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1 Introduction

In this chaptethe motivation for tle presentesvork anda brief outline of the thesis
will be given.

1.1 Motivation

The global energy consumptiorsigadily increasing since tbeginningof theindustrial
revolutionin the 18" century. Poduction and usef energyaccountn the present timéor
twot hi rds of t h e-gasemidsidnd]sWith theeKgatolprotacstratentered
into force in February 2005 the first international agreement was made to commit its parties
by setting internationally binding emission reduction targdiee United Nations
Framework Convention on Climate Change, which is linked to that protocol, took again
place in December 2019 he contributing parties agreed that the increase in the global
average temperatushall be kept well below°Z above prendudrial levels and efforts
shall be pursuito limit the temperature increasgento 1.5°C above préndustrial leves
[2]. This goal can only be reached by a worldwide transition tewahleenergy systems,
where solar energy plays an important rahethe International Technology Roadmap for
Photovoltaic (ITRPV) pbal PV module production capacity in 2014 is estimatebiee
been between 45 and &8Np andthe market sharef crystaline silicon (c-Si) is still
assumed to be around 90p3]. Silicon wafersaloneaccount for approximately 51% tife
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Figurel.1 Predicted trend for minimum a1t wafer thickness for solar cell mass producfijn

This cost reductiorcould be achieved B reducing thehicknessof silicon wafers while
keeping the kerfoss to a minimumFigurel.1 shows the predicted trend for minimum as
cut ¢Si wafer thickness for mass productidviaferthicknesses angredicted to approach a
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minimum value of 15Qum for multi-crystalline eSi waferswithin the next seven yeaand
120pum for monocrystalline -Si waferswithin the next 10 years]. Thesevalues will still

be higher tharhie estimated limit of cell thicknessfuturemodule technologyThisshows
that reducingc-Si wafer thickness with standardiring technologiesis challenging
Furthermorethe main disadvantage of kddss remains. In the course of squaring, wire
sawirg and removing of the wafer sadamage approximately 50% of the starting silicon is
removed4].

Kerf-lesswaferingtechnologiesould overcome tesematerial lossesThe technology
investigated in this work usessacrificial detachment layer on top of a thin seed layer made
of porous silicon for a follovon epitaxialsilicon growth. Wth this approach soalled
EpiWafers can be produced, and kerf losses can be avoided. An additional advantage of this
EpiWafer production process is that the thickness of the wafers can be deliberately chosen
according to requirementé. schematic of thg@rocess flow is shown iRigurel.2. In the
first step a low porosity layer on top of a high porosity layer is etched into a highly doped
silicon substrate. After a high temperature anneal the high porosity layer reorganizes to a
detachment layer with large voids. Thsv porosity layer forms smalleroids beneath a
porefreeclosedtemplate layerDirectly after the annealing process a silicon layer is grown
epitaxially on top of the template laydrhe finishedEpiWafercan be deched fronthe
parent substratevhichis thenreintroduced into the same process chain.

Porous silicon etching

High temperature
silicon substrate anneal

W
Substrate re-use

reusable silicon substrate

]
Detachment\ Epitaxial growth

silicon substrate

silicon substrate

Figurel.2. Schematic of the process flow using porous silicon and epitaxial growth for wafer
manufacturing.

In theITRPV 2015 reporf3] it is already predicted that considerable volumes of silicon
material produced by technologies such as-k=swaferingwill appear after 2020 (see
Figure 1.3). Depending on the quality and price of this matetiad value might increase
further. To be able to compete against the established sawing technologitds tigmput
reactors enabling high quality epitaxial growth at a low price are regess
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Figure1.3 World market share of different wafer ty&$.

The focus of this work wathereforeto develop a kerfess wafering process foigh
quality EpiWafers using a commercially available porous silicon layer stack and the
atmospheric pressure chemical vapour deposition reactor RTCVD160, which was developed
and built at FraunhofdBE [5]. Based on this labype reactorthe industrial production
prototype ProConCVD[6] was constructed, which is an-lime tool with a capacity of
1000wafers/h. Processes developed in thetyguge RTCVD160 can be transferred to the high
throughput reactor and serve therefore as a pafefoncept forthe industrial feasibility of the
process.

1.2 Recent achievements found in literature

During the time of this thesis several other institutes and companies, following the same
approach, published thesichievements. In this subsection an overview of the published
results will be givenThe information given in some publicationgrisompletej.e. missing
out on the specifications of the porous silidager stack the exact description of the
annealingand epitaxy process the description of their used reactor setup

Experiments using porous silicon and epitaxial thickening for solar cell processing were
pursuit by the Alnstitut fer Sio 20al; ke er gi e f
published thdirst results on a 19.1% efficigndbnly 43um thick free-standing solar cell
made of an epitaxial waf§¥]. All processed solar cells featured an area of 3.98 winich
enabled processing of such thin wafers witregy low breakage ratdt is not certain wht
kind of chemical vapour depositioreactor is used for epitaxial layer growth at ISFH.

Excessive work and detailed descriptions on the optimization of the porous silicon stack

was done by the Interuniversity Microelectronics Centre (IMES}) Their use of a
microelectronic reactor limits the thickness of the deposited layersitmbbut areas up to
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9x9 cm? are detachahl8uch low thicknessdsnders freestanding solar cell processing
larger areabut still very good electrical @lities with mean effective carrier lifetimesf
>350us for 40um thin epitaxial Atype foils were measurd8].

The U.S. company Crystal Solahoweda 23% efficiert heterojunction solar cell using
ann-typeepitaxial wafe processed by their Direct Gas to Wafetechnology[9]. Effective
carrier lifetimes exceedingms were determined on thepitaxial waferg10].

Recent results from the Massachusetts Institute of Technology (MIT) presented very good
effective carrier lifetimeof >300us on gettered ftype and >800us on gettereah-type
epitaxial waferg11].

All these results are summarizedTiable1.1 for p-type material and ifablel1.2 for n-
type materiallt is important to note, that differences in wafer thicknessistivity and the

used passivation layer make it difficult tirectly compare the varying effective carrier
lifetimes.

Tablel.1 Details on an epitaxially grown freestandingype wafer found in literatre

Company W r passivation teff [US] h
/Institute  [um] [ \&m] layer atgn = 10 cm® [%0]
ISFH[7] 43 0.5 0 - 19.1

MIT [17] 100 1.8 20nm AlOs  >300(after gettering) -

Tablel.2 Details on epitaxially grown freestandinetype wafers, including effective carrier
lifetimes and cell efficiencies found in the respective literature.

Company wW r passivation terr MS] h

/Institute [um] [ @] layer atgn = 10" cm® [%]

IMEC [8] 40 0.5 aSi >350 -
CrystalSolar[12] 150 2 aSi 2000 22.3
CrystalSolar[9] 150 2 aSi - 23
CrystalSolar[10] 130 2 aSi 3500 22.5

MIT [17]] 100 0.4 20nm AlbOs  >800(after gettering) -

1.3 Ouitline

In this work the reorganization of porous silicon and the fabrication of kerfless epitaxial
wafersareinvestigated.

