponds to the
topography of the glass substrate. However, thetestauctures are more complex than the
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3. Electron beam crystallized large grained Si fiims

simple lines in the transmission images. The diinest can be described as regularly ordered
fish scales. Note that the structures are not ptesghin the defects. However, the regions
exhibit almost no defect-related luminescence (Bif).3(b)), even at low temperatures.

Regions exhibiting the fish scale structure willre&erred as defect-poor regions. They are
characterized by a very homogenous BB intensity oxde ranges of the sample, neglecting
the regular oscillations of the fish scale strueturhat indicates silicon grains of quite high
and possibly more important homogeneous qualitgointrast to the BB luminescence, there
are very strong temperature dependences of thectdelated luminescence (DRL). As
mentioned, no luminescence from defects can beraddat room temperature. But at lower
temperatures there are very intense PL signals1 MBp shows this in figure 3.1.3 (b). Note
that the DRL intensities vary over more than 1 omfemagnitude depending on the spatial
position. PL spectra are given in figure 3.1.3(Eaadefect-poor region (position A) and a
defect-rich region (position B). There one can thet defect-poor regions show a rather low
intensity of D1 and D2. In contrast to this, defech regions show intense luminescence of
all four D-lines. It should be emphasized that posiB exhibits quite low DRL intensity
compared to other regions (see: very intense DRupper part of figure 3.1.3(b)). That
indicates a wide range of defect concentrationkiwithe samples.

The presence of these well-known luminescence fesi{l8B and all four D-lines) without
any other luminescence signals shows that thirsfiinlarge grained silicon exhibit the same
PL spectra as bulk mc-Si. Nevertheless, due tospexific properties of the samples the
interpretation of the PL spectra is still differeot bulk mc-Si. In case of bulk mc-Si, the
defect-poor regions would be classified as siliaatlh a quite low concentration of defect and
a quite high material quality, according of the lmtensities of D1 and D2. But in case of the
investigated thin-film samples the PL spectra regné luminescence averaged above grains
and grain boundaries, despite of the fact thatgren boundaries are not visible in PL
Mapping. Therefore the grains, in the defect-p@wians, can be classified as almost defect
free. The remaining luminescence of D1 and D2 bdetattributed to the grain boundaries.

Up to now, it can be summarized that the PL spentfarge grained Si thin films are the
same as in bulk mc-Si. However, from bulk matenals known that detailed investigations
of several PL features can reveal further infororatin the next part, it will be checked if this
is the same on large grained Si films. Therefooees PL features will be discussed more
detailed.

At first, the temperature behavior of the BB lunsoence will be investigated on several
positions of the sample. It is determined by twatdes in case of bulk Si. One is the radiative
recombination coefficienB(T) and the other is the minority carrier lifetim&T) (see:
[Klo2011] and sub-chapter 1.2.1). Both parameteesassociated with the material quality.
Therefore, the temperature behavior allows an éuwtlimand restricted approach to non-
radiative defect.

The temperature behaviors of defect-rich (A-D) aefect-poor regions (E-G) are shown
in figure 3.1.4. Note that the positions A and Batito those in figure 3.1.3. An increase of
BB intensity can be observed with decreasing teatpes in defect-poor regions. This is well
known as normal temperature behavior of BB lumiaase. It should be emphasized that
there are just slight difference in the increaséhefBB intensity over the entire sample. This
confirms the suggested homogeneity of the defee-fiegions. Defect-rich regions show
various temperature behaviors, reaching from nomealperature behavior (decreasing BB
intensity with increasing temperature) to the ojjeo@nomalous temperature behavior
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(increasing BB intensity with increasing temperajurAlso remarkable are the strong
deviations of the BB intensity in defect-rich reggo All this denotes enormous variations in
the defects concentration.
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Figure 3.1.4: Temperature behavior of BB intensity: Defect-pamgions show homogeneous normal
temperature behavior; defect-rich regions are shemious temperature behaviors.

The other PL feature, which shall be investigaiedhe temperature behavior of the D-
lines. Thereby the relation between D1 and D2 enathe hand and D3 and D4 on the other
hand will be discussed here. That is illustratetignre 3.1.5 at the position B in figure 3.1.3.
It represents the investigated temperature behawioseveral positions in defect-rich regions.
D3 and D4 can only be detected at temperaturesvbet® K. Both exhibit a strong relation
in this temperature range, which is characterizedrbalmost constant ratio of the intensities.
In contrast to this, no clear relation can be dettbetween D1 and D2. These behaviors can
be explained by changing participations of excemsiars on several radiative transition
paths. Where excess carriers change between theigstion of several radiative transitions
(BB, D1, D2 and the pair D3, D4). That is well gtuated in figure 3.1.5(a). The increase of
temperature from 80 K to 90 K leads to an enornarop of the BB intensity and a weaker
drop of D1. These drops represent a change of aum@inof excess carriers to other radiative
transitions paths related to D2 and the pair D3,\ldich are characterized by increasing PL
intensities. Almost all carriers take part in tlagliative transition related to BB luminescence
at higher temperatures. Of course, there is alshamge of carriers between radiative and
non-radiative transitions, which become dominarttigiher temperatures. The important point
here is the pairing of D3 and D4, which was presigwbserved by T. Arguirov et al.
[Arg2003]. It is one of the key-arguments for thel&y accepted theory of D3 as phonon
replica of D4. T. Arguirov et al. suggested theripgi of D3 and D4 as reason for the
observed constant intensity ratio found by invedians of the spatial distribution of the D-
lines on mc-Si. In this way, the measured constantperature dependence obtained on
electron-beam crystallized thin-film samples add anpport the previous work. That proves
the transferability of knowledge from bulk mc-Sithe investigated Si thin films.
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Figure 3.1.5: Temperature behavior of several PL peaks: PL neasnts were performed at position B in Fig.
3.1.3. PL spectra at selected temperatures (ggrated PL intensity of BB, D1, D2, D3 and D4 itemperature
range from 80 K to 300 K (b). The ratio D3/D4 isakt constant in contrast to the ratio D1/D2.

Another interesting defect-related feature is thatial distribution of DRL. This is shown
by a closer look on the spatial distribution of theninescence of BB and D-lines in figure
3.1.6. It is a higher magnification of the regioound the very strong DRL in the upper part
of figure 3.1.3(a, b). The BB Map shows sharplyrbed defects, with a special focus on the
ring-shaped structure in the middle. The distritmosi of D1(D2) and D3(D4) are shown in the
middle and right image, respectively. Thereby thlatrons between D3 and D4, as phonon
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replica, and D1 and D2, unknown origin, are usdt D3(D4) Map shows a very clear anti-
correlation with the BB Map. But the luminescencehe D1(D2) Map is not sharply bonded
but rather spatially blurred. For a better compuitgbprofiles were extracted along the red
arrows of BB and all four D-lines. The plot belowet maps shows these profiles in
normalized PL intensities. The luminescence inteasiof BB and D3, D4 are characterized
by a very clear spatial anti-correlation, markeddaghed lines. Contrary to this, D1 and D2
exhibit an overlap with defect-poor BB intensityadmost 400 um, marked by the arrows.

D1(D2)

D3(D4)

Norm. PL intensity [a.u.]

O 200 400 600 800 1000 1200
Distance [um]

Figure 3.1.6: Spatial distribution of PL at 80 K: BB and D3(Déghow sharply bonded defects (clear anti-
correlation) in contrast to D1(D2). Profiles alahg red arrows of BB and D-line luminescence show\erlap
of D1 and D2 of almost 400 um with the defect-pBBrintensity.
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Interpretation of this feature needs an approxiomatf the spatial resolution of PL at the
specific samples. In general, the spatial resatutbPL is limited by two factors. The first
one is the laser spot size of about 100 um. THigevia just a rough limit of resolution. It can
be reduced by using lower step sizes during tha soasidering the higher generation of
excess carriers in the center of the Gaussian tzesmm profile. The profiles in figure 3.1.6
were obtained by using a step size of 30 um. Howewes amplification of the spatial
resolution could be compensated in case of higlusidn length of the generated excess
carriers. In case of very high diffusion lengthe gpatial resolution could be even worse than
100 um. But at these samples, the diffusion lemgth estimated to 7.5 um to 8 um by EBIC
and time resolved PL measurements [Sei2011, AmK20his is in good agreement with the
actual thickness of the silicon layer, extracteoihfrthe transmission measurements. That
means the diffusion length is limited by the layl@ickness due to interface recombination.
Therefore, the influence of diffusion on the spatestribution can be neglected, in this
specific case. In summary, the spatial resolutioRloat these samples can be expected to be
less than 100 um and the observed overlap of DID&nd no artifact.

The overlap is hard to explain. After discussionthw. Amkreutz it seems to be possible
that the overlap could indicate an uncompletedegety process. The SiC:B layer includes
aluminum, which was identified as very efficient fdefect gettering in EFG-wafers (edge
defined film fed growth) [Hah2003]. According to Bmkreutz EFG can be used as reference
for the investigated samples. Of course, thishgyaly speculative explanation and should be
understood as a weak evidence for uncompletedrggiteAnother approach of explanation
deals with the fact that such behavior was preWoobserved in bulk mc-Si [Mch2012].
Normally, grain boundaries appear ‘broader’ for bd D3 than for BB signal at low
temperatures. This may be a result of extendedsidh length nearby the grain boundaries
due to gettering of impurities by grain boundamesl ‘cleaning’ of the nearby grain regions
from non-radiative defects. The clear anti-corielatof D3/D4 and BB at 80 K, despite the
increased carrier diffusion length suggests a gtisuppression of BB due to non-radiative
recombination on D3/D4-related dislocations. Thisrengeneral explanation seems to be
more reliable. However, both approaches deal vaghimpact of gettering.

3.2 Results and Discussion — EBIC investigations

One of the most characteristic features of the $esrip the specific spatial distribution of BB
luminescence in defect-poor region — the fish se#dacture. This feature is also present in
EBIC images. That leads to the conclusion thatstinecture indicates variations of carrier
recombination at the Si/SIC:B interface [Sei201M.that case, the fish scale structure
represents more or less enhanced non-radiativefaogerecombination at the interface. It
would be interesting to compare the impact of tmsPL and EBIC. This could allow better
estimations of the magnitude of interface recontimnain both techniques, which is one
requirement to correct or minimize this thin-filrffeet.

PL BB Maps and EBIC images give almost the samernmétion in case of bulk mc-Si.
Both images show a rough distribution of carriéetime, despite of the fact that PL is an
optical and EBIC an electrical technique. A direomparison of both techniques urgently
requires the equal depth of carrier generationLira®d EBIC, especially in case of thin-film
samples. Therefore, the EBIC beam energy was fatetl0 keV. This gives a penetration
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depth of around 1 um [Kan1972]. C. Krause perforrttesl EBIC measurements at room
temperature to avoid cooling problems due to thential insulation of the glass substrate
(see: sub-chapter 2.3).
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Figure 3.2.1: Comparison of the impact of interface recombinmaiio PL and EBIC at 300 K: PL BB Map (a);
EBIC image (b); profiles along the red arrows shdminance of interface effects in case of PL amidance
of defects in case of EBIC (c).

Figure 3.2.1 show the BB Map and the EBIC imagthefsame area. As expected in both
images defects are characterized by low intenBiy.the interface-related fish scale structure
appears as regular peaks in case of PL and asaregudps in case of EBIC. Moreover,
profiles extracted along the red arrows show thatitpact of the interface is more dominant
than the impact of defects in case of PL. In EBIg, defects are the dominating feature and
the interface signals are quite low. The reasontliese contrary behaviors could be the
difference in the detection of the signal. An excearrier, which recombines non-radiative at
the interface, leads to a reduced EBIC currentctdyeSo the EBIC signal is only influenced
by the recombination activity at the interface. BuPL, luminescence light has to leave the
sample structure to become detected additionatys Pprocess of light uncoupling might be
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influenced by optical properties of the interfacgych as regular scattering of the
luminescence. Therefore, the image of the interfacembination obtained by EBIC seems
to be more reliable. However, it can be summarited PL Maps are dominated by the
interface structure and EBIC images by the deferactire on these specific electron-beam
crystallized Si thin-film samples.

Summary and conclusion:

Investigations of the electron-beam crystallizedyéagrained Si thin-film samples on glass
substrate can be used as a first step to answekethguestion about the transferability of
knowledge/methods from bulk mc-Si to thin-film Si.

It is possible to use the PL Imaging setup forgmaission measurements to investigate the
actual layer thickness as well as the topograptiefayers just by easy adjustments because
of the quite thick absorber layer The obtainedltesare helpful to understand specific spatial
distributions in PL and EBIC.

Scanning PL spectroscopy exhibits luminescenceifeatkknown from bulk mc-Si, such as
BB and all four D-lines. Moreover, these luminesmerieatures behave like in bulk Si,
including the temperature behaviors and the spalistribution between BB and DRL.
Nevertheless, note that the interpretation of timeihescence features must be still related to
the sample properties. For instance, the missiag droundaries in the BB Map can only be
explained considering the lower sample thickneskaarthe special process of crystallization.

It was possible to eliminate parasitic luminescefecg.: luminescence from glass) due to
the thick Si layer at this specific sample. Neveldls, at thinner samples the corrected silicon
spectrum should be available by deconvolution af theasured spectra into parasitic
luminescence and luminescence from Si.

The critical point for the presence of luminescefeaures, known from bulk mc-Si, is the
grain size. It can be summarized that large graBiefiims exhibit luminescence spectra like
bulk mc-Si, possibly overlapped by thin-film effectNote that the spatial distribution can be
still affected by thin-film effects. PL investigatis are limited by two critical distances. The
first one is the generation depth of excess carijattention: physically defined penetration
depth is not equal to actual generation depth (see:chapter 2.3 — Parasitic luminescence
signal)), which determines the observed lumineseespectra. The second distance is the
diffusion length of the carriers, which determirles spatial distribution of luminescence due
to interface recombination. The need of this sapards clearly visible at the investigated
thin-film samples. The laser light does only excitee silicon absorber. Therefore, the
detected spectra show only luminescence from SieNleeless, the diffusion length is limited
by the layer thickness and so the spatial distiobuts dominated by the interface. Moreover,
the strong impact of the recombination at interfaceveals the different distribution of
diffusion length within the silicon layer. Regiomdé high silicon quality/diffusion length
exhibit a spatial distribution, which is dominatled recombination at the interface (defect-
poor regions). Regions of low Si quality/diffusitemgth (defect-rich regions) do not show the
regular interface-related fish scale structure :(skgure 3.1.3(a)). These regions are
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characterized by a diffusion length of 1 um or eless [Sei2011]. Therefore the excess
carriers are not able to reach the Si/SiC:B interfinere.

The process of interface recombination is well usid®d, but the actual impact seems to
be more complicated than expected. Its influendéerdi between several investigation
techniques, such as EBIC and PL. This can leadhdoriect interpretations of the sample
properties, but it can also offer possibilitiesaweoid misinterpretation by comparisons of
several techniques. That emphasizes the need ofbigeth techniques for the
characterization/investigation of thin-film samplehereby it is probable that the effect
cannot be corrected completely. However, it is asagy to identify interface recombination
to give a rough estimation of its impact on the suead data.
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4. Solid-phase crystallized poly-Si thin films with
subsequent rapid-thermal processing

The investigations in this chapter represent thedfei step in the evolution from bulk mc-Si
to pure thin-film Si phases. The deposited Si lageriginally deposited in amorphous form
and subsequently crystallized by solid-phase difiiion (SPC). The typical grain size is in
the order of a few micrometres [Ber1997]. The aisdimaterial is called poly-Si to separate
it from mc-Si (grain sizes of few millimeters) ohet one side and microcrystalline silicon
(grain sizes of 10 to 30 nm) on the other side. foother improvements of the material
quality the silicon is additionally treated by hgden passivation (HP) and several rapid-
thermal processes (RTP). That allows the investigadf the impact of the RTP-treatments.
Due to the lower absorber thickness (~ 1.6 um) dék structure is more complex in
comparison to the previous chapter, where the tBickayer absorbs the entire laser light.
Therefore deconvolutions of the spectra are nepgssaspecially to eliminate the
luminescence from glass. The main questions indhégpter will be focused on the observed
PL features and there comparability with bulk mc-Biis could give a lower limit of grain
sizes, where Si exhibits luminescence like in mciSs already known that the luminescence
of a-Si:H and pc-Si:H differs significantly. Thehet question deals with the influence of
RTP-processes, which are typical for subsequemnyistallized thin films. A group around C.
Becker and S. Steffen at HZB produced the samplas.reported results are focused on the
PL investigations of the samples. Further resuit$ descriptions that are more detailed can
be found in [Bec2011].