In chapter2 the heory of porous silicon fabrication during ele@chemical etchingnd
reorganizationat elevated temperatures under hydrogen atmosphidirde explained.
Examples for porous silicon layer stacks needed for kerfless wafering will be intrahdaed
the requirements for high quality epitaxial growtld @letachability will be summarized.
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In the following chapteB an overview of different chemical vapour deposition techniques
will be given and a simplified model of silicon deposition using a gas mixture of chlorosilane
and hylrogen is explained. The incorporation of dopants is also explained by theory and
validated with experimental data. TRE CVD160reactorand the detachment tool used in
this work are described and the modifications made during this work are pointed out.

The purchased porous silicon templates used in this work are investigated in detail in
chapter4 to optimize the reorganization process for high quality epitaxial growth in
combination with good detachability. Reorganization terajures and duration are varied
and values for surface roughness and stmw@inthe porous silicon templates after
reorganizatiorare compared thknownliterature values

In chapter5 the material properties of boron aptiosplorus doped EpiWafers are
investigated. In the first part defect densities and effective carrier lifetimes of boron doped
wafers will be shown and analysed. Then, a detailed investigation on the impurities in the
RTCVD160 reactor is performed. Hanosphorsdoped EpiWafers a variation of the doping
density is conducted and from the measured effective carrier lifetimes a minimum value for
the recombinatiotifetime is deduced.

Simulation results are presented in chaptiar theused solar cell process in this work.
An estimation for the achievable conversion efficiency for different recombination lifetimes
and varying doping concentration is given. Also a thickness variation is conducted for
different recombination lifetimes.

The solar cell batch processed during this work is described in claj@etails on the
sample processing and the difficulties for solar cell fabrication using the processed
EpiWafers are given. The solar cell results are sunzed and a detailed loss analysis is
given at the end of the chapter.

In the last chaptem summary of the presented work will be given. The main results of
this thesis along with a conclusion will be presented. The chapter will close with an outlook
for future experiments and applications.






2 Porous silicon formation and reorganization

In this chapter a description of the porosification process by electrochemical etching

is given. The reorganization process is explained by the theory of sintering.

Furthernore, the requirements for a good template are discussed and an overview
of porous silicon templates for kerfless wafering developed in other research groups
is presented

2.1 Electrochemical etching of porous silicon

The formation of porous silicon in hydrofitic acid (HF) containing solutions during
electrochemical anodization was first described by U8 and Turner{14]. Under a
critical current density porous silicon is formed and above this rurdensity
electropolishing takes place. The mechanisms that lead to the formation of a porous silicon
structure are explained by Lehmann and GoselglEh and will be described in the
following. When a silicon wafer is placed in an HF containing solution the surface is at the
beginning saturated by hydrogElf)]. If a hole f) from the bulk of the electrode reaches
the suface, a nucleophilic substitution of a hydrogen atom by a fluorine atom can occur (step
1 in Figure 2.1). Another fluoride ion can attack and bond to the silicon by forming a
hydrogen molecule and injection of an electron intodlectrode (step 2 Figure 2.1). The
remaining SiSi bonds are weakened and can be further attacked by HF in a way that the
surface remains saturated by hydrogen (step 4 andFgure 2.1). Then, thesilicon
hexafluoride ion’Y'Q is formed, which is a stable dianion that is highly soluble in water
[17]. Hence, the total chemical reacticandoe written as:

YQU OO QO "YQ OO0 1Q 21

In the chemical reaction above the limiting factor is the supply of holes from the silicon
bulk to the silicon surface. Moshodels explain the formation of porous silicon to an
increased supply of holes at the bottom of an already generated pore. The walls of the
remaining silicon pillars, however, are depleted of holes. ThisaBed passivation of the
pore walls is in litemture explained by either a quantum confinement effect or by the
formation of a space charge region. This passivation effect can explain why the pillars are
protected from further etching and the etching mostly occurs at the bottom of an already

etched pae. Detailed descriptions of the proposed models for porous silicon etching can be
found in literaturg18-23] and are not further discussed in this work.
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Figure 2.1 Dissolution mechanism of silicon electrodes in hydrofluoric acid (HF) associated with
porous silicon formation as proposed 11%].

The etching rate and the achieved porosity depend on the etching current density, the
substate doping level and HF concentration in the electr¢B8e25]. By increasing the HF
concentration the etching rate can be increased while the porosity isdé2bicFigure2.2
shows scanning electron micrographs of etched porous silicon layers for a varied current
density and substrate doping concentration. The porous silicon structures can vary in size
and are defined as microporous for poresrnm, mesoporaaifor a pore size between 2
50 nm and macroporous for a porous structure B0 It can be seen igure2.2 that for
an increased current density a higher porosity is achieved for a much shorter etching time. If
the critical curent is reached, electropolishindlintake place. By using silicon substrates
with a higher doping concentration an increased porosity can be achieved for the same
current density.
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Figure 2.2 Scanning eletron micrographs of the interface between the (100) silicon substrate and
the etched porous silicon layer for different current densities and doping concentratiof@3from

With the knowledge of the influence of these factors, layers with specific porosities and
thicknesses can be etched. Also porousasil layer stacks with varying porosities and
thicknesses in depth, which are needed for the realization e$taiading EpiWafers, can
be realized by varying the current density during etching.

2.2 Reorganization of porous silicon layers

Silicon is thermodgamically unstable in air, and it reacts spontaneously to form an oxide
layer on the surface. For porous silicon the surfaeato-volume ratias much higher than
for a plane silicon wafer. Before any restructuring of the porous structure can occur, the
oxide has to be removed, i.e. during high temperature annealing under hydrogen atmosphere.
The restructuring of porous silicon during this high temperature annealing can be well
described by the theory of sintering and takes place in two subsequent [26a2&k In
the first phase isolated pores form from the initial channels in teeched state (sdggure
2.3 (a) and (b)). The distribution of these pores depends strongly on the structure ef the as
etched porous silicon state.
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Afterwards, thereorganization ofporous silicon occurs through vacancy faion
processes. They are evoked through a vacancy grageembietween the pore and its
surrounding lattice. Voids can therefore grow or shrink depending on the direction of this
vacancy gradierj28] (seeFigure2.3 (c) and (d)). The vacancy gradiem can be calculated
by the difference between the vacancy concentration at the rim of thexparkthe vacancy
concentration of the lattioe(from[2 P):

Y eY e e 1. 2.2

e is an additional vacancy supersaturation depending oextleenalpressure during
sintering. The vacancy concentration at the rim of a peend thereforalso the vacancy
g r a d ie@ear¢asequith increasing radis

e'Y e'Y A Y. 2.3
Now a critical pore radiuBc existsfor which the vacancy gradient changes the sign:

Y T 24

All pores with a pore radius bigger than that critical radius will grow in size and pores
with a smaller radius will shrink and dissolve. This critical radius is inversely proportional
to the vacancy supersaturation in the latioe e e, whereeo is the equilibrium vacancy
concentration. Because the vacancy supersaturation decreases during sintering, the critical
radius increases. This means, that during high temperature reorgantfgtimrous silicon
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layers the median pore size will increase and the total surface area as well as the surface
energy of the system will be reducé? P This process willbe enhanced byigher
temperatures (as also indicatedrigure2.3 (c) and (d)). At the surface of the porous silicon

layer a pordree layer will form. This can be explained by a reduced vacancy supersaturation
gpdown to zero near the surface, because the surface acts as a sink for vacancies. Therefore,
the critical radius will become infinity and all pores close to the surface dissolve.