Investigated samples:

A 1.6 um thick a-Si film with about 2x1dcm® boron doping was deposited by electron-
beam evaporation of silicon and co-evaporationasbb from an effusion cell on 1 mm thick
glass substrate (Schott Borofloat 33).

Glass ~3 mt
Glass ~1 mi TCO ZnO:A
SiN, ~ 100 nm n" poly-Si
p poly-Si ~ 1.6 um p poly-Si ~ 1.6 pm

p"a-Si~ 3 mm
Backcontac

(a) (b)
Figure 4.1: Sketch of the samples for PL investigations (a§f @mpletely processed solar cell structure (b)
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Figure 4.1 shows the partially process solar d¢alicture for PL investigations (Fig. 4.1(a)) in
comparison to the completely processed one (Fiyb¥. with additional contacts (back
contact), etc. The glass was coated with a 100maok SiN, as wetting-layer and diffusion
barrier in an industrial PECVD reactor. The depaabid-Si was crystallized by a SPC-process
at 600 °C for 20 hours. The achieved grain siz& ithe order of 1 to 3 um. In a next step
hydrogen passivation (HP) was applied to passidatgling bonds. A remote plasma source
has been used to expose the samples to atomicggydfor 20 minutes at 620 °C [Kee2005]
in this work. During cool down the plasma is maiméa active in order to avoid re-effusion
of hydrogen. The plasma is extinguished at a teatpes of 340 °C.

After that several RTP—processes, either Rapidythkrannealing (RTA) or Laser-
annealing (LA) or Zone-Melting-RecrystallizationMR), the excitation by focused halogen
lamp [P002006], were used for subsequent treatroenbhe samples. Table 4.1 gives an
overview of all investigated samples with the cep@nding RTP-processes and temperatures.
A sample only treated by HP is used as referenote that treatment by ZMR and LA create
wave-like structures on the surface of the polyi&il. These structures are visible to the
naked eye (probable structure size of few tens aframetres) and can affect PL
investigations by light scattering etc.

Treatment RTP-temperature
only HP /
HP + RTA 1050°C
HP + LA 860°C
1230°C
1400°C
HP + ZMR 1050°C
1060°C

Table 4.1: Overview of the investigated samples treated wikieral RTP-processes and the corresponding
RTP-temperatures (hydrogen passivation (HP), Repdnal-annealing (RTA), Laser-annealing (LA) and
Zone-Melting-Recrystallization (ZMR)).

4.1 Results and Discussion — PL investigations

For the PL investigation, the samples were placéth the glass side on the top. That
guarantees good thermal contact to the sample hddéthe most important reason is that it
avoids luminescence from glass, which is stronglg anpredictable filtered by the Si layer
(see: sub-chapter 2.3).

PL spectra at 80 K exhibit no BB luminescence kariyuntense luminescence around the
spectral position of the D1-line, which is relateddislocations in mc-Si. The absence of BB
luminescence might be a result of the high densiitgrain boundaries due to the low grain
size. That indicates low diffusion lengths and hagfect concentrations. Note that previous
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PL investigations on similar samples treated by SRTA and/or HP exhibit very similar
luminescence spectra [Mch2012a].

Two peaks can be distinguished, whereas the firsti® localized between 0.79 and 0.805
eV (labeled as ‘Peak 1) and the second one betWe&tb and 0.865 eV (labeled as ‘Peak
2’). The exact peak parameters (peak positionmsraf the peak intensities and temperature
behaviors) strongly depend on the RTP-processeA(RA or ZMR) and the RTP-
temperatures. The impact of the several processigstrated in figure 4.1.1.

Note that the spectra are normalized to focus actesl deviations. The different PL
intensities are partially caused by changes betwibentwo radiative transitions paths
represented by the peaks (see: chapter 3). Inafasely HP treated samples the dominant
amount of excess carriers take part in the radiatiansition responsible for ‘Peak 1'. That
leads to a very high maximum PL intensity. But witlcreasing RTP-treatment more and
more carriers take part in the radiative transitielated to ‘Peak 2. Therefore, the maximum
PL intensity decreases, because of a constant tdvgenerated electron-hole pairs. This
change is more intense in case of LA and ZMR, atltar low in case of RTA. That is clearly
visible in figure 4.1.1, where the intensity of dke2’ differs strongly between the ZMR
sample and the RTA one, despite of the same RTPBerture. Additionally to that, there is a
decrease of the total PL intensity with incread®ifP-treatment/-temperature. One can see
that all RTP-processes lead to various blueshifteoth peaks. The influences on the intensity
ratio of the two peaks are more complicated. Theperature behavior (Fig. 4.1.1(b)) differs
strongly between only HP-treated poly-Si sampled #mose treated by RTP-processes
additionally. A dominant ‘Peak 1’ and a rather IG®eak 2’ characterize HP-samples. Both
exhibit a strong increase of intensity with deciregisemperature of more than three orders of
magnitude. In contrast to this, the PL intensitéd A- and ZMR-treated samples show a
strong saturation at lower temperatures and thétisglinto the two peaks becomes more
significant. Surprisingly the RTA samples show oalslight increase of ‘Peak 2’ and the
temperature behaviors are very similar to that @inenly HP-treated poly-Si. Another very
important feature is that both peaks shift to loveeergies with increasing temperature,
whereas ‘Peak 1’ achieves ~ 0.77 eV at room tennera

These results allow first statements about theraatfi the luminescence in RTP-treated
poly-Si. The deviations in the peak position frordimes at 80 K and the peak position
around 0.77 eV at room temperature indicate oxréeipitates (OP’s) [Taj1994, Taj1995] as
origin for the luminescence instead of dislocatiassociated with D1. The presence of high
oxygen concentrations were proved by TOF-SIMS memasents obtaining values up to'10
cm®. It can be assumed that the impact of thermal do@ED’s) is negligible, according to
the high RTP-temperatures. TD’s should be compieétahsformed into oxygen complexes.
The dashed curve shows the spectrum of OP’s, wdreloften observed in mc-Si wafers. The
clear spectral deviation can be associated tordiftehermal treatments leading to other types
of OP’s. It can be assumed that the deviations &&tvthe several RTP-processes is related to
transformations of OP’s present in only HP-treapedy-Si (‘Peak 1') to other types of
precipitates (‘Peak 2’), whereas the effect of RTA quite low. The excitation by
panchromatic light (ZMR) seems to be slightly ma#icient than the excitation by
monochromatic light (LA) accordingly to the temperas in table 4.1.

66



4. Solid-phase crystallized poly-Si thin films wihbsequent rapid thermal processing

107 only HP
S —— HP + RTA(1050 °C)
S, 0.8 —— HP + LA(1400 °C)
> —— HP + ZMR(1050 °C)
O - ---0P in mc-Si wafer
c  0.6- =
g
[
= 04- <+— Peak 2 i
o
€ 021
o ]
zZ .
0.0_ T T T T T T T T T T - T - 1
070 075 080 085 090 095 1.00
) Photon energy [eV]
— T T T T T T T T T Only HP
5 100004 3
o ] B~ RTA(1050 °C)
42‘ ) — | o
g 10004 T =z|v|§R(105o C)
L .- .+ LA(1400 °C)
£ ] ]
| i i
5 100+
- ]
Q ]
©
=3 104 Total i
o ] - — -Peak 1|1
< - - - - Peak 2]]
0.004 0.006 0.008 0.010 0.012
-1
(b) 1T [KT]

Figure 4.1.1: PL investigations on subsequently treated polgeéBnples: Spectra of only HP-treated samples,
additionally RTA, LA and ZMR treated ones at 80 Fhe dashed curve shows spectrum of oxide preagitat
(OP) in bulk mc-Si wafer (a); temperature behaviadfrthe single peaks and the total luminescenansity (b)

PL Mapping investigated the spatial distributionlwhinescence at 0.79 eV and exhibits
more or less strong deviations (Fig. 4.1.2). Thieseations are mainly related to variations of
the thickness of the silicon layer. In case of Llll&Z MR samples, it is additionally amplified
by light scattering at the surface topography.howdd be emphasized that even samples
without wave-like structures (only HP, HP+RTA) dadhibit small variations of the Si layer
thickness. That is proved by spatial variationshef luminescence intensity coming from the
glass substrate. The deviations of the PL interemigy caused by two factors. The first and
dominating one is caused by differences in therl#tyiekness. The much smaller second one
is caused by probable variations of Si quality. dtifnately, it is not possible to separate both
factors. This would be necessary to decide if tRele precipitates are gettered at grain
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boundaries [Cav1993] or possibly strongly localizsdmnore extended precipitates. However,
a spatial correlation on the investigated samplas wery improbable from the beginning

because of the low grain size in comparison tosipatial resolution of the PL setup. The

dominating part of spatial deviations is clearlysad by variations of the Si layer thickness,
which becomes additionally amplified by interfaseambination and light scattering at the
rough sample surface.

ZMR(1060 °C)

RTA(1050 °C)

@) (b)

Figure 4.1.2: PL Maps of poly-Si samples at 0.79 eV: Spatialiakwns are mainly caused by variations of the
Si layer thickness. RTA treated samples exhibiiat@ns in the order £ 10 % (a); ZMR and LA treataanples
exhibit much higher deviations (+ 50 %) amplifiededo wave-like structures on the surface (b).

The impact of the exciting laser power on the speefas investigated, too. It turned out
that both peaks show linear dependences up tom\B(standard power for investigation: 50
mW). That limits the low injection regime. At highlaser powers (~ 75 mW) the intensity of
‘Peak 2’ begins to increase stronger, relativelyReak 1'. This might be an evidence for
further laser annealing. However, the sample startdegrade and therefore it cannot be
investigated further.

The exact peak position of ‘Peak 1’ was studiederdwmtailed to investigate the influence
of the RTP-temperature. In case of ‘Peak 2’, suekstigation seems less promising, because
of the higher peak width indicating a mixture o¥erl types of OP’s. It is well known that
the peak position of DRL can be affected by inteatectric fields, application of stress etc.
So it can be expected that the peak shift is r@éladeone of these parameters, which might be
caused by the several RTP-processes. That isrdtastin figure 4.1.3. There one can see that
the blueshift of ‘Peak 1’ correlates with the R'HPaperature. Different slopes, depending on
the exact RTP-process, characterize the increaspeak energy with increasing RTP-
temperature. According to Drozdov et al. [Drol974d],blueshift is an indication for
compressive stress. This approach seems to be mlile here. Dashed lines mark the
magnitude of increasing stress, but note that thiese are guides for the eyes only. The
stress level is rather low in case of RTA contraryLA and ZMR. That can be explained
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considering the specifics of the RTP-processesa RTA-oven, the entire cell structure is
heated and so the poly-Si layer is quite relaxedcdntrast to that, LA and ZMR only heat
poly-Si and the glass substrate keeps cold. Theceudl temperature gradient must create
stress within the Si layer and this is visible inrmintense slopes in figure 4.1.3.
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Figure 4.1.3: Position of ‘Peak 1’ depending on the RTP-pro@ess —temperature: The different slopes might
indicate different levels of stress in poly-Si layeduced by temperature gradient between coldsggabstrate
and heated Si. The dashed lines are guides faythenly.

In the next step, the investigations were focusedhe LA-series, because of the widest
range of RTP-temperatures. The temperatures rangm 860 °C to 1400 °C. The
corresponding normalized PL spectra are showrgurdi 4.1.4 at 80 K.
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Figure 4.1.4:Normalized PL spectra of LA-treated poly-Si atk8@t several RTP-temperatures.
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It is obviously clear that ‘Peak 1’ represents otiypes of OP’s as ‘Peak 2'. But it is not clear
if the blueshift of ‘Peak 2’is also related to sselike in case of ‘Peak 1', or to further
transformation of the oxide precipitates. Interatsi between the two types of OP’s are
possible, too. The detected thermal broadenindheftivo peaks supports the possibility of
such interactions. In case of one dominant typpre€ipitates (LA at 860 °C) exhibits ‘Peak
1’ a temperature-induced broadening of the peakha(EWHM) from 41 meV (80 K) to 65
meV (300 K). In contrast to this, in case of twmast equal types of precipitates (LA at 1400
°C) no significant broadening is observed. Morepumtween 80 K and 150 K a slight
shrinking of the width of ‘Peak 1’ is detectablewvincreasing temperature, which is possibly
compensated by a stronger broadening of ‘Peak 2'.

A plot of the temperature dependent peak energieBoth peaks (Fig. 4.1.5) shows
indications for interactions between the precipgattoo. The blueshift of ‘Peak 1’ is not
detectable at temperatures above 220 K. Thermattsfhide the deviation in this temperature
range. The shift becomes clearly visible at lovemperatures, up to the level illustrated in
figure 4.1.3.
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Figure 4.1.5: Peak energies of LA-treated poly-Si samples: Tidtiag of the peak energies of ‘Peak 1' at
lower temperatures indicates internal stress. Tak position of the only HP-treated sample (s&giinilar to
the C-line from literature, which is associatedteD,-complexes [Kiir1989].

Following the assumption of interacting OP’s, thenple only treated by HP should be the
one, which is most suitable to study the type atlexprecipitates represented by ‘Peak 1'.
Then SPC process itself would create the origirRals®ucture. Its peak position is shown as a
star in figure 4.1.5. It should be almost unaffdctey stress-induced peak shifting. The
corresponding peak energy is 0.789 eV at 80 K. Thaery close to the spectral position of
the C-line of 0.79 eV at 10 K [Klir1989]. It was ebged in carbon- and oxygen-rich samples
and therefore associated with carbon-oxygen comeplég-O;). It must be separated from the
more popular P-line at 0.767 eV [Piz2000, Min198lje P-line is related to OP’s created at
about 450 °C and vanishes at 550 °C - 600 °C. 8admperature range is another point,
which excludes the presence of the P-line in theestigated samples, considering the
temperature of 600 °C for 20 h (SPC) and above XQORTP). However, these comparisons
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with literature data should not suggest that ‘Pgals equal to the C-line. This is not true

according to the broadness of ‘Peak 1' and the vesyricted comparability between Cz-

Si/FZ-Si (literature) and the investigated polytBin films. It should just indicate that the

observed OP’s might be similar to those assocmattdthe C-line. TOF-SIMS measurements

revealed carbon concentrations up td®1@m*. Therefore, the presence of carbon-oxygen
complexes is very probable.

The exact origin of ‘Peak 2’ is less clear. It keeite broad even at low temperatures.
That could indicate a mixture of several types & 'within this peak. However, oxygen-
related precipitates were observed previously atodi85 eV [Ken2003]. Thereby it was
found that sharp lines, such as P- and C-linesiskaafter higher/longer heat-treatment.
Instead of these single lines broad bands appd®at Was partially understood as further
evolution of the OP’s to more complex and extenalegien complexes [Taj1994].
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Figure 4.1.6: Temperature behavior of PL intensities of LA-seri€omparison of all three LA-samples with a
focus on increasing splitting into two peaks (ajtig of the LA-samples exhibit two deactivationeggies F;
and E, in several temperature ranges on the example@d 1@ RTP-temperature (b)
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Another approach to the physical nature of the eryelated defects can be obtained by
careful analysis of the deactivation energies frahe temperature dependent PL
measurements. That is demonstrated for the LAsénidigure 4.1.6. At first, it is clearly
visible that the total PL intensity at 80 K decrasvith increasing RTP-temperature. This
could be explained by out diffusion of oxygen dgrthe RTP-process. That would lead to a
decreasing concentration of radiative impuritie®'€) with increasing RTP-temperature and
therefore to a reduced PL intensity. This assumptias also assisted by TOF-SIMS
measurements.

In case of one dominant peak (LA at 860 °C) shdwespiot an almost linear behavior over
the entire temperature range. The correspondingtistadon energy was extracted by fitting
to 91 meV. With increasing RTP-temperature decrsettse absolute PL intensity at 80 K and
starts to saturate at certain level of PL inteesitand saturation temperatuiBg. This is
obviously correlated with the increasing splittingp the two peaks. Other features of the plot
are also affected by the increasing RTP-temperaflinese features are the deactivation
energies. Attempts to fit these energies exhilghificant deviations between fitting curves
and data points (Fig. 4.1.6(b)). That can be erplhiby the fact that both fitting models
(bound-to-free and bound-to-bound deactivation rh@dgquations (1.2.2.7) and (1.2.2.9)),
assume the presence of only one deactivation mechavver the entire temperature range.
Therefore, the existence of two temperature dependeactivation mechanisms must be
assumed, whereas the saturation temperature nierksansition between them. Therefore, it
is possible to extract two deactivation energiese @r the high temperature rangg and
one for the low temperature rangg. All these parameters are summarized in tabld 4.1.

LA- Peak energy Deactivation Deactivation Saturation
series | at 80 K [eV] | energyEq [meV] | energyEg [meV] | temperature Tsy [K]

860 °C 0.791 91+3 / /
0.817 57+4 / /

1230 °C 0.800 124 +5 34+6 ~ 140 K
0.831 96 +4 914

1400 °C 0.805 163+ 3 Not able to fit ~ 160 K
0.862 126 + 2 31+2

Table 4.1.1:Overview of parameters of the temperature behawbt A series

The data were obtained by fitting the bound-to-fréeactivation model (equation
(1.2.2.7)), but note that no significant differescexist between both models. It should be
emphasized that the sum of the deactivation erem@iel luminescence peak energy is not
equal to the bandgap of silicon. Therefore, theosécdeactivation mechanism does not
represent the barrier between a lower defect lavel the valence band as suggested by
Dreckschmidt et al. [Dre2011]. The exact band @iagiis unclear but a possible model is
shown in figure 4.1.7. The deactivation enekgy represents the barrier between a deep trap
(‘Peak 1) and the conduction band. Following ttig, represents the barrier between the
deep trap and a shallow trap (‘Peak 2’). This fteors becomes preferred at lower
temperatures. It is indicated that both trap legéiét deeper into the bandgap with increasing
RTP-temperature. This trap shifting is illustratexdgrey bars in figure 4.1.7.
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Figure 4.1.7: Model of the band diagram in case of the LA-samplee grey bars mark the shift of the trap
levels with increasing RTP temperature and probahbled-like defect levels. Small deviations of theergy
might be caused by fitting errors. The exact positif the non-radiative trap (NR) is unknown.

The bars are also used to indicate the probalwlitypand-like defect levels instead of
discrete ones. That is very probable because dirtbeedness of both defect peaks in PL. Note
that this model seems to be quite good considenedact that the deviations of the equation
(4.1.1) are in the order of the fitting errors.

E,,(Peakl) - E,, (Peak 2) — E,, (Peakl) =0+ Error (4.1.1)

It is probable that both radiative transitions @éméh band-like trap level, as illustrated in
the figure. A special case represents the samgdgenl at 1400 °C, where the PL intensity of
‘Peak 1’ exhibits a maximum around the saturatiemgerature (see: Fig. 4.1.6(b)).
Therefore, it was not possible to fit the corregfing energyEg. This behavior can be
explained by transitions of excess carriers frommdbep trapEqy(Peak 1)) to the shallow trap
(Eq1(Peak 2)). Such changes in the participation oésgcarriers on several transitions were
already discussed in this work (see: chapter 3yvéver, two approaches of explanations can
be suggested. The first on is that the real vafug,as hidden due to a higher occupation of
excess carriers from the deep tE&ap(Peak 1), which would lead to an amplification loé t
luminescence signal. The second approach assuneeprédsence of an additional non-
radiative trap (NR). This possibility is assistedthe fact that even the total PL intensity can
only be fitted by two temperature dependent deatttm mechanisms. It is not possible to
determine the exact position of this non-radiatirsg within the bandgap. But it must be
energetically close to both trap levels as showfigure 4.1.7.

Actually, the oxide precipitates represent a vaamplex defect structure, which cannot be
completely understood by PL investigations alond&efter approach could be given by Deep-
level transient spectroscopy (DLTS), but it regsiip;- or Schottky-junctions from front side
and glass side. Such junctions mark a high chadlengsample preparation and are not
fulfilled, up to now.
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4.2 Results and Discussion — Raman investigations

All poly-Si samples were also investigated by Ramsectroscopy. The main idea of this was
to check the assumed presence of stress withigitliens due to the RTP-processes. Figure
4.2.1 shows normalized Raman spectra of the LAesesompared as example for the other
RTP-processes. Cz-Si was used as reference foitl®uwv significant level of stress. There

one can see that the crystalline Raman peak ofioshifts to the peak position of Cz-Si

with increasing RTP-temperature. This behaviolss &ypical for the other RTP-processes. It
seems to disagree with the expected increase e$sstvith increasing RTP-temperature.
Increasing stress should lead to an increasing shithe peak position. Another important

feature of the spectra is a significant broademvfigghe peak compared to Cz-Si. This

broadening is an evidence for the actual reasdheofinexpected direction of peak shifting. It
is well known that the peak position and peak wiltthe crystalline Raman peak are related
to the crystalline quality of silicon. Therefordaete are two contrary effects affecting the
Raman spectra of the investigated poly-Si samflkes.first one is an increasing crystalline

quality with increasing RTP-treatments and the otme is an increase of stress.

104 ----Cz-Si
—— LA(860 °C)
' —— LA(1230 °C)
0.8-
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Figure 4.2.1: Normalized Raman spectra of LA-samples: Shift rmhdening of the peak can be observed in
comparison to Cz-Si.

The peak position and peak width (FWHM) are exgddtom Raman spectra of all samples
and summarized in figure 4.2.2 for a detailed asialpf these two features. Thereby two
different reference levels are considered. The firse is Cz-Si (dashed lines) as highly
crystalline silicon without a significant level atress. The other one is the sample only
treated by hydrogen passivation (HP). Peak posiéiod peak width do not show a clear
dependence on the RTP-temperature as observed (geBLFig. 4.1.3). In general, there is a
rough shift to higher Raman frequencies and loweakpwidths with increasing RTP-

temperature. Nevertheless, the relations betweerdiffierent RTP-processes do not agree
with the PL measurements completely. That meangcesdly the quite moderate peak

width/peak position of the only HP-treated sampmpared to the samples treated by LA. At
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higher RTP-temperatures, the features become closé¢ihose of Cz-Si. In case of LA-
samples treated at 860 °C there is a slight shibwer Raman frequencies and peak widths.
This might be an indication for tensile stress witthe poly-Si samples. That is contrary to
PL, where compressive stress is indicated. Thisbeaaxplained considering the high surface
sensitivity of Raman in comparison to PL, whiclsénsitive to the entire sample thickness. It
might be possible that different types of stregsiaduced in the surface and the bulk of the
sample. A comparison of the induced stress betwleenlifferent RTP-processes allows the
conclusion that LA-samples are mostly affected bgss. This is contrary to PL, where
higher stress is indicated in ZMR-treated polyt3owever, both techniques exhibit RTA-
treatment as the technique, which exhibits the melstxed poly-Si at the corresponding
temperature. This is probably due to the simultasdwating of Si and glass.
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Figure 4.2.2: Peak parameter of Raman spectra at poly-Si: Peakign and peak width (FWHM) exhibit
complex dependences on RTP-temperature. Probadsens are contrary directions of the peak shift wue
increasing crystalline quality and increasing &trievel with increasing RTP-temperature. Data farSC are
shown as reference for highly crystalline Si withsignificant stress.

However, the main effect on the Raman spectraasirthreasing crystallinity at higher
RTP-temperatures. Therefore, the peak parametdreof. A-treated sample at 1400 °C are
quite close to those of Cz-Si despite of the exmkdiigh level of stress. It would be
extremely risky to extract a value of the inducé@ss from Raman spectra, even at RTA-
samples due to the contrary influence of the irsingacrystallinity. Despite of all treatments
the obtained crystalline quality of the poly-Siig exhibit significant deviations compared to
Cz-Si. This is probably the main reason for thaeguiorse solar cell parameters of the thin-
film solar cells compared to those of wafer-basedl'Berefore, further improvements of the
crystallization and treatment processes are negessa
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Summary and Conclusion:

PL investigations on poly-Si thin films with subsegt RTP-processes exhibit luminescence
features, which are clearly related to several 2ype OP’s. These precipitates differ from

those observed in bulk mc-Si. That is mainly causgedifferent temperature treatment during

the RTP-processes. It is important that the loagel thickness or other thin film effects (e.g.

luminescence from glass) do not cause the devatibis very probable that the high density
of grain boundaries causes the absence of BB lwoamee. It can be concluded that PL
investigations on such Si films with very low grasizes and high defect concentrations
should be focused on defect-related luminescen&)Din such cases, BB luminescence is
not more the characteristic feature of silicon.

The used PL setup cannot resolve the spatial loligioin due to the small grain size. This
would require setups that are more complex. Howaves not clear if such setups would be
able to resolve the grains because of light scageat the wave-like surface structures. PL
Maps just exhibit variations of the layer thicknekderface recombination might also affect
the spatial distribution of PL.

In summary, the investigations confirm that Si gsawith a size of a few micrometres
exhibit PL features that are comparable to bulk ShcOf course, effects of the thin-film
sample (e.g. luminescence from glass substrate)t messtill considered. That allows
knowledge transfer from bulk Si to thin-film onesdabackwards. For instance, the observed
oxide precipitates could be further evolution stepthose observed in bulk mc-Si at elevated
temperatures.

Comparative investigations by PL and Raman leadujplementary results about the
stress, which is induced during the RTP-processed,the increasing crystalline quality of
poly-Si. Thereby it turned out that both effectsdia strong impact on Raman. Nevertheless,
it is still possible to separate them due to the fhat PL is not sensitive to the increasing
crystalline quality. Therefore, it is more adequateinvestigate the stress. But note that
different types of stress are assumed within thepéas. Thereby Raman is sensitive to tensile
stress on the surface of the sample and PL to asspe stress within the entire sample,
especially at the interface to the substrate.
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microcrystalline Si

In the last chapter thin-film samples were investigl, which are characterized by thin layers
and small Si grains, but a quite simple structdieat will be changed now. This chapter
marks the last step in the evolution from bulk nn¢eSthin film Si phases. That is related to
an increasing complexity of the entire sample stauwi silicon phases, which do not exist or
do not have any applications in thin-film form. Bleephases are hydrogenated amorphous (a-
Si:H) and microcrystalline silicon (pc-Si:H). Theyre characterized by high absorption
coefficients (see: sub-chapter 1.3). This advan#digevs reduced thicknesses of the absorber
layer of about one micrometer. One of the maindliaatages of a-Si:H and pc-Si:H is the
affinity to light-induced degradation (LID). Thatdludes phase modification by laser (e.g.
laser-induced crystallization [Im1993]) as well hggh sensitivity to light exposure by
sunlight (e.g. Staebler-Wronski effect [Stal97%]|should be mentioned that the affinity for
LID is significantly higher in a-Si:H than in pc:Hi This must be considered during
investigations by laser-based techniques (e.gRaiman). Currently used solar cell concepts
reduce LID by using thinner layers of a-Si:H layersusing pc-Si:H instead of a-Si:H. Both
ways are combined in tandem cells, whereas a \emyatSi:H top cell is used to absorb the
blue part of the solar spectrum. The remainingpad is absorbed in a puc-Si:H bottom cells.
There are various techniques to deposit Si, buhénlast years chemical-vapor deposition
(CVD) becomes commonly used. A special form, plasmaanced CVD (PECVD) was used
to deposit all investigated samples in this chapter

A completely processed a-Si:H/pc-Si:H tandem celbtass substrate will be investigated
in the first part of this chapter. The second pk$cribes more detailed investigations on a
substructure of this cell - 500 nm thick pc-Si:kdes on glass. All three key-question of this
work will be discussed in these two parts of theptar. It is obviously clear that the first key-
question (‘How to correct/minimize thin-film effea@’) will be especially important during
the investigations of the entire tandem cell. Teeosd key-question will be less important
due to the fact that a-Si:H and pc-Si:H do not hawg applications or do not even exist in
bulk thickness (especially pc-Si:H). Nevertheledgsjs still possible that investigation
techniques/methods, which were originally desigf@dbulk mc-Si, can be transferred to
thin-films after adjustments. The main key-quesiiothis chapter is the third one: ‘What can
be learned about the physical aspects of typidaifttm Si-phases?’ This will be discussed in
the second part of this chapter, whereas a foclid&ion observations of the transformation
process from amorphous to microcrystalline silicon.
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5.1 Characterization of thin-film a-Si:H/uc-Si:H tandem
solar cells on glass substrate

The challenging investigation process of a-Si:H1¢d tandem solar cells on glass substrate
will be presented on a state-of-the-art tandem pedbduced by Competence Centre Thin-
Film- and Nanotechnology for Photovoltaics BerlRVcomB). First, energy dispersive X-ray

spectroscopy (EDX) measurements were conducteavestigate the composition of the

individual layers. Then, for detailed investigasoof the a-Si:H and pc-Si:H layers scanning
PL spectroscopy and EBIC were used. Both techniguese performed in different setup

conditions on completely processed tandem cellsva$ as on partially processed ones.
Therefore, it was possible to identify thin-filmfefts and to eliminate or minimize these
effects on the characterization of the entire tamdelar cell — the first key-question of this

work. The Raman-crystallinity of the pc-Si:H layierdetermined by Raman spectroscopy.
The results were published in [Klo2013].

Investigated samples:

The investigated samples were a-Si:H/puc-Si:H tandeefls. They consisted of a
hydrogenated amorphous silicon top cell (340 nnglsorb the shorter wavelength of the sun
spectrum. A hydrogenated microcrystalline silicatttam cell (1.6 pm) was placed above the
a-Si:H top cell to absorb the longer wavelengthhef sun spectrum. The Raman-crystallinity
of the pc-Si:H cell should be slightly above 50B6th cells were p-i-n structures. The p- and
n-layers had a thickness of around 15-40 nm, réisjede The silicon layers were deposited
by PECVD on a 3.2 mm glass thick glass substra@a{fglass SGG Planilux). This was
coated with front TCO consisting of Sg® (0.7 um). As a back contact a ZnO:Al/Ag layer
with a total thickness of about 70 nm ZnO:Al and 20n Ag was deposited by sputtering. A
sketch of the tandem cell design is shown in figudel.

Glass ~ 3.2 mm
TCO ~ 700 nm

p-i-n a-Si:H Top cell
~ 340 nm

p-i-n puc-Si:H Bottom
cell ~1.6 um

Back contact ~ 300 nm

Figure 5.1.1: Sketch of the a-Si:H/uc-Si:H tandem cell. Blueaddd and red are the p-, i- and n-layers,
respectively.
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A laser scribing process of absorber and back coitdgers structures the cells. Small areas
of 1 cm x 1 cm solar cells on 30 cm x 30 cm miniduwes have been manufactured on a
single substrate. A more detailed description ef phocess is given in [Ros2003]. Partially
processed cells like a-Si:H single-junction celblrevinvestigated, too. The cells were cut into
small pieces for investigations in cross-sectioongetry.