Miuller et al showed with simulations and experiments that surface diffusistead of
gas phase diffusion or solid state diffusion, is the dominant mechanism for porous silicon
reorganizatiorj30] (seeFigure2.4). Furthermore, they showed that with the minimization
of surface energy preferentially {111} and {100} facets are formed, which are lowceurfa
energy facets in silicof81].

Gas phase diffusion Solid-state diffusion Surface diffusion

» Q
/S
A
&) ®
O
QY e
° 0
o

Figure2.4 Diffusion mechanisms that can occur during sintering of monocrystalline materials, from
[32.

The effect of pore growth and shrinkage during high temperature annealing can be used
specifically for the purpose of kerfless wafering. The required temperatures for
reorganization are close to the process temperatessted for epitaxial silicon growth. The
annealing time depends on the process temperature, the porous structure before annealing
and of course the desired pasinealing structure. The needed porous silicon layer structures
for kerfless wafering and thedready known properties of those layers after reorganization
are presented in the following subchapter.

2.3 Porous silicon layers for kerfless wafering

The idea of using porous silicon and epitaxial thickening for the fabrication of thin silicon
devices orignates from the microelectronic industf33-35] and has already been
successfully transferred to photovoltaic (PV) applicat[@6s37]. For this approach, a stack
includinga low porosity top layer (280% porosity) and a gh porosity bottom layer (50
60% porosity has to be electrochemically etched onto a silicon substrate. The etching
process was described in detail in secidh The properties that can negatively influence
the epitaxial wafer quality are residual pores at the dramterface, high roughness values
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and strain in the porous silicon crystal lattice. All these parameters would lead to a higher
defect growth in the epitaxial silicon wafers and therefore to a worse electrical §8lality

An example for such a porous silicon double layer is showfigare 2.5 left. During
high temperatures above 800°C the porous silicon layers reorganize as described in
subchapteR.2 Because of the alve described vacancy gradient the bigger pores in the high
porosity layer will grow in size, while pores in the low porosity layer close to the interface
will shrink or dissolve. At the surface of the porous silicon stack afpeedayer will form,
becaise the surf@e acts as a sink for vacanciesich was first reported by Labunaat al.
[27]. This means that by adjusting the porous silicon layer stack, a high porosity detachment
layer can be formed during reorganization together with a low porosity template layer for
epitaxial growth (se€igure2.5 right).

Figure2.5 Double porous silicon layer stack for kerflegafering before (left) and after
reorganization (right), frorf8].

Most research on enhancing the detached silicon wafer quality for solar cell application
has been performed by the Interuniversity Microelectronics Cemte) and focused on
adapting the porous silicon etching process. The aim was to minimize the surface roughness
and strain in the porous silicon template after annealing by adjusting the porous silicon layer
thicknesses and porositiz8, 38, 39].

In the case of twdayer porous silicon stacks, a traolé between the layer roughness and
strain has to be mad89]. For a thick low porosity layer (1300n) the root mean square
(RMS) rougmess increases for longer annealing times, whereas the-plaine strain is
reduced. With a thinner low porosity layer stack (&) the increase in roughness is
reduced for longer annealing times, but the high porosity layer is not sufficiently supplie
by vacancies from the thin low porosity layer to enable detachability after annealing.
Radhakrishnaret al state that this tradeff between strain and roughness with layer
thickness and annealing time can only be avoided using a new triple layervatacdk,
features two low porosity layers on top of one high porosity l\@r The first thin(approx.
100nm) low porosity layer located at the growth interface is needed to achieve a good
template with a planar surface and the second low porosity layer is needed to ensure that the
high porosity |l ayer i s 0sup pedforealtbws fovéasyh e n o u.
detachment. The main disadvantage of this new layer stack is an increase in the required
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etching timeby approximately 25% 40%. Unfortunately, no publications are available that
show surface roughness and strain values for thistmele layer stack.

In this work it was not possible to develop and adjust an individual porous silicon stack,
because no etching tool was available at Fraunhofer ISE. Therefore, a porous silicon layer
stack developed at IMS (Institut fiir Mikroelektror8kuttgart) was purchased and only the
reorganization process for this template was optimized. The layer stack is deiscriédl
in chapted.1 The important difference to the triple layer stack proptseldadhakrishnan
et al is that it consists only of one low porosity layer on top of two high porosity layers. The
additional etching of the second high porosity layer increases the etching time only slightly.
It was the aimn this workto find outwhethe this purchased layer stack is suitable for good
epitaxial growth of high quality epitaxial wafers after an optimized reorganization.

Besides a good template quality by means of roughness and strain, another important
property of a suitable layer stactrfkerfless wafering is the detachability of that layer.
Simulations have been performed by Radhakriskehahto investigate the maximum stress
in the first unbroken pillar at the detachment front of the high porosity [49prThe higher
the stress, the more likely the pillar will break and this breakage will propagate to the next
pillar until the wafer is detached from the parent substrate. The stress depends thereby on
the pillar width and the pillar spacing which is illustratedrigure2.6. The pillars have to
feature a minimum distance ofun from each other and the pillar width should not exceed
150nm. For this case Radhakrishrenal. simulated stress values above 50@Ra which
seem necessary for easy detachment. It has to be kept in mind that those simulations have
been performed for the sa of identically shaped cylindrical pillars without considering any
low porosity layerFigure2.6 can therefore only give a rough indication for the pillar spacing
and width needed for easy detachment.

Yinstitut fur Mikroelektronik Stuttgart
Allmandring 30a
70569 Stuttgart
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Figure2.6 Modelled values of the maximum stress in the first unbroken pillar for different pillar
width and different pillaspacing From[4(]

2.4 Summary

In this chapter the theory of porous silicon formation by electrochemical etching in an HF
containing solution was presented and the influence of theatifferocess parameters was
described. The reorganization of porous sili@nhigh temperatures above 800in
hydrogen atmosphere was explained by the theory of sintering. Both of these steps are
required to realize porous silicon layer stacks neededhmikerfless wafering process
investigated in this work. A stack of a low porosity layer on top of a high porosity layer
restructures during a high temperature anneal in hydrogen atmosphere to a degree that high
quality epitaxial growth and detachment aassible. It was shown in literature that for a
two layer stack a tradeff between the layer roughness and strain has to be made. Both have,
however, to be low to enable high quality epitaxial growth. Therefore, multiple layer stacks
have been introduced literature and lead to an improvement in epitaxial layer quality.

Not only the template qualityut also the detachabilityf the grown EpiWafer, which
depends othe bottom high porous silicon layés important Properties of the high porosity
layer from literature are given which should enable an easy detachment. The simulations
yielded a minimum needed distance of the pillars in the high porosity layguroféhd a
maximum pillar width of 15¢im. Because those values were determined by simulatiahs
simplify a realistic structure of a porous silicon layer, they only give rough indication for the
desired pillar spacing and width.



3 Chemical vapour deposition (CVD) of silicon

A detailed description of chemical vapour deposition processes is fdsarthis
chapter. The theories on growth rate and doping incorporation are discussed and
experimental data are given. The {alpe RTCVD160 reactor and the process flow
for reorganization and epitaxial growth are described. Process flow adaptions and
changes in reactor setup, which were implemented during this work, are
summarized.

3.1 Deposition techniques

There are a lot of different deposition techniques available at the presep1]mie the
following especially the deposition of silicon by various techniquesescribed. The
different processes can thereby be classified according to the silicon source. Physical vapour
deposition (PVD) is using thermal otbeam evaporation to transfer solid silicon into the
gas phase and this gaseous silicon is then depositedsabstrate. If a high vacuum is
additionally applied the method is called molecular beam epitaxy (MBE). The method using
a siliconsaturated metal solvent is referred to as liquid phase epitaxy (LPE).

Another very common technique is the chemical vapeposition (CVD) where a film
is deposited directly from a gaseous phase onto a subsktegefirst chemical vapour
processes were conducted in 1852 with the deposaiaron (lll) oxide FeOs). The
processes were developed by R. W. Bunsen and fesed chloride FeCk) and water
vapour[42]. Nowadaysyarious different materials can be deposited by CVD such as silicon
and silicon compoundg3]. For the decomposition of the used vapour to the reactiortseduc
a certain amount of energy is required. This energy can be introduced in different ways,
which further classifies the technique. Plasma enhanced CVD (PECVD) works at lower
process temperatures, because a plasma of the reacting gases is formed amd theref
activation energy for the dissociation of the precursor gas is lowered. Hot wire CVD
(HWCVD) is using a hot catalyst, often a tungsten or tantalum wire, to decompose a silicon
source. During rapid thermal CVD (RTCVD) processes the gas is dissbijateating up
the substrate or the precursor gas itself. Those thermal CVD processes are additionally
divided by the operating pressure:

f APCVD (atmospheric pressure CVD) operates at atmospheric pressuRaj10
f RPCVD (reduced pressure CVD) operategrassures between 00" Pa.
1 LPCVD (low pressure CVD) operates at aboutlD0 Pa.
f  UHVCVD (ultra-high vacuum CVD) operates at a vacuum belo®p@.
The required process temperature is lower for a reduced operating pressure. However, the
technical equipment is expensive af tdeposition rates are lowe(i.for UHVCVD
<0.01um/min [44]). The technique of choice in this work is therefore APCVD which
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requires temperatures above 1000[45 but also allows for high deposition rates

(2 um/min) and gnplifies the process because no vacuum is needed. Another advantage is
that APCVD reactors are commonly used in microelectronics, which means the chemistry
of the process is already well understood anehgemslling and wastgas treatment are state
of-the-art[46]. In the following subchapters a detailed description of APCVD processes is
given and the reactor used for this work is described.

3.2 Atmospheric pressure chemical vapour deposition (APCVD)

The hydrogen reduction of (chlejcsilane is 6r most CVD processes the starting point
for silicon deposition. In this thesis trichlorosilane (TCS) was used as precursor gas but also
silicontetrachloride (STC) was studied and utilized in other dissertations at Fraunhofer ISE
[46]. The reation kinetics of those two precursasslescribed in the following. A simplified
model of the silicon deposition using TCS and STC is given by HgldTkand Narusawa
[48]. The individual process steps that take place during silicon deposition are schematically
shown inFigure3.1 and the correspaiing chemical reactions are summarizedatle3.1.

The reactions can be thereby divided into the following pHa$s$s

1 Mass transport of main gas flow into deposition zone (A)
Fluid dynamics through a laminar or turbuléoiundary layer can describe the diffusion
of the reactants to the substrate surface. The velocity of the main gas flow, the viscosity
and the density can change the diffusion of reactants to the sdrfasean influence the
reaction rate and layer honmegity.

1 Gas phase reactions (B)
At temperatures above 1100°C and for any CI/H ratio,>38Che dominating silicon
species in the gas phase for TCS and STC Hi@&2]. The STC and TCS quantities
in the gas phase decrease with increasing temperature. At this point the reéattions
and3.5 take place.

1 Mass transport of the precursors to the growth surface (C)
At this point reaction8.1 and3.5 can also occur, which is referred to as chemisorption.
This means SiHGlis chemisorbed and *Si€ls adsorbed. This adsorbed *SI®
denoted with an asterisk in thieemical formula.

1 Adsorption of the precursor to the growth surface (D)
*SiCl2 is decomposed by hydrogen at the growth surface according to edqaidtion

1 Surface diffusion to the growth sites (E)
The remaining adsorbed siliconoat diffuses to a site where incorporation is
favourable. On a plateau region the silicon atoms can only form two bonds to the
crystal so they diffuse further along the ledge to a kink site, where an energetically
lower binding occur§53].
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1 Incorporation of silicon into the growing film (F)
The decomposition of *Si€l(equation3.2) can of course directly take place at this
point without the need of further diffusion (i.e. skipping phase E).

1 Desorption of the byproducts of the surface reaction (G) and mass transport of
byproducts into the main gas flow (H)
Not only desorption of HCI as the byproduct can occur, but as shown in eqiftion
also desorption of *SiGl To achieve a high yield the desorption rate of *sghbuld
be much smaller than the rate of chenpson.

v

A

> gas flow

vy

substrate

Figure3.1 Schematic of the processes during chemical vapour depddifipn

One important reaction that is also in competition with the decomposition of silicon is the
etching of silicon, as slwn in equatiorB8.7. This reaction can also reduce the yield and the
etching rate has therefore (like the desorption rate of 35t€lbe kept small compared to
the rate of chemisorption. An etching of the silicon template dogilespecially critical for
the thin porous silicon template layers of a few nanometres in thickness described in chapter
2.3 It could also be critical if impurity atoms were present on the surface, because they may
react withgaseous species (especially HCI, which is a byproduct during chemisorption and
decomposition), removing the impurity locally and resulting in a pit. Impurities on the
surface can also react with chlorosilanes, which would result in an increased growth and
hillock would form on the surfad®4].

The total chemical reactions for TCS and STC are given with equaidrend 3.6,
respetively. STC is after the first reaction (chemisorption) following the same reactions as
TCS (anothechemisorption, decomposition and desorption)
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Table3.1 Reaction kinetics of silicon deposition with TCS[C and silicon etching. Taken
from [46].