EDX investigations:

The complex cell design makes misinterpretationsheflayer properties probably. That is
amplified by the expected roughness of the layEherefore the planed solar cell structure
was checked by EDX line scan along the cross-seafocompletely processed a-Si:H/uc-
Si:H tandem cells. The measurements were perfobmgedd.-M. Krause at 10 kV in an EVO
MA 25 Scanning Electron Microscope (SEM) equippathvan EDAX drift detector. The
normalized elemental signals are shown in figude25as function of the depth in the cell
stack, counted from the back contact side. Thehdéigtribution of the elemental components
is in quite good agreements with the expected ti@sk of all layers. It should be mentioned
that ZnO:Al and Ag are just the main componentshef back contact. Smaller amounts of
other components are added to improve the bra#yallihe absence of abrupt elemental
transitions corresponding to the different layeyscaused by the experimental parameters,
such as preparation process of the cross-sectidacses and the limited resolution of EDX.
The sample itself contributes to this elementalrlaye too. A certain roughness of the layers
improves the lateral current flow and light scatigr In general, EDX confirms the expected
structure of the solar cell (see: Fig. 5.1.1).
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Figure 5.1.2: EDX line scan along the cross-section of a-Si:Hgjitél tandem cell confirming the expected cell
structure. The mixture of the layers is probablysegal by the preparation of the sample cross-sedtiiited
resolution of EDX and desired layer roughness.
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5.1.1 Results and discussion — Optical investigatis

PL investigations:

PL signals are characterized by very strong PLnsitees, considering the typical effects of
thin-films, such as interface recombination, lowtenil volume etc. Actually, it is two times
higher than the intensity of a completely procedsd®d mc-Si solar cell at room temperature.
At lower temperatures, the difference even increadeor scanning PL spectroscopy
measurements, the samples were placed with the gldsstrate on the top. This is necessary
to prevent cooling problems due to the thickerglas
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Figure 5.1.1.1:PL investigations on completely processed tandelfs ¢TC): Interference patterns created by
specific cell structure are detectable in ‘Stand@kdsetup’ (a); corrected spectrum of a-Si:H/u¢4SEC only
exhibits luminescence from a-Si:H layer in ‘Crosst®on PL setup’ (b). Note that the low intensiycaused by
inefficient collection of luminescence.
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Completely processed tandem cells (TC) are charaeteby strong interference patterns
because of the specific cell stack. Surprisinglgseh patterns are localized at the spectral
positions of all four D-lines. This is illustratdy a comparison of measurements performed
in ‘Standard PL setup’ and ‘Cross-section PL se(t. 5.1.1.1(a)). Additionally a spectrum
of the glass substrate alone is given for the s#keompleteness. Spectral shifts of the
interference peaks denote deviations in the staickriess, especially on the borders of the
mini-modules.

A deconvolution of the spectrum measured in ‘Cesstion PL setup’ leads to the
spectrum of the silicon layers alone (Fig. 5.1 )1 (Here the impact of a thin-film effect and
ways to correct or minimize it is presented verpiassive. The TCO does not contribute any
PL signal in the investigated spectral range. ¢tusth be emphasized that the intensity of the
spectrum is strongly affected by the different edlion efficiency of luminescence signal
from the thick glass layer and the thin silicondesy Indeed, in ‘Standard PL setup’ the
intensity of Si is much higher but dominated bycfieinterference patterns as mentioned in
sub-chapter 2.3. As a result, the detected lumerescis a superposition of an intense part
from glass and a strongly reduced part from siliddms is why the intensity of the calculated
spectrum is very low.

Comparisons of the calculated spectrum in figude151(b) with spectra of pure a-Si:H
and literature data [Engl977, Str1980] show surgig that there is only PL signal
detectable from the amorphous silicon layer. Micystalline silicon cannot be detected.
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Figure 5.1.1.2: Temperature dependence of PL on completely predeassSi:H/pc-Si:H tandem cells, obtained
in standard PL setup: Corrected spectra from tandelis (luminescence from glass removed and optical
interferences suppressed) (a); integrated PL iityews. inverse temperature to extract the deatitimaenergy

Eq (D).

To minimize any interface-related effects, whicluldoinfluence the measurements the
results were compared with investigations obtaimed Standard PL setup’ condition.

81



5. Other thin-film Si phases — amorphous and miysialline Si

Interferences appear in the spectra in this setopegtry. The temperature dependence of the
PL spectra is shown in figure 5.1.1.2. The speat@ normalized on the maximum. The
strong differences between the temperatures requitléplication factors are shown. Those
are given for each curve. Luminescence signal fglass is removed and interference
patterns are suppressed in the shown spectra.niakes peaks between 0.8 eV and 1 eV at
higher temperatures are induced by remaining etterices. At lower temperatures these
peaks are less significant because of the veryngtiocrease of the a-Si:H signal with
decreasing temperature. Two material specific PAkpean be distinguished. The first one is
localized at 0.9 eV and dominant at high tempeegtuit is related to traps within the bandgap
of a-Si:H and often observed in doped a-Si:H wiihhbr defect concentrations. At lower
temperatures, the peak around 1.2 eV becomes doinihas related to transitions between
tail states. The intensities of both peaks increatie decreasing temperature, but the increase
of the tail-to-tail peak is much stronger. The dea@ation energyEy was extracted by fitting
and is equal to 107 meV and shown in figure 5.10).2This is just slightly lower as the 120
meV for bulk a-Si:H [Eng1977].
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Figure 5.1.1.3:Influence of interface recombination on PL: Spadaif single-junction a-Si:H cell without and
with back contact (BC) (a); spatial inhomogeneitiea-Si:H layer only detectable on cells withoatk contact

(b).

Further, investigations of the spatial distributaere realized by scanning PL, which is
only possible in ‘Standard PL setup’. Completelggassed a-Si:H/pc-Si:H tandem cells were
found to be characterized by a very homogeneoushiison of the entire PL features over
wide ranges of the mini-modules. But investigationspartly processed cells show that this
homogeneity is a result of thin-film effects, tddat is illustrated by investigations on single-
junction a-Si:H cells, because of the strongly msgbimpact of interference patterns. Figure
5.1.1.3(a) shows the luminescence spectra of singletion a-Si:H cells with and without
back contact (BC). The typical defect-related paakabout 0.9 eV is only overlaid by the
spectrum of the glass substrate (see Fig. 5.1.THi3. defect-related peak strongly decreases
on samples with back contact due to the enhancexifase recombination. A similar
magnitude of recombination at the interface tolibek contact was observed on completely
processed tandem cells. The interface recombinaigpresses spatial inhomogeneities in
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the amorphous silicon layer, which are only detdetaon samples without back contact
(Figure 5.1.1.3(b)). It should be emphasized thas¢ inhomogeneities are not related to
regions of nano- or microcrystalline silicon in tamorphous silicon matrix, which is often
observed in PECVD processes [R0s2003]. The inhoneages regions are completely
amorphous and could indicate regions of differeafedt densities. It is also implied that the
interface between a-Si:H (uc-Si:H) and the metdléick contact are characterized by a higher
affinity to interface recombination than the inger to air. This result is very important
concerning the transferability of knowledge fromkbmaterials to thin-film ones. Here the
interface recombination does not only influencegpatial distribution of PL but also the PL
spectrum.

More detailed investigations of several partialtgqessed cells (e.g. single-junction a-Si:H
cells, tandem cells without back contact, etcQwadd a rough estimation of the contribution
of each layer to the integrated PL intensity. Tiealustrated in a scheme (Fig. 5.1.1.4).

Glass + a-Si:H
+ interferences

WY

/ \ a-SiH

‘i i i i’ Hc-SiH

Figure 5.1.1.4: Sketch of the luminescence created in the a-S¢t$iH tandem cell: Main luminescence
generated in a-Si:H/TCO interface. Detected PL alige mixture of luminescence from glass and a-Si:H
overlapped by interferences.

Laser

Glass

/lr

It was found that the main part of the luminesceiscgenerated in the region of the a-
Si:H/TCO interface. That indicates a high defeatsily there, which is probably assisted by
the rough interface structure. Other luminescegiores are the glass substrate and the ‘bulk
of the a-Si:H layer’. Next the generated lumineseeareates optical interferences in the cell
stack, mainly in the pc-Si:H layer. At the end thetected PL signal is a mixture of material
specific luminescence from glass and a-Si:H overdpby specific interference patterns. The
most important result of PL investigations on @lyi processed cells is that no significant
dependence on the kind of excitation could be ofeskrTypically PL measurements were
carried out by excitation of the a-Si:H cell by tmeident laser beam. The back contact
restricts the ability to excite the pc-Si:H layaredtly. So it could be suggested that the
missing PL signal from the pc-Si:H cell is causgdhos specific setup configuration, where
more than 90 % of the laser light is absorbed m @kSi:H cell. To eliminate this effect
experiments were performed on cells without baaktacts and used excitation from side of
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the pc-Si:H cell. Even in this conditions only safjrfrom the a-Si:H can be detected.
Therefore, the absence of PL signal from the migsialline layer must be caused by a very
low level of radiative recombination in the botta®ll, which is additionally overlaid by the
much more intense PL signal from the top cell. SImsurements on single-junction pc-Si:H
cells are necessary to get information about #yierl.

In summary, there is only PL signal detectable fréme amorphous silicon layer,
independent on the setup.

Raman investigations:

Raman measurements were performed on several eygestially processed a-Si:H/pc-Si:H
tandem cells. Unfortunately, it turned out that #wecitation from the glass side is not
possible, because of insufficient Raman intensithegprobable reason for this is the high
sensitivity of the Raman signal on the laser foduss is enormously complicated due to the
overlying glass and TCO layers. Therefore, only sneaments on samples without back
contact and excitation from the backside were |bpbssi
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Figure 5.1.1.5:Raman spectrum of a-Si:H/uc-Si:H tandem cell withmack contact excited from pc-Si:H cell.
The inset shows the entire spectrum. The maindiggia magnification of the important part, whishused for
the determination of the Raman-crystallinky = 57 % by deconvolution into the different compuotse(see:
sub-chapter 2.2).
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The Raman spectrum of the completely processectarwll excited in this geometry is
shown in figure 5.1.1.5. The inset shows the ergrectrum and the main figure shows the
important spectral range, which is used for theodeolution of the crystalline, intermediate
and amorphous peaks. They are used to determinBah®en-crystallinityXc by equation
(2.2.1). The obtained value is 57 %. This is indjagreement with the desired crystallinity of
the pc-Si:H cell. That is a surprising result. Bxpected value should be lower than that one
of the pure pc-Si:H cell, because of the additianalitation of the a-Si:H cell. Note that PL
and Raman are excited by the same laser waveleRgtmeasurements do not exhibit any
signal from the pc-Si:H, even under direct examatof the pc-Si:H layer (same geometry
used for Raman measurements). A part of the exipbemianight be the shorter focal length of
the laser beam (~ 2 cm) in the Raman setup compare®L. That makes Raman
measurements more sensitive to the surface. Howtnesentire reason for the missing signal
from the a-Si:H layer is still unknown. It might peobable that the Raman intensity of the a-
Si:H layer is rather low. In this case it would egtremely complicated to separate both
signals. However, Raman and PL are complementahnigues on completely processed a-
Si:H/uc-Si: tandem cells, whereas PL is only séresib a-Si:H and Raman to pc-Si:H.

5.1.2 Results and Discussion — EBIC investigations

EBIC investigations of the a-Si:H/uc-Si:H tandentasa@ells were performed by C. Krause.
The measurements were carried out on an SEM equlipfté a Gatan Digital Micrograph
system for quantitative EBIC. The beam energy gafiem 10 kV to 30 kV with a beam
current less than 100 pA. The used EBIC contaatstlae TCO and the back contact of
completely processed cells.

Figure 5.1.2.1:Degradation effects in EBIC on tandem cells: Ragpbint structure activated by the electron-
beam, but already latent in cell structure.
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Standard EBIC investigations of the lateral disttibn were not possible because of the
high interface roughness, which dominates all EBiages. It is not possible to minimize
this effect by imaging from different material dept where selected beam energies are
related to specific penetration depths. Such ingagbns were additionally complicated due
to the unknown composition of the back contact. alditional problem is the very high
sensitivity of the samples to light-induced degatien. That leads to fast degeneration (few
seconds), even at extremely low EBIC currents. Thalearly visible in figure 5.1.2.1, where
the degradation causes a regular point structutk,ardistance of 30 um. Thereby the sample
was twisted 30° to the scan-direction of the etectvteam to exclude a direct correlation
between the point structure and the excitatioshtiuld be emphasized that the structure is
independent in the beam energy and therefore presatl layers. All this indicates that the
structure is already latent in the cell structunge do a production process and just
permanently activated by the electron-beam.

Surprisingly EBIC measurements on the cross-seetene possible, which require higher
demands to the setup. Of course, parasitic effeatd) as electrical charging of the glass, are
still present. Contrary to PL, the EBIC signal wamslected only from the microcrystalline
layer in the tandem cell. This is shown by a congoar of the secondary-electron image (SE)
giving topological information, and the EBIC imaggving the electrical activity (Fig.
5.1.2.2). One can clearly see that no signal isafable in the a-Si:H layer.

The missing EBIC signal from a-Si:H cell is probalhused by a very high amount of
non-radiative recombination there. That is a verypsdsing result, because of the
investigations performed by PL, where a strongatiak recombination was detected from a-
Si:H. A possible explanation of these contrary obstons in PL and EBIC could be related
to high non-radiative recombination in both layeis.can be assumed that the total
recombination rates in a-Si:H are higher than irSukl. That is shown by EBIC, which
reflects the total recombination activity and iged¢able only in the pc-Si:H cell. However,
the probability for radiative transitions in pct$iis much lower than in the a-Si:H due to
indirect transition and the necessary momentumergasion. That is why despite of its lower
total recombination it is not observable in PLcbntrary a-Si:H is characterised by high total
recombination rate but due to the partially releotaiof the momentum conservation rule it
appears in PL.

Figure 5.1.2.2: Cross-section EBIC on tandem cells: Comparisorsemfondary-electron image (SE), giving
topological information, and EBIC showing electticectivity. No EBIC signal from a-Si:H layer can be
detected.
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However, EBIC and PL are complementary techniqtaes, To our knowledge, these are
the first cross-section EBIC measurements on tinm-fandem cells. Based on the above
investigations, it was demonstrated that the a/8ickSi:H tandem cell is a good example for
high challenging characterisation of complex thimfsamples. By adapting two, techniques
(PL and EBIC), which are well-established and orddlly designed for investigations of bulk
material, preliminary investigations on such laysistems were carried and allowed to
identify other features of these analysis techrsguwehich need to be further modified to
overcome these challenges.

Summary and conclusion:

Measurements along the cross-section of solarstatks depict high requirements to sample
preparation as well as investigation/characteonsateéchniques. If these requirements are not
fulfilled, then interpretation of the measured ddtecomes very complicated. Another
requirement is exact knowledge of the cell strieetaind the analysis technique. But even if
this is fulfilled a combination of several techngguis absolutely necessary to investigate the
entire cell structure, especially at very compleX stacks. Combined techniques can reveal
complementary sensitivities, such as between PLZE®Id PL/Raman. The reasons for the
missing a-Si:H signal in PL and EBIC are differesgnsitivities to radiative and total
recombination. That is contrary to bulk mc-Si, wh@&L and EBIC show a (slightly limited)
image of the distribution of excess carrier lifetim

In general, complex sample structures require inyasons of partially processed samples
under different setup conditions, e.g. excitatiamf different sides of the sample.

PL is highly influenced by interference patterng@mplex cell stacks consisting of layers
with thicknesses between a few hundred nanometers dew millimeters. Estimations of the
layer thickness from the interference patterns akvhicknesses of around 2 pm. This
indicates sensitivity to the sum of both Si cells.

Measurements on a-Si:H/pc-Si:H tandem cells exihifeatures, which are comparable
to those on a-Si:H of bulk thickness. That indisdteat thin a-Si:H layer behave like bulk a-
Si:H. Nevertheless, thin-film effects thin-film effts must be considered carefully. The strong
impact of interface recombination is restrictedtlwy fact that excess carriers can move freely
from the bottom to the top cell. Therefore, theeefifve layer thickness is not limited to 340
nm (top cell) but rather to around two micromet@op cell + bottom cell). However, the
impact of non-radiative recombination is still ddtdble. One example is the spatial specific
distribution of luminescence. That is clearly proy®y comparative measurements on samples
with and without back contact. Here the interfaeeombination does affect the spectral and
spatial distribution luminescence.