. Point in
Process Reaction _
Figure3.1
Gasphase reaction / i I~
Chemisorption of SiHGI
| becomposition ofSiCl. “SiCl, +H, - Si+2HCI - 3.2 D,F
Deposition
with TCS , "SiCl, + HCI- SiHCl3 -
Desorption . 3.3 G
S|C|2 - S|C|2 -
Total reaction SHCI;+H, - Si+3HCl - 34

Gasphase reaction /

. . . SiC|4+H2 a S|HC|3+HCI—| 35 B,D
Deposition Chemisorption of SiGl

with STC | Chemisorption, Decomposition and Des@mptanalogueto TCS D, F, G
Total reaction SiCl, +2H, - Si+4HCl- 3.6

Etching Si+nHCI- SiCl, - +gH2 - 37

3.3 Growth rate

The growth rate during APCVD gends mainly on the process temperaturd=igjure
3.2 left the qualitative course of the growth rate against the inverse temperature is shown.
For low temperatures the growth rate is limited by the chemical reactions on theesurfa
This regime is therefore called reaction limited. The growth rate can be described by an
Arrhenius equation and shows a high dependence on the temperature. For increased
temperatures >927°[55] or >1100°C[56] the growth rate is limited by the transport of the
reactants to the sample surface. In thisated diffusion limited regime the growth rate can
also be described by an Arrhenerpuation, however, with a smaller activation energy than
for the reaction limited regime. For much higher temperatures the growth rate can decrease
again due to an increase of the desorption reactions or due to depletion effects on the surface

[57].
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Figure3.2 Growth rate plotted against inverse process temperature (left), modifiefEépand the
dependence of the growth rate on the CI/H ratio for different process temperature$5tjght)

Another parameter that influences the growth rate is the CI/H ratio (see edi8}jon
with the molar concentrations of TJSIHCI3] and hydrogen [H. The dependence is
plotted inFigure 3.2 right for different temperatures. The trend is similar for increasing
temperatures. For decreasing ClI/H ratios below 0.005 the growth rate drops because of an
insufficient amount of TCS and therefore a lack of silicon atoms for crystal growth.
Increasing the CI/H ratio, i.e. increasing the amount of TCS leads to a higher growth rate
because the reaction is limited by the chemisorption process (eqBdjiodowever, if the
CI/H ratio is further increased the growth rate drops again due to a lack of hydrogen and,
therefore, a limitation through the decomposition process (equa#pn

o "Y'Q00 a

0 q _ 8 38
O "yQ08 & O

The inFigure 3.2 right shown dependence of the growth rate on the CI/H ratio can be
derived from the adsorption rate and the mole growth ratev. The latter depends
according to equatio.2 on the molar concentration of hydrogerp[idn the surface, the
number of occupied bonding sit®sand the decomposition const&n{50]:

® Q»PI0. 3.9

Vad depends according to the chemical reacBdnon the number of free bonding sites
(17 Q) the adsorption constakiq and the molar concentran of TCS [SIHCH]:

® Q Op g 2OYQ04 & 3.10

In steady state the relatiorkg 1Vr = O is used to determine the number of occupied
bonding sites using equati@il0and3.9:
O 0 Oy 8 311
Q OYBH Q0 '
The decompositiok: and adsorption constarks have been determined exjpeentally
[50] (with R= gas constant in J mbK™* andT = temperature in K):
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Using the equations froi®10 to 3.13 the molar deposition rate can be calculatsthg
the following equation:
Q3IQ IYBEH 00
Q OYdB@m Q0
The presented model was validated by Habuka in a temperature range li280C
using gascompositions of 0.14 6.73% TCS in H This covers the operation regimes

typicaly used for industrial APCVD processsl].

3.14

3.4 Doping incorporation

For this thesis both boron and phosphorus doped wafers were fabricated and
characterized. The processes for doping incorporation during epitaxial growth are well
described in literaturf58-61]. The doping incorporation follows thereby similar processes
as the ones described for silicon in the previous subchapters. Thermal transport and reaction
kinetics are the limiting factors for the plnt incorporation and the process proceeds
analogue to the schematic Figure 3.1. In the following the dependence of doping
incorporation on temperature and gas flow is described. Experiments have been performed
in previous woks with the same reactor as used in this wd@. The separately added
values determined during this work are labelled accordingly.

The dopant concentration in the silicon lafepantcan be modelled bthe following
equation:

Cyonan=5A02 &K , (T, growthrate)Mt for0¢ K, ¢1, 3.15

Si
Keff is thereby the effective segregation coefficient from the gas phase to solid silicon and

Paopantand Psi are the partial pressures of the dopant containing gas and silicon precurso
respectively. K¢ equals 1 if a complete incorporation of the dopant atoms reaching the
surface is given.

dopant™

3.4.1 Boron doping

The dopant source used in this work to deposype wafers is diborane §He). It is a
common and therefore well studied gas forCAM® processes for silicon growth. The
presence of monoatomic boron in the gas phase is negligible and mainly gaseous subhydrides
such as BHl exist at high temperaturg®9]. This reslis already in a good boron
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incorporation for low diborane gas flows. The following equation describes the reaction
kinetics at the silicon surface:

B,H,- 2BH,- 2B+3H,8 3.16

The reactions for the ingooration of boron and for silicon growth compete against each
other, so that doping concentration reduces for an increased growth rate of silicon at a
constant temperaturgsl]. For an increasing temperature the incorporation of boron
increases, because the above mentioned segregation coeffigiens Kemperature
dependenf46]. The carrier density in a silicon layer deposited with different diborane gas
flows was experimentally determined in previous works for different precursor gases and
temperatures (sddégure3.3). The inserted value determined during this work is a bit lower
than the values determined in the same reagt&chmich in46], which is due to the 20°C
lower process temperature. The values determined by Habuka ai@h®&aihury are
however both higher, although the temperature for the processes of Habuka was much
lower. This will be explained ithe following.

107} :
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Figure3.3 Doping concentration depending on the actual diborane ga$4B)w9, 61]. The
doping concentration for a deposition at 1150°C in the RTCVD160 (red star) was added from this
work.

Following conclusions carbe drawn by comparing the values measured in the
RTCVD160 reactor to the literature valyd$)|:

1 Due to a higher oxygen background in the reactor at Fraunhofer &5pin)
compared to commercial reactors used for the presented literatues ¢dllb-

1 ppm) the boron incorporation is reduced duthafollowing reaction:
"( (/P " o( . 3.17
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1 The CI/H ratio in the gas mixture also influences the incorporation of boron. For
a higher ratio a reduction in carrier concentration can be expected due to the
formation of borortrichloride:

"( o( #1 "#1 of . 3.18
For the experiments performed by Habuka and@waudhury it is assumed that

CI/H ratios of 0.010.05 were used, whereas the RTCVD160 reactor works with
a ClI/H ratio of 0.1.