The applicability of Raman is limited by the reauirent of direct excitation of the Si
layers. Therefore, it can only be used on cellhout back contact. Raman exhibits only
signal from the pc-Si:H layer, without detectakliignal from the a-Si:H layer. That includes
the Raman-crystallinity of the pc-Si:H layer on #mire tandem cell. It is probable that this
is partially caused by low Raman signal from a-Si:H
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All these facts emphasize the need of measurenoengartially processed cells, such as
single pc-Si:H layers.

5.2 Characterization of 500 nm pc-Si:H on glass ssbrate

One of the characteristic features of the a-Si:F8ukEl tandem cells on glass substrate is the
absence of PL signal from the pc-Si:H bottom cgklizery low PL intensity was assumed as
reason. This signal would be overlaid by much motense signals from a-Si:H. Therefore,
PL investigations of the pc-Si layer were not ploleson completely processed tandem cells.
However, the pc-Si:H cell is one of the basic congma of the tandem cell and information
about its PL features are still necessary. Thabines clear by considering the enormous
impact of the exact deposition conditions on th&cap properties of pc-Si:H, especially in
PL. This impact is extremely high and was previgusported in many publications. PL
investigations on pc-Si:H films show very differespectra. Small deviations of the
deposition conditions (gas flow, temperature, eds.well as substrate properties (thickness,
type of glass, etc.) are extremely critical. Thgreko ‘typical’ PL peaks appear more or less
frequently at low temperatures (~ 10 K). The fioste is related to the tail states of the
remaining a-Si:H and localized between 1.2 eV ar8leV. The second one is localized
between 0.9 eV and 1 eV and is related to tailestaf the pc-Si:H [Bhal983, Mer2006,
Yue2000]. However, almost every PL feature is gaesin a wide spectral range, including
that no one of the ‘typical’ peaks appear [Boul9838s2003]. Therefore PL measurements
on single-junction pc-Si:H cells are necessaryharacterize the deposition process of the
solar cells. But, more important are informatiomuaithe physical aspects of microcrystalline
silicon — third key-question of this work. One exaenfor such aspects is the transformation
process from amorphous to microcrystalline silicon.

Investigated samples:

The investigated samples are a series of 500 nck thirinsic pc-Si:H layers on the same
glass substrate, which was used for the tanders. ddley differ in their crystallinity. This is
controlled by variations of the silane concentmatiynfortunately, it was not possible to
deposit pc-Si:H directly onto the glass substrateroTCO. A 10 nm to 20 nm thick,8l,
layer was placed between glass and silicon to ptesfgalling due to mechanical instabilities.
This layer supports the wetting and adhesion ofptb€Si:H layer. Despite of this effort the
stabilized thickness of the layer is limited to 508 instead of 1.6 um as in the tandem cells.
A sketch of the investigated samples is showngaré 5.2.1. The crystallinity of the pc-Si:H
layers were controlled by different silane to hygkn concentration. No back contact is
deposited on the samples to reduce the impact@ffaice recombination, which is higher on
Si/metal interfaces than on Si/air.
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Glass substrate ~ 3.2 mm

SixNy 10 nm - 20 nm

pc-Si:H ~ 500 nm

Figure 5.2.1: Sketch of the pc-Si:H samples: The pc-Si:H lagéifer in their crystallinity.

5.2.1 Results and Discussion — Raman investigations

Standard Raman measurements were performed tamieéethe Raman-crystalliniti{c of

the pc-Si:H films (see: sub-chapter 2.2). Figu&2»51 shows Raman spectra of samples with
various crystallinities. These samples were seledtw further PL investigations. The
analyses of the Raman spectra by equation (2.Bth)roRaman-crystallinities of 8 %, 23 %,
37 %, 54 % and 77 %.

\ X =37 % (x1);

- -]

L X=23% (x3.4)

Aty aransdhails o

X =8 % (x10.2)]

Raman intensity [a.u.]
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Figure 5.2.1.1:Raman spectra of several pc-Si:H samples witleidifft Raman-crystallinit{{c. The spectra are
multiplied by the factors in brackets for betterespal comparability. The grey spectrum shows CaSi
reference.
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Note that the sample with 54 % represents the atysty, which is desired for tandem
cells. A massive drop of the open-circuit voltagéc [Kle2003] characterizes
microcrystalline cells with higher crystallinityoShe sample with 77 % Raman-crystallinity
iIs added to this series for a complete overviewhef entire transformation process from
amorphous to microcrystalline silicon.

The spectra exhibit strong deviations in the Ranm#ensities. Therefore, they are
multiplied by several factors to give a better canability of the spectral features. These
factors are written in brackets. One can see thatintensity of samples with very low
crystallinity is rather low compared to the sampith 54 % Raman-crystallinity. That proves
the assumption from sub-chapter 5.1, where a Id@nsity from a-Si:H was assumed as one
reason for the missing Raman signal on the tandelfs. cThe increasing crystallinity is
characterized by increasing intensities of the Ramades associated with the crystalline and
intermediate components at around 520%camd 505 cni, respectively. The amorphous
modes decrease (e.g. the transversal optical mib@ ground 480 cih (see: sub-chapter
2.2)), simultaneously. Two other spectral featales denote the increasing crystallinity. The
first one is a shift of the crystalline and intediage peaks to the spectral position of pure c-
Si, which is represented by the grey spectrum eBSCZ he other feature is the shrinking of
the corresponding peak widths (FWHM).

These two parameters are related to the averagetihe forming nanocrystalline grains
(nc-Si:H). It is very important to note that Ramgpectroscopy cannot distinguish between
isolated grains in a-Si:H matrix and grains agglaatex to pc-Si:H columnar structures. This
must be considered during interpretation of theiioled data. Figure 5.2.1.2 shows an attempt
to extract the grain sizes on this basis, depenaintipe crystallinity. The dashed lines are fits
extracted from Ossadnik et al. [0ss1999]. It isam@nt to emphasize that the lines show the
correlation between the grain size and the peakipofpeak width without the additional
impact of internal stress. Such assumption is UistEain the investigated pc-Si:H films.
Therefore, the strong deviations from the dasheésliare not surprisingly. To reduce this
effect the data measured at Joint Lab IHP/BTU ammlined with data measured at the
PVcomB. Despite of this the plots exhibit enormetress-induced variations.
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Figure 5.2.1.2:Raman peak position (a) and peak width (FWHM)gb¥unction of the Raman-crystallinity: It
is possible to estimate average grain sizes bygudashed lines from [0ss1999]. Strong deviatione/éen data
points and dashed line are mainly induced by stiekgs include Raman data from PVcomB and Joirt La
IHP/BTU for higher statistical validity.

However, a tendency of increasing peak position dacreasing peak width is clearly
visible. An average grain size of around 1 nm carxXtracted at low Raman-crystallinities. It
can be assumed that these grains are isolated a-81:H matrix. In contrast to this, the grain
size at high crystallinities of around 11 nm is average of isolated grains and those
agglomerated to microcrystalline columns.

5.2.2 Results and Discussion — PL investigations

The five samples measured at Joint Lab IHP/BTU veetected for PL investigations. They
exhibit the widest range of Raman-crystallinity.eTéorresponding Raman spectra are shown
in figure 5.2.1.1. PL measurements on these sangpiesighly influenced by typical thin-
film effects, such as strong PL signal from glasbstrate. Therefore it is necessary to

deconvolute the measured spectra to obtain specibonation about pc-Si:H. All presented
results are corrected in this way.

The general dependences of PL of all samples aersin figure 5.2.2.1. Thereby the
dependence of the integrated PL intensity on thedRacrystallinity is of special interest. It
decreases of more than two orders of magnitudeniexponentially (Fig. 5.2.2.1(a)). The
error bars represent spatial deviations of the menisity (see: Fig. 5.2.2.5 and text). This
enormous decrease can partially explained by thucton of PL intensity in the
crystalline/intermediate parts of the samples. €ha®gions behave like indirect
semiconductors and are therefore characterized lwerg low probability for radiative
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recombination. That can be also described as a rtavebr amount of trapped carriers in
localized tail states.

:
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Figure 5.2.2.1: Dependences of integrated PL intensity on Ramgstaliinity Xc and temperature: The PL
intensity at 80 K decreases drastically with insire@Xc (a). The deactivation energiEg are mainly dominated
by interface recombination at the sample surfaced iaterfaces within the samples (e.g. a-Si:H/ué&tSi
interfaces) (b). Sketch of the non-radiative swefeterface recombination paths in thin pc-Si:kh8l(c).

Nevertheless, a simple estimation indicates thatapproach is not sufficient to explain the
entire decrease of the PL intensity. Let us assiinaiethe crystalline components of pc-Si:H
layers do not exhibit any luminescence. In thaedhag integrated PL intensity of the sample
with 8 % Raman-crystallinity should be 8 % lessthize intensity of the pure a-Si:H. But the
actually measured PL intensity decreases of mae 89 %. The reason for this unexpected
decrease of the PL intensity is the additional gmes of non-radiative recombination
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processes at interfaces. That includes recombmatiograin boundaries formed during the
transformation process from amorphous to microaflyse silicon. Such recombination

processes can appear at two different kinds ohdraundaries. It can be grains in the a-Si:H
matrix as well as pc-Si:H/pc-Si:H grain boundarighat is proved by analysis of the
temperature dependence in figure 5.2.2.1(b).

The extracted deactivation energigsdecrease from meV for pure a-Si:H to 28.9 meV for
the 77 % pc-Si:H sample. At first, it must be engibed that these energies are significantly
too low for amorphous as well as for microcrystalsilicon. For example the expected value
for bulk a-Si:H should be around 120 meV [Eng19EAjen for the a-Si:H/pc-Si:H tandem
cells a deactivation energy of 107 meV was extracte

These energies represent the barrier height betiveerbulk states (e.g. defect leve}
and conduction banéc). So the measured strong deviation is partiallysed due to the
lower thickness of the layer. That makes interfem®mbination more important as in bulk
materials or tandem cells, where excess carrigrsy@ave freely through bottom and top cell
(~ 2 um). Therefore, the deactivation enefgyon the thin pc-Si:H layers does not represent
a barrier between different material specific bsléates, but rather between a bulk state and
interface states. That is illustrated by transitiom figure 5.2.2.1(c). So the different sample
geometry/layer thickness leads to a constant demiatrom energies obtained on bulk
material. But the further decrease of the energigs increasing crystallinity can not be
explained by that because of the constant samlentsss. Therefore, differences within the
layers must be considered. The increase of cristglinanifests in an increasing amount of
interface states, additionally to those causedhey layer thickness itself. These interface
states are related to interfaces within the lagexs become created during the crystallization
of silicon. At low Raman-crystallinities the intades are formed by isolated nc-Si:H grains in
the amorphous matrix. But at higher values therfates at the pc-Si:H/uc-Si:H grain
boundaries become more and more important. Thesgelsantern interface recombination
processes are illustrated by transition 2 in figuée2.1(c).

PL spectra of the five samples investigated by Raara shown in figure 5.2.2.2 at 80 K.
A spectrum of pure a-Si:H is added for getting anplete overview of the transformation
process from amorphous to microcrystalline silicbhe spectra are normalized to focus on
the spectral distribution of the luminescence, beeaof the very strong differences in PL
intensity (see: Fig. 5.2.2.1(a)). The spectra dtedf by several Gaussian peaks and labeled
accordingly to the corresponding radiative trangsi

Pure amorphous silicon shows a well-known specttansisting of two very broad peaks.
The main one at 1.2 eV is related to transitionsvben the tail states and the smaller one
belongs to transitions between defects and taésta his peak is localized at about 0.9 eV.
In case of puc-Si:H four peaks can be distinguisinddch exhibit specific dependences on the
crystallinity. The use of inverted commas in thelpdabels was originally adopted from
Merdzhanova et al. [Mer2006]. But during the aniglyis turned out that the use of the
inverted commas helps to separate transitionsratigig in the same phase of silicon but
characterized by different physical properties. Tils peak in pc-Si:H is localized between
1.3 eV and 1.4 eV. It is probably related to nagsiailine silicon and therefore labeled ‘nc’-
Si:H. It was previously detected by Yue et al. [¥Y889], but not associated with
nanocrystals. The other three peaks can be compatediterature data quite well. The ‘a’-
Si:H peak (1.2 eV - 1.1 eV) represents the tramsitibetween tail states in the remaining a-
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Si:H matrix. The ‘uc’-Si:H peak between 0.9 and\ &nd the ‘defect’ puc-Si:H peak at
around 0.8 eV are related to tail states of pc-Samtl radiative defects in pc-Si:H,
respectively. The attribution of these three PLkge@ specific transitions in silicon is quite
reliable. Similar results can be found in varioapgrs, despite of the fact that the exact PL
features are characterized by differences causedliffgrent deposition conditions. An
example for this is the defect-related peak. Itectjal position varies between 0.7 eV
[Mer2006] and more than 0.8 eV [Yuel999]. The im@ot point is that these peaks appear
quite frequently and so they can be considere@@®ducible. This is in contrast to the ‘nc’-
Si:H peak between 1.3 eV and 1.4 eV, which was ahlserved by Yue et al. [Yuel999,
Yue2000] at low crystallinities. Therefore, itsrdgtition to silicon nanocrystals is more
hypothetically.

Norm. PL intensity [a.u.]

0.8 1.0
Photon energy [eV]

Figure 5.2.2.2:Normalized PL spectra of puc-Si:H samples withatéht Raman-crystallinitXc and pure a-
Si:H at 80 K. Spectra are fitted by Gaussian pédéished lines). The peak labels are explainedeinetkt.

The most important parameters of all four peakdlz@geak energi,ea and the intensity
relative to the intensity of the entire spectriygn These values are summarized in table
5.2.2.1 depending on the Raman-crystalliddty Note that the indicated spectral accuracy is
lower than in chapter 4 due to the higher impactgtdss luminescence during the
deconvolution of the spectra. But on the invesédaic-Si:H layers it is not critical because
of the high broadness of the peaks instead of thiée cgharp peaks in case of oxide
precipitates.
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The ‘nc’-Si peak shifts to higher energies of ambdmd eV with increasing crystallinity. Its
relative intensity decreases to a very low levetl aranishes completely at very high
crystallinities. This behavior can be explained sidering the fact that the isolated nc-Si:H
grains within the amorphous matrix start to aggloatee to microcrystalline columnar
structures with increasing crystallinity.

Xc Epeak Epeax Epeax Epeax lrer.'NC'- | lrer@’™- | lrel.'UC’- | lrel. ‘defect’
‘nc’-SicH | ‘a’-Si:H | ‘uc’-SicH | ‘defect’ pc-| Si:H SitH | SiiH[%] | pc-Si:H
[eV] [eV] [eV] Si:H [eV] [%0] [%0] [%0]
8 % 1.29 1.21 0.99 0.85 18.5 61.3 8.8 11.3
23 % 1.35 1.16 0.97 0.84 14.9 63.2 10.3 11.6
37 % 1.41 1.12 0.94 0.81 1.8 42.3 47.2 8.6
54 % 1.43 1.11 0.93 0.82 4.3 40.5 40.3 14.8
77 % / / 0.93 0.83 / / 49.8 50.2

Table 5.2.2.1:Comparison of parameters (peak enefgy, relative intensityl,q) of the pc-Si:H PL peaks in
figure 5.2.2.2 depending on the Raman-crystalliKity

Nanocrystalline silicon is characterized by a sgroarrelation between the PL peak energy
and the grain size. The smaller the grain gizee bluer is the maximum of the PL signals
Ep.™". This relation is given by following equation [L2@D0]:

373  0.881
+

1.39

g g

Eo ~0.245

:EO+

(5.2.2.1)

whereEy is the bandgap of ¢-Si 1.17 eV. The detected peakgy can be understood based
on quantum-confinement, i.e. by the radiative relsimation of electron—hole pairs confined
in silicon nanocrystals. In this model, the emittechinescence energy of the electron-hole
pair is shifted towards higher energies [Led200H)e broadness of the ‘nc’-Si:H peak
denotes a wide distribution of grain sizes. Accogdio equation (5.2.2.1), it is possible to
determine the grain size from the PL spectra inrBgh.2.2.2. The estimated grain sizes vary
from around 13 nm (1.1 eV) to around 4.5 nm (1.9% &he upper grain size is quite high
but still in the order of previous results obtainbg TEM measurements [Houl998,
Luy1997]. The lower one is highly limited by thensdivity of the Ge-detector at higher
photon energies. According to this, the presencaddller grains is very probable, especially
when the grains start to form in amorphous silichme peak width (FWHM) of the ‘nc’-Si:H
peak represents the size-distribution of grainsleltreases from 0.27 eV (8 % pc-Si:H) to
0.13 eV (54 % pc-Si:H). That is illustrated in frgub.2.2.3, where the broadness of the ‘nc’-
Si:H peak and equation (5.2.2.1) are combined ternene the size-distribution of single
nanocrystalline grains within the amorphous matiikere one can see that bigger grains
seem to vanish anywhere with increasing cryst@yliand only smaller grains remain. This
might indicate that bigger grains are favored fgglameration to pc-Si:H columns (see: sub-
chapter 1.3). After agglomeration, these grainstdmninescence in the spectral range
associated with the ‘uc’-Si:H peak instead of th&-Si:H one. It is probable that these grains
can growth slightly further. The remaining ‘nc’-8isignal comes from smaller grains and is
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therefore shifted to higher energies and the pemkhwdecreases. This suggestion is in
agreement with the expected transformation protess a-Si:H to pc-Si:H, where nc-Si:H is
an intermediate phase. The ‘nc’-Si:H peak vanistoespletely at high crystallinities just like
the ‘a’-Si peak. It is probable that newly formed-$i:H grains become directly embedded
into the pc-Si:H columns at very high crystalliegi
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Figure 5.2.2.3:Distribution of nanocrystalline grain sizes in ficH samples: The grain sizes are extracted from
the broad ‘nc’-Si:H peak in the PL spectra (Fig2.8.2) and calculated according to equation (512.2.
[Led2000]. Bigger grains become preferably embeddedc-Si:H columns. Attention: The detection ofvkr
grain sizes is highly limited due to the sensitivof the Ge-detector at higher photon energies.

In the next step the grain size estimated from RLcampared with those obtained from
Raman measurements. One big difference betweentbolimiques is obliviously clear. At
low crystallinities (8 %) Raman exhibits an averagain size of around 1 nm. In contrast to
this PL yields a broad distribution up to 13 nm.t&lthat PL is limited by the sensitivity of
the detector. Therefore, smaller grains can notdbtected and so bigger grains are
overestimated. Raman seems to be more reliabléighnrange of crystallinity. At high
crystallinities, Raman yields an average grain sizaround 11 nm, which is higher than the
values obtained by PL of 5 to 7 nm. In this caseust be considered that PL is only sensitive
to single nc-Si:H grains in the a-Si:H matrix, besa of the selected PL peak. But Raman
gives an average size of both types of grains,|esioges and agglomerated ones. Therefore
the value extracted from Raman spectra must bétla liit higher because of the further
growth in the pc-Si:H columns. In summary, it ig possible to obtain reliable data of the
grain size by only one technique. But combined diaten Raman and PL can give a quite
good estimation of the actual grain size. At lowstallinities, PL overestimates the grain size
and Raman should be preferred. At high crystaiéigaiPL and Raman give reliable values for
the grain size, considering the neighborhood ofjtlaéns — other grains or a-Si:H.

The ‘a’-Si peak shifts to lower energies and tHatiee intensity decreases with increasing
crystallinity. It vanishes completely at crystallies of about 77 %. Thereby the peak width
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(FWHM) decreases significantly from 0.29 eV (puf8idd) to 0.11 eV (54 % pc-Si:H). It is
not totally clear if these changes are relatednty iateractions of a-Si:H with the forming
silicon grains or if it denote a real change ofiagitstructural properties of amorphous
silicon. Assuming a real change, the decrease ak padth could be explained as a process
of ordering within the amorphous silicon. So thedo peak width would represent a reduced
deviations of bond length and bonding angles inoedered ‘a’-Si:H phase, compared to
ordinary a-Si:H. Such approach of explanation isdut describe the reduced width of the
‘uc’-Si:-H peak compared to pure a-Si:H and it se@hasisible to use it here, too. However,
the use of the inverted commas is absolutely nacgs$s separate the ‘a’-Si:H phase from the
ordinary form of a-Si:H.

Simultaneously with the decreasing intensities he#f ta’-Si:H and 'nc’-Si:H peaks an
increase of the microcrystalline ones (‘pc’-Si:Hlddefect’ pc-Si:H) can be observed. The
redshift of the ‘uc’-Si:H peak (from 1 eV to 0.9¥)eis similar to the redshift of ‘a’-Si:H.
This could indicate an ordering process, too. Timetee grains would growth closer to each
other forming a higher density of Si grains withiire pc-Si:H columns. The relative intensity
of the defect-related peak keeps quite constantoufhe range of crystallinity, which is
desired for solar cells. But at higher Raman-ctiysity it increases drastically. It even
exceeds the contribution of transitions betweent#nstates of ‘uc’-Si:H peak. That agrees
with observations made by Yue et al. [Yuel999]. yTdetected a strong increase of low
energy luminescence (defects in pc-Si:H) at higrstatlinity and associated this with the
strong impact of the grain boundaries.

A careful view on table 5.2.2.1 shows that the pemadrgies of the ‘a’-Si:H and the ‘uc’-
Si:H peaks changes quite drastically at lower atysities. But at higher values the energies
start to stabilize at a certain level. That migidicate the point of transformation from the
ordered ‘a’-Si:H phase to a more or less disordgretdSi:H and further ordering within the
pc-Si:H columns, respectively.

The temperature behavior of the PL spectra is showigure 5.2.2.4 on the example of
the pc-Si:H sample with 37 % Raman-crystallinityhefe are no significant differences
between the temperature behaviors of the other Isamfll four peaks show a shift to lower
energies with increasing temperature, which is edusy bandgap shrinking. It should be
emphasized that the ‘nc’-Si:H peak is only detdetah temperature below 200 K. Note that
the redshift of the ‘a’-Si:H peak is more intense30 meV) than the shifts of the peaks,
which are related to microcrystalline Si (‘uc’-Sidhd 'defect’ pc-Si:H) (~ 10 meV). The
difference in the magnitude of the temperaturet slaih be explained by the attribution of the
peaks to different phases of silicon. The ‘a’-Spébk behaves similar to ordinary amorphous
Si, whose temperature shift is more intense tha ¢ime of crystalline silicon. This was
calculated by Luckas et al. [Luc2011] using thesWai formula. Investigations of the ‘nc’-
Si:H peak shift are limited by the lower temperatwange but it is roughly comparable with
reference data [Fuj1998]. The same magnitude otehwerature shifts of the ‘defect’ pc-
Si:H and the ‘uc’-Si:H peak supports the assumptiwt the radiative defects are related to
microcrystalline and not to amorphous Si.
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Figure 5.2.2.4: Temperature dependence of the PL spectra on twma of the pc-Si:H with 37 % Raman-
crystallinity. Arrows mark the temperature shift.

PL Mapping performed investigations of the spatiatribution of luminescence. Two
examples are given in figure 5.2.2.5. There onesenPL Maps of the samples with 23 %
and 77 % Raman-crystallinity. The maps exhibit esesl (mostly dark) and finer (mostly
bright) regions within a quite homogeneous backgdoof the pc-Si:H signal.

(a) (b)

Figure 5.2.2.5: PL Maps on pc-Si:H samples with 23 % (a) and 77R#man-crystallinity (b). The
inhomogeneous regions are in the order of 25 % iaddpendent on the selected spectral range. Statist

analyses of all PL Maps do not show any correlatietween Raman-crystallinity and spatial deviatiohthe
PL signal.
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It is important that these regions are independenthe spectral position of luminescence.
That means that the regions do not illustrate dfie Si phases, such as a-Si:H or pc-Si:H.
Statistical analysis of all maps (standard dewvmagtc.) do not obtain any correlation between
the crystallinity and the inhomogeneity of the séaapThe only difference of the PL Maps is

the absolute PL intensity. The relative deviatisnthin the maps are in the same range of
around 25 % and were considered in the correlatietween PL intensity and Raman-

crystallinity (see: Fig. 5.2.2.1(a)). That couldlicate instabilities in the deposition process of
the pc-Si:H layers. Similar results were obsengdchfSi:H (see: sub-chapter 5.1).

Summary and conclusion:

Rather low Raman intensities in amorphous/sligbtlystallized pc-Si:H films compared to

those of higher crystalline samples were assumddeitast chapter. This is confirmed in this
chapter. Actually the intensity of the 8 % pc-SidHabout 10 times less than that one of
crystallinities desired for tandem cells. Therefareinfluence of the a-Si:H top cell can be
detected on Raman measurements on the a-Si:H/Hct&ndem cell. So the calculated

Raman-crystallinity on a-Si:H/uc-Si:H tandem cetlan be considered as equal to the
crystallinity of the pc-Si:H bottom cell alone.

It was possible to detect pc-Si:H signal by PL pacglly prepared samples without the
dominating a-Si:H layer. However, the effort in reg@@ment time and time for data analysis
increases significantly, despite of the more singak structure. This is partially caused by
the much lower PL intensity of pc-Si:H layers, whis overlapped by luminescence from the
glass substrate. Indeed the glass signal is uf tin#es higher than that one from pc-Si:H,
depending on the crystallinity. The low intensigcbmes additionally reduced by the limited
layer thickness of 500 nm, instead of 1.6 um aghéntandem cells. The differences in the
deposition conditions between the tandem cell aedspecially prepared pc-Si:H layers may
also affect the spectral features of the PL sighlaét includes the different layer thickness as
well as the different substrate. Therefore, it miostemphasized that the obtained results
cannot be directly transferred to the tandem cells.

The most important thin-film effect is the enhanaetombination at interfaces. On
samples with layer thicknesses less than the geoerdepth of excess carriers it does not
only affect the spatial distribution of PL (seeapker 3), but also other PL features, such as
the deactivation energy. The deactivation enerfpwal the determination of barrier heights
between a trap level and the conduction band, Ik amples. But on 500 nm pc-Si:H the
deactivation energy represents the barrier betvademk trap state and states in the bandgap
created by interfaces. However, that was a heipfiication for the increasing formation of
interfaces within the sample (e.g. nc-Si:H grama4Si:H matrix). That is a good example for
successful adjustment and transfer of methods tvatk Si to thin-film ones — the second
key-question of this work.

The importance of exact determination of the impzfcthin-film effects is emphasized
again. If this is successful, combined techniqaash as PL and Raman, offer a possibility to
understand the transformation process from amophou microcrystalline silicon. For
instance, it was possible to get quite reliableadatt the sizes of the grains by careful
interpretation of the data from both Raman andAmodel was obtained, which describes a

99



5. Other thin-film Si phases — amor

phous and miysialline Si

stepwise transformation from a-Si:H to pc-Si:H. [€ab.2.2.2 shows every ‘transformation
step’ with the corresponding PL- and Raman features

Transformation from a-Si:H to pc-Si:k

q PL-/Ramantteas

1.) | Transformation starts with a process |ef Redshift and decreasing peak width
ordering in a-Si:H. The typical deviations [of of ‘a’-Si:H PL peak
bond length and bond angle become reducgd-to/ery dominant signal from a-Si in
a more ordered structure. The resulting |a- Raman
Si:H differs from ordinary a-Si:H.

2.)| Single isolated nc-Si:H grains start |te Appearance of very broad ‘nc’-Si:H
crystallize in ‘a’-Si matrix. The grains exhilit peak in PL
a wide range of grain sizes up to 13 nm. The Decrease of low deactivation
average size is around 1 nm. The term ‘Nc’- energies with increasing crystallinity
Si:H denotes different distributions of grgin in PL
size. — Crystalline signal in Raman

— Grain sizes extracted from PL apd
Raman

3.) | Bigger nc-Si:H grains starts to agglomeratg to Presence of ‘uc’-Si:H PL peak
columnar pc-Si:H structures. Smaller nc-S|:H Blueshift and decreasing width pf
grains remain in ‘a’-Si:H matrix. ‘nc’-Si:H PL peak

4.)| Smaller nc-Si:H grains become direcfly Disappearance of ‘a’-Si:H and ‘nc-
embedded in pc-Si:H columns at higher Si:H PL peaks
crystallinities.  Microcrystalline  columns
become dominant and regions of isolated |nc-
Si:H grains in a-Si:H matrix vanish.

5.) | Grains in ‘puc’-Si:H columns order to a higher Redshift of ‘uc’-Si:H peak in PL
density. The term ‘uc’-Si:H denotes differgnt
states of ordering in microcrystalline Si.

6.) | Defects related to grain boundaries of pc-Si:H Stronger increase of ‘defect’ pg-

become dominant at high values

crystallinity and lead to a decrease of radia
recombination by tail states in pc-Si:H. Fi
average grain sizes are in the order of abou
nm. This value agrees quite well with m
TEM measurements on several pc-Si:H film

of Si:H PL peak at high crystallinity

ive Decrease of ‘puc’-Si:H PL peak

nal high crystallinity

t11Grain size extracted from Ram

DSt and PL
S.

The entire process is quite disordered
chaotic, which results in an enormous st
level in the Si films.

aRd Strong  stress-induced variations
esspeak position and peak width
Raman

of
in

Table 5.2.2.2: Model of the stepwise transformation from amorpghda microcrystalline silicon and the
corresponding PL-/Raman features.
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Of course, this model is not totally new and basadknowledge obtained from other
techniques (e.g.: known typical nc-Si:H grain dimen TEM [Luy1997, Hou1998]) partially.
Nevertheless, it is still remarkable to observenstmmplex process just by PL and Raman. A
special care should be on the presence of the plaiserdered amorphous (‘a’-Si:H) and
nanocrystalline silicon (‘'nc’-Si:H). These phases ot investigated in detail, up to now.

The obtained stepwise model will be compared witaldished models from literature
[Mat2004, Kas2006] now. There the growth of puc-Stah be separated into two parts. The
first one deals with processes on atomic scale,chwhHorms a basis for the further
crystallization/growth processes of pc-Si:H. Threedels have been established to describe
this: surface-diffusion model, etching model, arrmical-annealing model. All of these
models deal with a huge impact of hydrogen atorhgyTinteract with the amorphous Si and
lead to the formation of structure that is moreeoed and/or stronger Si-Si bonds. This can
be associated with the suggested presence of ar @dSi:H phase. The second part
describes the crystallization process itself. Tloeleh suggest crystalline islands in the a-Si:H
matrix and the second part of the pc-Si:H growtbcpss begins, where the islands act as
nucleus for further crystallization. These islamds be associated with the detected nc-Si:H
grains. Smaller agglomerations of a few grains fossible, too. Following the model, an
enforced coalescence of the islands takes placetaldlkee enhanced surface diffusion of
silane, which results in a smooth surface. Thiggitse to an internal stress, mainly in the a-
Si:H layer. Here the model allows to localize thrggio of the detected stress in pc-Si:H
layers. After that, the surface roughness is erdgtamtie to an orientation-dependent crystal
growth rate. This allows the final formation of tblearacteristic pc-Si:H columnar structures
with their very high amount of twin boundaries Ipjitaxial-like crystal growth. In summary,
the suggested model obtained by PL and Raman agpeies well with models from
literature. But it is obviously clear that PL andrRan do not offer a view into process on the
atomic scale.
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6. Electroluminescence investigations on bulk mc-Si
solar cells

Additional to investigations on thin-film samplesvestigations were also performed on

completely processed bulk mc-Si solar cells. Thetdle focus was on electroluminescence
(EL). Sub-chapter 6.1 deals with the specific terapge behavior of BB luminescence in

case of excitation by electrical current. It diffesignificantly from the behaviors in PL. Sub-

chapter 6.2 deals with a special type of defeciclvdoes not emit any luminescence in case
of PL. But under excitation by reversed bias ittsmspecific luminescence features (ReBEL),
which are related to breakdown sites.