3.4.2 Phosphorus doping

For phosphorus incorporation the results are similar to the previously presented results of
boron doping. Solely the temperature dependence is stronger for phosphine than for boron
incorporation. Phosphine is betiecorporated at lower temperatures because it tends-to out
diffuse[62]. For the dependence of phosphine incorporation on the gas flowigsee3.4)
three different regimes can be identified. For the explanation takern @&t is assumed
that only monoatomic phosphorus is involved in the incorporation process. The segregation
of phosphoruss determined by the vapour pressure of monoatomic phosplouthe total
partial pressure of phosphittee following relation is given:

> P P D H ¢ D8 319

At low partial pressures mainly Bldnd PH are pesent in the gas phase, leading to the
following reactions.

PH,2 P+H,andPH,?2 P+§H2. 3.20
The equilibrium constants for these reactions are as following:

o)

+ 8 321

and +

This means that the phosphine concentration is directly correléiethe incorporated
phosphorus resulting in a slope of one in the double logarithmic plot ¢ieeerg inFigure
3.4).

For high partial pressures of PRainly diphosphorus is present and the incorporation of
phosphorus on the surface is following the reaction.

P2 23P, 3.22
with the equilibrium constant:
n

+ —_—
5 8 3.23

According to this equatio®23the partial pressure of diphosphorus is proportional to the
squared value of the partial pressure of monoatomic phasphdfith equatior8.19 this
proportionality also applies for phosphine.

A

b ATT® Al 1T &8 3.24
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Therefore, a slope of %2 is present in this regimeha double logarithmic plot (see
regime2 in Figure3.4).

For this explanation it is assumed that a constant fraction of the incorporated phosphorus
is ionized at growth temperature. This is, however, only true for moderate doping
concentrations. For temperatures above 1130°C the intrinsic concentrations of electrons and
holes in silicon are in the order of¥@o 1¢° cm3. As long as the phosphorus concentration
stays below that value the electron concentration is determirted byrinsic concentration.

This leads to a proportionality of the ionized phosphorus concentration to the phosphine
partial pressure. As soon as the phosphorus concentration is exceeding the intrinsic
concentration, the number of electrons is given ynilmber of ionized phosphorus atoms.

The concentration of ionized phosphorus is then proportional to the square root of the
phosphorus partial pressure.

5 o 8 3.25

Keeping in mind that for this regime also equad®¥ applies the above shown relation
results in:

0 8 7 8 3.26
It finally leads to a slope of ¥ in the double logarithmic plot (see regimEigune3.4).
(0]
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Figure 3.4 Phosphorus doping concentration plotted against the actual gas flow concentration
modified from[46, 64].

For the values taken from literature and determinadsamples processed in the
RTCVD160 reactor the measurements follow nicely the trend of those three regimes. The
doping densities aimed for and added during this work are intentionally lower than the values
determined during previous experiments in theesagactor. The reason for this is, that for
previous works higher doping concentrations were required for the investigated concepts,
such as epitaxial wafer equivalddt] and epitaxial emittergs5]. Forfreestanding silicon
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wafer manufacturing resistivities in the range efQWem (~5x10° to 4x13“cm®) are
required.To be able to achieve such low doping concentrations the background in the reactor
plays a major role. During the first experiments wittype doping in this work, a boron
background concentration of about 2¥1€m was determined and was removed in the
course of this work. Therefore, a new background as low as/3shd could bereached

and controlled doping concentrations down tal@Xcm? could be achieved in the
RTCVD160 reactor. Detailen the boron background removal aod the ntype doping
concentrations investigated in this work will be given in chaptesand chapteb.2

3.5 Defects in epitaxially grown layers

In this section an overview of the main defects thatocaurin epitaxially grown silicon
is given. Furthermore, the reasons for defect growth that can be found in literature, also for
the case of epitaxial gwth on porous silicorgrediscussed.

3.5.1 Dislocations

A dislocation is arrea where atoms are out of positiothe crystal structurd.here are
two types, edge dislocation and screw dislocatiosilicon, with a diamond (fcc) structure,
dislocations glile on the close packed {111} plarié$]. Their most stable position is when
they are oriented in <110> direction. For higher temperatures, however, dislocations will
take an arbitrary direction for gliding on the {111} planes. Dislocatioas #ine already
present in the growth substrate propagate into the epitaxial layer during silicon deposition

[67].
3.5.2 Stacking faults

Stacking faults are twdimensional defects that appear, in case of a silicon crystal,
mainly in {111} planes[68]. In <111> direction every third plane is congruent
(AABCABCéO) . An intrinsic stackIAGAP Cféaayl t

and an extrinsic stackingCEGQABGgaH)enot es an

de
a

The term stacking f au67)is, haveverfalyaused torithreet ac ki n

dimensional defects in epitaxial layers. This defect is formed bydimensional stacking
faults in {111} planes. On a (100) oriented strate inverted squatgased pyramids form
in the epitaxial layer. The tip of the pyramid is mostly located at the growth interface. Such

defects can form because of gaseous contaminants such as carbon or they can appear due to

surface contaminations (likexygen or metal impurities) and damdg@&]. Other reasons
can be the presence of Siénd SiC in the bulk silicon close to the surface and also other
crystal defects can induce stacking fault growth in the epitaxial |&yEer

For layers grown on porous silicon stacking falgdhsities are much higher compared to
layers grown on polished and cleaned reference waferseGatpr0] assume that a residual
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oxide layer at the inner walls of the pores hinders the pore to close properly and stacking
fault growth hence occurs at the location of the oxide layerHggire3.5).

stacking fault

epitaxial Si

' | 4 [

Figure3.5 Stacking faults formation on a porous silicon layer proposdd@y The thin dark grey
layers on the pore walls are representing oxide layers, which can hinder a pore closing and provoke
stacking fault growth.

3.5.3 Spikes

Spikes are growing comparable to stagkifaults but they feature polycrystalline
inclusions in the centre of the stacking fault. [[il] the origin for this growth of
polycrystalline stacking faults is correlated with silicon particles on the substrate surface.
The growth of these defective areas is faster compared to the surrounding epitaxially
growing layer. Therefore, spikes show usually a hump on the epitaxial surface The
polycrystalline defects are the most detrimental defects for epitaxial |gd@rdJsually,
standard wafer cleaning (RCA cleaning with wle¢micals) prior to epitaxial deposition can
be used to avoid the growth of such defects. However, in case of porous silicon substrates,
extensive wet chemical etching would destroy the needed low porosity structure and can
therefore not be used for theopesses performed in this work.

3.6 RTCVD160 reactors

The reactor used in this work was developeBraunhofer ISH5]. Figure 3.6 shows a
schematic of the RTVD160 reactor chamber, which has a diameter of@80 The idea is
to inject the gas between the porous silicon substrates, which form themselves the walls of
the reaction chamber. The quartz carrier used in this work-{gaee3.7) seals the bottom
and the top of the reaction chamber. The whole carrier is then placed in a quartz tube that is
purged with hydrogen during the depositidimerefore silicon is merely deposited on the
silicon samples and only negligible parasitipadgition occurs at the quartz tube wall. The
heating of the substrates is realized with two rows of halogen lamps on each side. The
samples are vertically upstanding and can be moved horizontally through the deposition zone
during a deposition process.
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Figure3.6 Schematic of the RTCVD160 reactor chamber.