These measurements might be helpful for furtheestigations on thin-film samples
dealing with the same topics. Therefore, the bpsicesses must be understood at first on
bulk material without the parasitic effects on thiims. That would give the needed reference
for the desired knowledge transfer.

6.1 Anomalous temperature behavior of band-to-band
(BB) EL in mc-Si solar cells

Although, the silicon luminescence is a phenomerxtensively studied for many years,
some details specific for the luminescence of sokl material still attract the scientific
interest. For instance, the impact of several akom conditions on the temperature behavior
of the band-to-band (BB) luminescence intensitycdee of PL, the temperature behaviors are
associated to different material qualities. Thenmartemperature behavior, a decrease of PL
intensity with increasing temperature, is assodiate high-grade silicon. The anomalous
temperature behavior, an increasing PL intensiti wicreasing temperature, is associated to
low grade Si. This was already discussed in sulpteinal.2.1. This chapter is about the
temperature behavior of the BB intensity duringreeasurements. It turned out that there is a
big impact of the excitation conditions. Therefore,is not so easy to compare results
obtained by PL with those obtained by EL. The samplere studied with the PL Imaging
setup and the setup for temperature dependent Blsumaments, which are described in sub-
chapter 2.1. The obtained results were publishé&hisical Status Solidi (c) [Klo2011].
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Investigated samples:

A solar cell fabricated on a standard block castpe silicon wafer with thickness of 180 um
was subjected to electroluminescence imaging of&fative transition at room temperature
by an InGaAs camera. Areas exhibiting quite unifdwm either weak or strong luminescence
were selected (Fig. 6.1.1). Samples of size appratdly 2 x 2 mrfy containing contacting
fingers on top were prepared from those areas. €eatyre dependent measurements were
performed on 3 samples, which were extracted frodasashowing high luminescence (P1
and P3) and area of low luminescence (P2).

Figure 6.1.1: EL imaging of a mc-Si solar cell at 300 K. Markeggions are selected for temperature
dependence measurements, because of differentt&tsities.

Results:

EL spectra of the samples were recorded at diftetemperatures and different forward
currents. The integral of the BB peak in the s@euwtas taken as a measure of the radiative
recombination rate. A linear dependence of theriensity on the exciting current was found
for all measuring temperatures on all samples. §haranties operating in the low-injection
regime and prevents any parasitic effects of higgction. Figure 6.1.2 illustrates the typical
dependence on the exciting current at 300K. Themxgntal points were fitted with straight
lines to emphasize the linear dependence on thikatan. The slopes of the lines for the
samples extracted from the ‘good areas’ (P1 andPBe wafer are higher than that from the
low quality one. At very low current densities @l 10 mA/cnf) no luminescence was
detectable. It might be possible that this is beeaaf the radiative fraction of the space
charge recombination at low voltages [Mic1969].

103



6. Electroluminescence investigations on bulk medbar cells

R———————r—————

10+

EL-intensity [a.u.]

(o]
T

EL intensity [a.u.]

P1
o P2
300K A P31

10 15 20 25 30 35
. 2
Current density [mA/cm’]

Figure 6.1.2: Integral BB intensity as function of current depsit 300 K. The solid lines are linear fits to the
experimental data. Inset shows EL spectra at PQ K38nd 100 K).

The inset shows the temperature dependence of Etirgpat P1 (current density 31.1
mA/cn?). Surprisingly, in case of EL all samples show ammalous behavior, namely,
increasing signal with temperature (Fig. 6.1.3)t Ible rate of this increase differs.
Comparative measurements of the temperature behavaase of PL were excited by a ns-
Laser (Continuum Precision 2 equipped with PanE¥IOPO) with a pulse length of around
5 ns and a repetition rate of 30 Hz. The wavelengib fixed at 800 nm and the averaged
laser power was 30 mW. The opposite behavior isatied in case of PL experiments. This is
shown in figure 6.1.3 on the example of sample P1.
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Figure 6.1.3:Contrary temperature behaviors of the BB intenisityase of EL and PL.
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Peak position and peak width (FWHM) of the BB péallow the expected behavior for
silicon in the entire temperature range. Figured6shows the temperature dependences of
those two parameters (symbols) together with theeeted dependences (dashed curves). The
expected position of the peak was calculated bysMifs formula [Varl967] accounting for
the temperature induced band gap shrinkage andh&renergy of the optical phonons
mediating the transition. The temperature-inducegkproadening was estimated assuming a
transition between two 3-dimensional energy bamdsaccording three-dimensional changes
linearly with temperature. The temperature depeoel@f the peak width is proportional to
the value for direct semiconductors k8wherek is the Boltzmann constant [Schul997].
Deviations of peak position and peak width from taéculated curves are observed below
100 K, which we attribute to a difference betwelea temperature recorded on the sensor of
the refrigerator and the real temperature on thapka Due to the electric current flow, heat
is dissipated and the sample temperature becongg®rhlocally. A temperature gradient
across the wafer is formed. The heat dissipatioa,vbltage drop, and the maximal excess
carrier concentration occur at the junction. Thhs,luminescence is mainly generated there,
too. That is why the peak position and width rdfldg® local temperature near the junction.
However, the luminescence is determined by the exumation of minority carriers, which
diffuse to the backside. The temperature of th& btithe wafer is close to that of the sensor.
The elevated sample temperature can explain whgamner freezing is observed down to 10
K. The main part of the temperature dependencéebtoadening is given by 1. The
dependence of other broadening mechanisms (phoBehb[Ll972], impurities and strain
[Bal1983]) is weak and visible in the offset of geak width and in the deviation at very low
temperatures (Figure 6.1.4(b)).

,;1.12-—-~\\\\ s p1l]
Q, ‘\\ e P2
c "= [ | N A P3
9 1.10 o Y N\ 7
*% A 4, A l \\
2 ‘o
.
—;é 1.08 \l—
& (a)
Q. 100 .
oo P ;
S’ 80 :,/"—
e 70f ) % i
e K */
2 60 A A/’ [ J
g 50 9 o -®
- L
30 1 1 1 1 1 1 1 1 1 1 1 1 1
0O 50 100 150 200 250 300

Figure 6.1.4: Temperature dependence of the BB peak parametekspmsition (a) and peak width (FWHM)
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(b). The dashed lines note the expected behavior.
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Discussion:

The increase of the luminescence with temperagiie contrast to earlier reports where on
pure silicon a decrease has been observed. Howsueh behavior has been detected
previously [Arg2007a]. It has been suggested thatanomaly is a result of a temperature
induced change of Shockley-Read-Hall (SRH) lifetinmeleed, assuming that the lifetime of
minority carriers is determined by recombinatiorotigh a shallow level in the band gap of
silicon one can show that the recombination rateemses and the lifetime decreases with
increasing temperature [Arg2007b]. At fixed exddatrate, the radiative recombination is
affected by the non-radiative pathways, lowering tbtal amount of the minority carriers.
Such competitive non-radiative transitions couldnbediated by shallow levels in the band
gap. According the SRH statistics, those levelsukhde more effective recombination
centers at high temperatures and much less atlmpdratures, where they are predominantly
occupied by one carrier type.

Such model could explain the anomalous temperdbetgavior quite well, but raises
questions about the physical origin of the shall@eombination levels. Here a model is
presented that explains the anomalous temperaginavior in case of electroluminescence as
a result of amplified surface recombination. Ineca$ quite thin samples (e.g. solar cells) the
effective minority carrier lifetime increases orcieasing temperature due to the restricted
carrier diffusion and the surface recombinatione Thost probable explanation in case of
samples with high surface recombination is illustlain figure 6.1.5 and based on limited
diffusion length due to the sample thickness.

back
contact | —

A 4

A

p’-Si passivation
PL | O f Iayer EL |

excess
| carrie | p-Si

vV V

Figure 6.1.5:Sketch of the model to explain contrary temperabdtgaviors in PL and EL. Applied electric field
attracts carriers to back contact overcoming tp&Ipérrier in case of EL.

In a solar cell, the back side is usually passivated equipped with a p/mloping junction
(back surface field (BSF)) for preventing the mihocarriers of reaching the surface. So the
carriers become reflected at the BSF and have &ehigorobability for radiative
recombination. Those techniques successfully retheegecombination on the backside and
lead to a higher charge collection at the junctrthe cell front in case of PL. This is
illustrated in the figure by a radiative recombioatprocess. However, in case of EL, the
minority carriers in the vicinity of the back sideuld not be reflected back into the bulk,
because of the electric field, which drives thenthi® back surface. In such case the effective
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surface recombination is amplified and the cardéfusion length becomes limited by the
cell thickness. This leads to non-radiative surf@m®mbination.

To estimate the temperature behavior of BB lumieese it was assumed that the
luminescence is proportional to the excess camigne bulk. Indeed, such relation has been
observed in a broad range of excitations (Fig.2§.1lln case of constant generati@G
(constant forward current) the excess carrier coimaBon4n is proportional to the minority
carrier lifetime 7, 4An ~ Gr. The temperature behavior of the BB intensity itedained by
two factors. One is the radiative recombinationfiocient B(T) and the other is the minority
carrier lifetime 7(T). The BB intensity reflects mainly the temperatdependence of the
lifetime in these experiments. It was assumedtti@effective lifetimery; is determined by a
recombination in the bulk,,x and recombination at the surfatgsace:

1 1 1
= +

z—eff Tbul k z—surface (6 1. 1)

The surface recombination limits the diffusion léngf the carriers to the cell thickness d.
Thus the surface lifetime could be estimated fjface = L7D(T), whereL denotes the
lifetime, which is equal to the cell thicknessand D(T) is the temperature dependent
diffusivity of the minority carriers. A more soplicated analysis of the minority carrier
diffusion in such structure leads to [Spr1994:

L A
surface ﬂzD(T) ] (612)

The diffusivity decreases with temperatél) ~ T [Bat2003], leading to increasing
surface recombination lifetime. It was calculatedttthe effective lifetime, assuming a room
temperature diffusivity of the minority electrof¥300 K)=30 cnf/s [Spr1994] and a deep
level mediating the bulk recombination. The SRH mlodas used for calculating the bulk
lifetime. The results are given in figure 6.1.6.

It is seen that the calculated dependence of fieetefe lifetime reproduces quite well the
temperature dependence of the BB luminescencesiitiace recombination determines the
effective lifetime at low temperatures, whethehigh temperature the bulk one dominates.

The temperature dependence of the surface andutkedrombination rates can explain
the temperature behaviors in literature [Bre20@&pending on the position of the energy
level mediating the bulk recombination and depegdon the concentration of those
recombination centers one can obtain differentggtprofiles for the temperature behavior of
the effective lifetime.

The temperature dependence of BB EL provides a snearcompare the non-radiative
recombination rate in the bulk with that at thefsce without relying on absolute photometric
analysis. This could be used in photovoltaics tmgare the silicon material quality of the
wafers. The steeper the BB EL temperature depeerdehe lower the non-radiative
recombination rate in the bulk.
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Figure 6.1.6: Temperature dependence of effective lifetime, sarfaecombination lifetime and bulk
recombination lifetime.

Summary and conclusions:

The temperature behavior of BB luminescence wassiigated on samples of a completely
processed mc-Si solar cell. Anomalous temperateinavior is observed at defect rich as well
on defect free parts of a p-type silicon solar.cCHfle results were analyzed in view of surface
and SRH recombination.

The major contribution is due to recombinationhat back surface. It is a strong sink for
minority carriers, which are driven there by thelegn field in case of electroluminescence
experiment. This amplifies the surface recombimatiwhich is limiting the diffusion length
of the minority carriers to the wafer thickness. &additional reason could be recombination
through shallow levels in the band gap [Arg2007a].

The most important result of this investigatiorthie fact that the temperature behavior of
BB EL does not only reflect the material quality.id overlaid by the electrical properties
again.

The contribution of these investigations for furtimevestigation on thin films is given by
emphasizing the fact that the temperature behafi&L is not totally related to the material
qguality, as in PL. But it is mainly related to timapact of surface recombination/surface
passivation, which is very important on thin-filransples, because of the high amount of
interfaces and thin layers.
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6.2 Distribution of defects and breakdown sites iUMG-Si
cells studied by luminescence imaging

The breakdown voltage of solar cells is an impdrpamameter characterizing their quality. A
low breakdown voltage indicates a high risk of dgesaof the entire solar module because of
local heating in the module and therefore limitihg module’s life span. The breakdown
behavior of mc-Si solar cells has been investigaietbck-in thermography (LIT) [Bre2010]
and electroluminescence imaging in forward (EL) amderse biased mode (ReBEL)
[Lau2009]. Breakdown is usually caused by two digtimechanisms: avalanche breakdown
and internal field emission [Kwa2009]. The breakdasites are localized at defect regions of
a solar cell. A classification of the breakdown @gpwas established by different groups
depending on their appearing voltage and voltagenigence [Kwa2009, Bre2011]. Several
approaches to explain the origin of the breakdowhalior were published over the last
years. Some of them are ohmic shunts, contaminatighe wafer surface with Al particles
prior to the phosphorous diffusion step specificdr breakdown type 1 [Lau2010] and
clusters of oxide precipitates [Bot2009]. Nevertiss| the origin of the breakdown behavior
in silicon solar cells is still under discussion.

This chapter deals with new aspects of the breakddacusing on differences and
interactions between the defects exhibiting didiocarelated luminescence at room
temperature (especially D1 [Kos1999]) and defextsléting ReBEL.

Investigated samples:

Solar cells (15 cm x 15 cm) made from upgraded oeggcal grade silicon (UMG-SI) of
two different materials qualities were used for itmeestigations. The cells exhibit significant
differences in their dark I-V characteristics (esply break down behavior).

Results and Discussion:

Electroluminescence images were acquired at roompdeature using the PL Imaging setup.
But electrical current was applied for excitatiarstead of LED light. EL spectra were
measured by the same system of spectrometer aactaietwhich was used for investigations
of the anomalous temperature behavior of EL, inpite¥ious sub-chapter.

The typical ReBEL spectrum included in figure 6.8Hows a broad peak between 1000
and 1800 nm. At longer wavelength, beginning wiBi®§@ nm, a very intense broad signal is
observed. This must be related to heat, becauses aficrease with time and the spectral
correlation with signal, which are typically detegtby LIT. As compared to previous reports

109



6. Electroluminescence investigations on bulk medbar cells

[Chy1956, New1955] no light emission in the visilblnge (400 - 800 nm) was observed.
ReBEL in the near-infrared part of light was not seported, up to now
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Figure 6.2.1:Examples of PL and ReBEL spectra at 300 K on deéggons in mc-Si.

The correlation between electrical properties aeBEL is demonstrated in figure 6.2.2.
Figures 6.2.2(a, b) show the distribution of theBRE emission observed for 25 mA/ém
The relation between the total ReBEL intensity §adly integrated over the entire solar cells
and the applied reverse voltage (data points)asvahn figure 6.2.2(c). It correlates almost 1
to 1 with the dark |-V characteristics (lines). Beastein et al. [Bre2011] suggested such a
correlation.
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Figure 6.2.2: Correlation between ReBEL and electrical propsrte complete mc-Si solar cells: ReBEL of
material 1 (a); ReBEL of material 2 (b); correlatiof ReBEL overall intensity (data points) and d&¥
characteristics (lines) (c).

More details about the spatial distribution of lln@inescence image of the cell of material
1 are shown in figure 6.2.3. The standard BB imi&gg. 6.2.3(a)) illustrates the distribution
of carrier lifetime. Regions of reduced BB integsimdicate recombination-active defects.
The distribution of crystal defects causing D1 Inascence band is visualized in the D1
image (Fig. 6.2.3(b)). Figure 6.2.3(c) shows theBREe distribution. Certain regions of
different breakdown types can be distinguished déipg on their intensities and voltage
dependences. Regions with different breakdown tysesmarked in figures 6.2.3(b, c) by
rectangles. The corresponding voltage dependericd® alifferent types are given in figure
6.2.3(d). Breakdown type 1 shows linear voltageedelgnce from about -5 V to -13 V.
Extended regions of breakdown type 2 start to apaee8 V to -9 V, emitting ReBEL with
exponential voltage dependence. This breakdownigyperrelated with a low D1 intensity in
its vicinity.