The temperature is controlled by a thermocouple positioned in the reactor chamber and
the actual temperature of the substrate surface is not identided RTCVD160 reactor.
Therefore, measurements of the real substrate temperature in fleedire range between
4001120°C have been conducted by Rachpmd]. The temperature difference on the
substrates compared to the measured valugg¥C + 5°C. In this work only thermocouple
temperatures are given. The standard growth ¢eatpre in this reactor of 1150 was used
for this work[46] which results with a CI/H ratio of 0.1 in a growth rate of approximately
2 pm/min for the RTCVD160.

epo—smbn

Zzone

Figure3.7 Picture of the quartz carrier used for this work. The gas inlet can be seen on the left side
and the exhaust is located on the right side. Silicon deposition can take place in the marked area.

A schematic of the standard process flow developed within this work for porous silicon
reorganization followed by epitaxial growth of an EpiWafer can be sdeigume3.8. After
loading the samples in the reactor the chamber has putged with nitrogen for at least
20 minutes prior to processing (1). This is required to avoid a high oxygen background
during processing. Then the reactor is purged with hydrogen to remove the nitrogen. After
6 minutes (2) the heatinup follows with aramp of 100°C/min (3). Any holding step at
temperatures below the growth temperature can be implemented (not shown here). After
reachinghe growth temperature of 118Dan additional reorganization step can be included
(4-5). Prior to epitaxial growth stabilization step of the process gases is required (5), which
is approximately Imin and has to be added to the total reorganization time of the porous
silicon substrate. After growth of the EpiWafer (6), the reactor is cooled down with a rate of
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150°C/min (7). At a temperature around 300°C the process can be stopped and the reactor
is purged with nitrogen again.

time
51200 Y e = :
° . hydrogenpurge  feorganization ~EpiWafer growth
5 800 & | +heating ramp 3 N 3
© 2 | 1 <
S 400l % 5
=3 ' start 2 3
Q: :
. : S —— |
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Figure3.8 Schematic of the standard process flow for porous silieorganization and epitaxial
growth of an EpiWafer. The process steps 1 to 9 below the graph are described in the text.

3.6.1 Deposition modes

In this work, EpiWafers with thicknesses ranging fromu#® to above 15@m were
fabricated. For all processes thergamization step was performed stationary in the middle
of the reactor chamber. For silicon deposition, however, a depletion of the silicon precursor
gas in the gas flow direction leads téoaally inhomogeneous thickness distributiatg].
After reorganization the samples were either deposited in stationary mode or they were
pulled out of the deposition zone during the stabilization step and then pushed with a constant
velocity through the whole deposition zone. Thiscatled continuous modeesults in a
more homogeneous thickness distribution in gas flow direction. However, it also doubles the
silicon deposition time of the proces®r a standard process at 136@he hydrogen purge,
the heating ramp and the cooling ramp add up to a te@ldf approximately 3&in. Figure
3.9 (left) shows a thickness (W) mapping of a 2f%m thin deposited layer in continuous
mode. This layer was deposited on a Cz reference without the need for a reorganization step.
The procestime was therefore one hour with a silicon deposition time ohi26Figure3.9
(right) shows for comparison a detached EpiWafer after stationary deposition. The mean
thickness is 15@um, but locally over 20@im were deposited.le process for this EpiWafer
took, including the reorganization time of 8@inutes and a deposition time of Fbnutes
already over hours ¢ 140min). A continuous deposition of such thick EpiWafers would
exceed the process time td@urs. The RTCVD166s, as a lakype reactor, however, not
built for such long process times. During such long processes parasitic deposition on the
guartz sample holders make it difficult to push the samples through the reactor chamber.
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Figure 3.9 Thickness mapping of a sample processed in continuous mode (left) and in stationary
mode (right).

In order to improve lateral homogeneity but also keep the process time to a minimum a
semtcontinuous proces was developed during this work. This process was used for
EpiWafer fabrication with aimed thicknesses of 180. Therefore, the substrate was left in
the middle position of the deposition zoafer reorganizationAfter a stationary silicon
depositionfor 40min, the wafer was only pushed out of the deposition zone in one
centimetre steps. The sample was left at each positionnfom he first 4 steps, then for 5
min the last 6 step®Vith this procedura deposition time of 8&nin wasneededwhichis
only 16min morecompared to a stationary process. The resulting thickness distribution of
a detached EpiWafer processed with this sepnitinuous procedure can be seekigure
3.10 (note that the upper left edge of the samipteke off during detachment). The
homogeneity is considerably increased compared to the stationary deposited sample shown
in Figure3.9 (right). This process was developed at the end of this thesis and was therefore
not used fothe thick samples processed during this work.

For each processed sample described in this work the used deposition mode will be given
in the sample preparation subchapters.
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Figure3.10 Thickness mapping of an EpiWaf@eposited in sergontinuous mode.
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3.6.2 Doping gas system

The flow of most gases needed for the processoistrolled by mass flow controllers
(MFC). The doping of the deposited silicon layers is realised by adding dygsed to the
precursor gas mixture. In the RTCVD160 reactor phosphine) (Bidsed for ftype doping
and diborane (Bs) for p-type doping.

At the beginning of this thesis three different MFC §206m, 10Gsccm and 7008ccm)
could be used for the dogrgases. For this work only the 8cm MFC with a lower limit
of 0.4sccm was useful. Taking the dilution and complete gas mixture into account a gas
flow of 0.4sccm corresponds to a doping gas concentration ofpp@i7for phosphine and
diborane. Such eoncentration limits the lower value of the doping concentration to above
1x10' cn® for both dopants (see chap8#).

Therefore, only by deposition without any dopant gas (depending on the background
doping concentrationyvafers with lower doping concentrations could be fabricated. For
free-standing EpiWafers suitable for solar cell processing doping concentrations in the range
of 1x10° cm® - 1x10'° cm® are preferableAs the dopant gases used are delivered in gas
bottles with a certairdegree of dilution in hydrogemmne possibility to reduce the doping
concentration is to use a different gas mixture with a lower phosphine or diborane
concentrationHowever,due to other processes at Fraunhofer ISE in need for highgdopin
concentration this was not an option during this work. Another way to reduce the doping
concentration in the gas mixture before introducing it into the reactor chamber is to dilute it
further with hydrogen. Therefore, the gas system was convertedwaththat dopant gas
and hydrogen are mixed with adjustable flows to dilute the dopant gas. Another mass flow
controller following this mixture system regulates how much gas from this mixture is
introduced in the reactor. A sketch of this new gas systshrown inFigure3.11. This new
gasmixture setup allows for controlled doping gas concentratiomvn to 0.002pm.