D1 +0.7V

L e
BB +0.5 V

@) (b)
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Figure 6.2.3: Spatial distribution of luminescence on complete3nsolar cells: BB at +0.5V (a), D1 at +0.7 V
(b), ReBEL at -12.5 V (c) and voltage dependencehef different breakdown types 1, 2, 3a and 3b (d).
Corresponding regions are marked in figures (b)(ahd

Breakdown type 3 is the most important one fordleetrical properties of the solar cells.
That means the voltage at which it appears coeghaith the beginning of the breakdown in
the |-V characteristics. This voltage differs fraolar cell to solar cell. The classification of
types 1-3 is very similar to previous reports [KW89, Bre2011]. Two regions of this
breakdown type 3 are marked in figure 6.2.3 andadreled 3(a) and 3(b).

Figure 6.2.4: Superposition of D1 (blue) and ReBEL (red) in cggBa in figure 6.2.3. The spatial resolution is
about 50 pm.
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Previously it was assumed that defects exhibitirig lbminescence under forward bias
should also exhibit ReBEL [Bot2009]. This hypotlsediases on low resolution imaging.
Figure 6.2.4, however, which shows the region 3&h wiigher magnification, clearly
demonstrates a spatial separation of defects emitidl luminescence (blue network-
structures) and of defects emitting ReBEL (red spot

This is a very surprising result and forces thelicagion that grain boundaries and other
defects emitting D1 luminescence do not take pathé breakdown. It must be pointed out
that in the vicinity of defects emitting D1 lumimesice only breakdown sites emitting
ReBEL of type 3 could be detected, but neither typer type 2.

The neighborhood of defects emitting the type 3 ReBand of defects emitting D1
luminescence indicates a possible relation betvwexth defects. A corresponding region is
labeled 3a in figure 6.2.3. Other breakdown sitbeled 3b in figure 6.2.3 - show the same
voltage dependence, but exhibit no local relationdefects emitting D1 luminescence.
Because of this behavior it is possible that thaefect types differ in their origin of ReBEL.
Therefore a separation of the breakdown type 3 (308, Bre2011] into 3a and 3b was
suggested. Type 3a is directly correlated to tlesgmce of D1 in its vicinity. The other type
3b has the same voltage dependence but appeargemtint on defects emitting D1
luminescence.

Summary and conclusion:

Electroluminescence imaging of BB and D1 could beatated with ReBEL in the near-
infrared part of UMG-silicon solar cells whereasthe visible part of the spectrum no light
was observed. The correlation between the eletprogerties (dark |-V characteristics) and
ReBEL has been confirmed. A spatial separation éetwdefects and grain boundaries
emitting D1 luminescence and defects emitting ReBfds observed by high resolution
imaging. Moreover, an interaction between radiategects and non-radiative defects in the
vicinity has been indicated. This could lead t@duced affinity for breakdown in the vicinity
of radiative defects. The existence of an addilibneakdown type has been supported, which
is characterized by the presence of intense D1nestence in the vicinity.

The results of these first measurements [Klo2012fewdeepening investigated with
microscopic methods (including EBIC) indicating tthaeakdown sites heavily attract excess
charge carriers. Therefore, these carriers canecbrmbine radiative at the neighboring
extended defects. This may explain the missing Drinescence at breakdown sites
[Man2012a].

The applicability of these investigations on thimf solar cells seems to be limited on
large grained or poly-Si films, where defects aocenparable to those in mc-Si. So it is
probable that the observed relation between defaulsbreakdown sites is transferable. The
transfer to a-Si:H and pc-Si:H cells seems to lvg hited.
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This chapter is designed to conclude and summénzeesults, which were obtained in the
part of the thin-film samples. The investigatiomstbe mc-Si solar cells will mentioned very
shortly. The chapter will not give a general sumynand conclusion about the different Si
thin-film samples. That was already done in theesponding chapters. Instead of this, it will
discuss the obtained results with a focus on theetlkey-questions of this work. Note that
these key-questions were not only investigated iathif films as reported in this work, but
also on other thin-film samples (e.g. CIS). Thesfuo&s and the corresponding answers are:

1. How to correct/minimize thin-film effects?

Most thin-film effects, such as interface recomhbio® parasitic luminescence from other
sources etc., are known in principle. Nevertheletise difficult part of every
characterization/investigation process is to det@enthe exact impact on a specific type of
sample. Some simple rules can help to reduce thpact of the thin layers/samples and
should be considered before the actual charactienZmvestigation process starts.

— Investigations of partly processed samples aressacg. They allow the attribution of
signals to specific layers of the completely praeglssamples. Moreover, it can reveal
interactions between different layer and/or theaotf several treatments on the layers
(see: chapter 4).

— Another limiting point on the investigation of paity processed samples is that the
production of the required samples is sometimey wgcky or even impossible. For
instance, pc-Si:H films could not be deposited aiyeon TCO as case of the
corresponding a-Si:H/pc-Si:H tandem cells. An addal wetting layer (Sify is
necessary and even than the stabilized layer tbgskns very low compared to the
tandem cells. That enhances the impact of interf@o®mbination and can affect
structural and optical properties of the Si filmgedo the enormous impact of various
deposition conditions.

— Investigations should be performed in differenupstgeometries. This can be helpful
to correct/minimize thin-film effects, because @frious sensitivities to several effects
of thin films. For instance, the cross-section Rdtup is not sensitive to optical
interferences. A disadvantage is the unavoidabtemigence of the PL intensity on the
layers thickness. Another one is the missing pdggidor scanning PL. All these
disadvantages vanish in case of Standard PL settipeccost of optical interferences.

— Combinations of several investigation techniquesvary helpful to minimize thin-film
effects, even if all used techniques are affectethb same effect. An example for this
is the enhance recombination at interfaces. lcedfboth, EBIC and PL measurements,
despite of the different physical mechanisms. Irtgodris the different magnitude of the
impact (see: sub-chapter 3.2). That allows rougimasions about the exact impact of
thin-film effects for each techniqgue. Sometimeshiegues exhibit complementary
sensitivities to different components of the sampleen these techniques can be used
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to investigate the components of the sample ind#gaty of each other (e.g. Raman
vs. PL and EBIC vs. PL in sub-chapter 5.1).

It is not possible to eliminate the thin-film eftecompletely, despite of adjustments of the
investigation process and the knowledge about akedfects in thin films (see: sub-chapter
2.3) It must be considered that most of the suggegtocedures slightly affect the corrected
data. For instance, deconvolutions of spectra @ad Ito reduced spectral resolution,
especially in case of very intense parasitic sgjiiste: sub-chapter 5.2). For that reasons it is
from high importance to determine limitations faregy applied technique on specific thin-
film samples.

The first limitation for all techniques, which bage the generation of electron-hole pairs
by excitation (PL, EBIC, etc.), is the actual eatidn depth. Note that this often differs from
the physically defined depth. An example for tisighe physically defined penetration depth
of light by the Beer-Lambert law (see: sub-cha@&). If the investigated layer/sample is
thicker than this excitation depth, it can be asstirthat spectral features keep unaffected.
Nevertheless, other features, such as intensitidsspatial distributions, can be still affected
by various thin-film effects. The second limitatios the diffusion length of the excess
carriers. It is usually limited by layer/samplecltmesses due to recombination at interfaces. It
appears more often than the limitation by the g depth. It can affect almost every
feature of the obtained data (e.g. strongly reduseghal intensities, specific spatial
distributions caused by structured interfaces).etc.

2. What knowledge/methods can be transferred fromddk Si to thin-film ones?

In principle, all characterization/investigatiorc@iques can be used on thin-film samples, if
thin-film effects are considered.

Often investigation techniques do not provide thme kind of data as in bulk materials,
for what the techniques are designed for. One elargy this is the camera-based PL
Imaging setup. It is designed for luminescence ima®f mc-Si wafers with a long-wave
LED array for optimal PL signal. On thin-films, tleenitted luminescence intensity is too low
for typical camera systems. Instead of this, thadmitted excitation light gives an approach
to the actual layer thickness as well as topogcagbhnformation about several layers of the
stack (see: sub-chapter 3.1).

PL features of large grained silicon (grain sizealmut hundred micrometres) are almost
completely comparable with those on bulk mc-Sierafemoving of parasitic luminescence.
That means the typical BB and defect-related lusteace can be observed and the features
behave like in mc-Si. Note that such samples séijuire careful interpretation of the
corrected data, considering thin-film effects. Hwstance, the spatial resolution of scanning
PL must be higher to detect grain boundaries dubedower effect of shadowing or smaller
grain sizes (see: chapters 3 and 4). High resolutigdhe range of a few micrometres requires
other setups (e.g. confocal PL). That amplifiesghablem of laser-induced modifications of
the samples due to the related higher focus oflaber beam. However, it is not sure that
these setups can actually reveal the desired spad@ution. It is possible that other thin-film
effects (e.g. deviations of layer thickness, irgeef recombination) restrict the available
resolution additionally.
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Also at lower grain sizes (few micrometers), lunsicence feature known from mc-Si can
be observed. However, in these cases the inteoisB luminescence is drastically reduced
or even not present due to the high impact of gtamindaries. Such PL spectra are
dominated by DRL. These luminescence features amgparable to those on bulk mc-Si.
Moreover they allow knowledge transfer from bulkt&ithin-film ones and backwards. For
instance, detected oxide precipitates in poly-8 thms treated by high-temperature RTP-
processes were found to be possible evolution stépsose OP’s observed in bulk mc-Si
(see: chapter 4).

In other cases, the transfer of knowledge from iints3nore complicated. Shifts of the
crystalline Raman peak are a strong indication dtsess in mc-Si. On thin films, this
approach is strongly limited by additional shift hfe Raman peak induced by different
crystalline quality (see: sub-chapter 4.2).

Among all thin-film effects, recombination at infi&zes seems to be the most critical one.
It affects spectral features, spatial distributi@m&l reduces the signal intensity drastically.
However, the most critical point is that interfa@eombination cannot be eliminated in any
way. Slight reductions of the impact can be obtibg investigations of partially processed
samples due to different affinities of recombinatiat interfaces depending on the exact
interface composition (e.g. Si/air or Si/metal @mt) (see: sub-chapter 5.1). But this positive
effect is rather low. It is not possible to passvine surfaces by HF dip or other acids, which
are commonly used on mc-Si wafers. Such treatmauiticddamage and possibly destroy the
thin layers. Besides, thin amorphous and microatiysé Si layers are already passivated by
hydrogenation during the deposition process.

Analysis methods of luminescence features can sigeedly transferred from bulk Si.
The impact of thin films is always present and nmaestconsidered. One example for this is
that extraction of the deactivation energy frompenature-dependent PL measurements. This
method does not necessarily exhibit the barrieh rhgtween two bulk states but rather
between a bulk and an interface state. Therefar@ntijative statements are not possible, but
qualitative tendencies can be found. So it wasiplesso confirm the formation of grain
boundaries (interfaces) within the layers during transformation from a-Si:H to pc-Si:H
because of decreasing deactivation energies witleasing crystallinity. Note that the actual
thickness of a layer is one of the main reasongtianced interface recombination. In some
cases, the effective layer thickness is higher thanexpected one (e.g. tandem cells, where
excess carriers can move through bottom and tdp cel

3. What can be learned about the physical aspect$typical thin-film Si phases?

The optical properties of a-Si:H seem to be ratheependent on deposition conditions
compared to pc-Si:H. So no significant differeniceBL features have been detected between
literature data measured on bulk thicknesses (feevometres) and thicknesses desired for
thin-film solar cells (few hundred nanometers). Towy indication of a different layer
thickness comes from the extracted deactivationrgee®e which reveal high impact of
interface recombination. Therefore it can be sugggkethat thin a-Si:H layers behave like bulk
a-Si:H. In contrast to that exhibits pc-Si:H vetsoag dependences on deposition conditions
(including layer thickness). That is probably calidey the fact that pc-Si:H is a more
complex phase than a-Si:H as an intermediate pdhetseeen a-Si:H and c-Si.
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7. Summary and conclusion

One of the main results of this work are PL- andnBa investigations on pc-Si:H layers
of various crystallinities, which allow a suggestiof a stepwise transformation process from
amorphous to microcrystalline silicon (see: subptéas.2).

1. At first ordinary a-Si:H becomes more ordered. Thnetans the typical deviations of
bond length and bond angle become reduced to a ondeeed form — ‘a’-Si:H.

2. Single isolated nc-Si:H grains starts to crystalliz ‘a’-Si matrix. A wide distribution
of grain sizes appear. The average size is aroummd. 1

3. Bigger nc-Si:H grains start to agglomerate to pét$oblumns, whereas smaller nc-Si:H
grains remain in ‘a’-Si:H matrix.

4. Smaller nc-Si:H grains become directly embeddeal ilmé pc-Si:H columns.

5. The grains in the microcrystalline columnar stroesugrow further and order to a more
compact structure with increasing crystallinity €Tdeensity of grain increases.

6. Increasing radiative recombination at defects iRSukEl can be associated with the
increasing impact of pc-Si:H/pc-Si:H grain boundariTherefore, it becomes dominant
at very high values of crystallinity. The averageig size is around 10 nm.

The entire process is characterized by a high lefvsiress within the pc-Si:H films.

Comparisons with theoretical models show quite gagdeements. For instance, the
suggested ordered form of a-Si:H (‘a’-Si:H) could bssociated with a-Si:H, which is
affected by structural changes induced by hydrogérere the interactions with hydrogen
results in substitution of stronger Si-Si bonddeaad of weak a-Si:H bonds. This provides the
basis for the formation of nc-Si:H. A special cal®uld be on the presence of ‘a’-Si:H and
‘nc’-Si:H. Further investigations of these phasesns to be very interesting.

Investigations on wafer based mc-Si solar cellddpuovide an approach for knowledge
transfers to thin-film Si about the efficiency afrface recombination (anomalous temperature
behavior of BB EL) and the characterization of BoEavn sites.

Of course, the results are not suitable to ansherthree key-questions totally. | do not
believe that this is possible at all. However, &snable to found some basic statements about
investigations of thin films and its comparabiliggth bulk materials. These can be used as
starting point for further investigations on oth#in-film samples. However, in real
investigation or characterization processes theip@roperties of the actual sample cannot
be generalized in any way.
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List of abbreviation and symbols

a — absorption coefficient

a-Si:H — hydrogenated amorphous silicon

B — radiative recombination coefficient

BB — band-to-band

BC — back contact

c-Si — crystalline silicon

Cz-Si — monocrystalline silicon produced by Czotskianethod
DRL — defect-related luminescence

Ec — energy position of the conduction band
Eq — deactivation energy

Eg — band gap energy of silicon

Ev — energy position of the valence band

EBIC — electron-beam induced current

EL — electroluminescence

FZ-Si — monocrystalline silicon produced by floahez method
g — grain size

h — Planck’s constant

i-Si — intrinsic silicon

k — Boltzmann’s constant

L — diffusion length

A —wavelength

mc-Si — multicrystalline silicon

pnc-Si:H — hydrogenated microcrystalline silicon
n — electron concentration

v — frequency

n-Si — n doped silicon

nc-Si:H — hydrogenated nanocrystalline silicon
OP’s — oxide precipitates

p — hole concentration

p-Si — p doped silicon

PL — photoluminescence

PV — photovoltaic

R — recombination rate

REBEL - reverse-biased electroluminescence
SRH — Shockley-Read-Hall

T — temperature

T — excess carrier lifetime

TCO - transparent conductive oxide

TEM — Transmission-electron microscope
TD’s — thermal donors

UMG-Si — multicrystalline silicon produced from upged metallurgical grade silicon
Xc — Raman-crystallinity
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