] hydrogen
300 sccm MFC
. Dopant gas
20 sccm MFC
.25 sccm MFC reaactor
Diluted dopant gas

exhaust

Figure3.11 Schematic of the gas mixture system installed wat@lithe dopant gas and enable
doping gas concentrations down to O.@@2n.
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3.7 Detachment tool

For this work a vacuum tool was needed to enable detachment of the deposited EpiWafers
from the parent substrate. The here presentedbs#tftool basically provids homogeneous
soaking through a porous membrane material over defined sample areas of up to
200x 200mn?. The tool was developed by a group of technicians of the department. In
courseof this work different porous membranes for the vacuum suction weedten a
small area tool (58 50 mm?). The best performing material was then used in the upscaled
tool. Both tools aralepicted inFigure3.12. The samples have to be placed on the porous
membrane with the epitaxial layer facidgwn. A connected vacuum pump is then switched
on and the parent wafer has to be lifted on one edge by using a tweezer or a scalpel. If the
reorganization of the porous silicon layer was successful (see chaptan easy ggaration
of the parent substrate from the soaked epitaxial wafer is possible.
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Figure3.12 Detachment todior 50x 50 mm2 samples (right) and up to 28@00mm?2 samples
(left).

3.8 Summary

In this chapter therinciples of chemical vapour deposition were given. The influence of
CI/H ratio and temperature on the deposition rate was discussed and a theoretical model for
the calculation of the growth rate wiatroduced Furthermore, the incorporation of dopants
into the epitaxial layer during atmospheric vapour deposition was described for both boron
and phosphorus. Data from literature and from experiments performed in this work showed
the doping concentration in dependence of the actual dopant gas flow. m2iffereuld be
explained by the different reactor setups used in literature and in this work. The results follow
nicely the expected trends from theory.
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Defects that can grow in epitaxial layers were introduced and the different origins for
their growth tlat are described in literature are specified. Especially growth stacking faults
are present in the layers deposited in this work. The reasons for an increased stacking fault
growth on porous silicon substrates are attributed in literature to residualayedg on the
inner walls of the pores.

The RTCVD160 reactor used in this work was described and the modifications made
during this work were summarized. A typical process flow used in this work was presented
and the three different deposition modes usethis work were described. The resulting
thickness distribution for each deposition mode was also shown.

Finally, the detachment tool developedcourse ofthis work was presented. Varying
porous membranes have been tested and the most promisin@eneplemented in the
upscaled tool for a defined detachment of areas up ta 200mm?=.






4 Investigation on the porous silicon template quality

The crystal quality of the epitaxial silicon film strongly depends on the porous silicon
template. The qualitof the template can be adapted through the reorganization
process prior to epitaxy, which was described in chapi2r This process is
influenced by the temperature, the duration of the reorganization process and the
gaseousitmosphere. In this chapter, the influence of reorganization on the structure
of etched porous silicon layers is investigated by varying the temperatures and
process durations for the reorganization step. The influence of the storage time of
the samplesn the reorganization resui$ studied to see if any pteeatment for the
porous silicon samples is needed to guarantee reproducibility.

4.1 Description of the porous silicon substrates

The porosified wafers used in this work arméh ptype Cz substratesith a specified
resistivity of 1020 mW+cm. Figure4.1 left shows one of the samples used in this work. The
etched porous silicon can be seen astileuredarea on the wafer. Due to wafer holding
during etching an approximatelycm wide silver shiny rim without porous silicon is
present. The samples were purchased from IMS (Institut fir Mikroelektronik Stuttgart).
Their porous layer stack consists of a 1 topnbthick low porosity layer (20%30%
porosity) on top ofwo highporosity layers (50% 60% porosity) with differing porosities
and approximately 500m each in thickness (s€eure4.1 right). This thredayerstack is
based on a double layer stack optimized for thira chip fabricationThe detachable areas
for a silicon chip are only 5 mmz2 small and therefore no pillars are required in high
porosity layer as the epitaxial layer is supported by the-fpeeerim of the chip. For large
area detachmente third high porosity layer wastroduced by IMS to avoid a collapse of
the porous layer after reorganization. Details of the layer stacking and the etching process
are found in[33, 34]. The advantage compared to the triple layer introduced by
Radhakrishnarmt al. (see chapte?.3) is that the process time increases only slightly as a
result of etching the send high porosity layerAdditionally, purchasing samples from a
microelectronic institute assured cleanliness of the samples and therefore no contamination
in the clean room equipment and RTCVD tools.
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Figure4.1 Left: Picture of a porous silicon sample supplied by IMS. Right: SEM image showing a
tilted crosssection of the investigated porous silicon structuretelsed.

4.2 Porous silicon aging and reconditioning

The porous silicon templates needed fos thorkwereetched at IMS in Stuttgart, then
packed and shipped to Fraunhofer ISE. One batch consists of 25 samples which are etched
in a row each on the same day. The time scale from etching to receipt can takedagso 3
depending on the mail servicktter receipt, the processing of 25 samples takes more than
two weeks, becausmnly two to foursamplegdepending on the processn be processed
a day in the laltype RTCVD160 reactor. Therefoieneed to be investigatel whether a
long storage of theamples changes the reorganization result.

4.2.1 Sample preparation

For this experiment samples were processed right after receipt and compared to samples
that have been stored over 300 days in clean room atmosphere. A batch of the aged samples
was processedmictly out of the box and another one recemedi~dip prior to processing.

All samples vere annealed for 3@in at 1150C in hydrogen atmosphere followed by
epitaxial growth of a 4Qum thick epitaxial layer at the same process temperatu

4.2.2 Results

Porots silicon samples were directly processed upon receipt and compared to samples
processed after aging for 3@ays in clean room atmosphere. The cEsion inFigure
4.2 left shows a noraged porous silicon sample after reorgation at 1150°C for 3fin.
Most of the pores in the low porosity layer show a facetted structure. The second high
porosity layer consists of cavities that are varying in size from approximately 100 ton500
and remaining pillars with a width of aroun@0nm. Radhakrishnaet al. states that with
such a high porosity layer only defective detachmiesit cracking of the EpiWafeshould
be possiblg¢4Q] (see chapte?.3d). All aged samples that have been procedgedtly out of
the box showed less reorganization in the low porosity layer and high porosity layers (see
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Figure4.2 right). The pores in the low porosity layer are still elongated and none show a
facetted structure. The cavities in the high porosity layers are partly even belown100
These layers weneot detachablafter epitaxal thickening as also predicted i#0]. This
investigation shows that after storage of theope silicon samples the properties of the
material change and a good reorganization cannot be assured. Even the samples that were
processed directly upon receipt, meanirdp$s after porosification, show a nsulfficient
reorganization. It has to be irstegated whether this is due to the etching process or due to

the storage time.

Figure4.2 Crosssections of a porous silicon sample after reorganization at 1150°C fain30
right after receipt (left) athafter storage for 30@ays in clean room atmosphéright).

One issue could be that an oxidation of the porosified samples occurs to an extent that the
oxide cannot be removed sufficiently in hydrogen atmosphere for proper reorganization. To
guaranteeaproducible and comparable results all porous silicon samples should, however,
be in a similar state prior to processing. If oxidation is truly the cause a possible way of
reconditioning the samples is an4dp prior to processindrigure4.3 shows an aged porous
silicon sample that received an Hdip before it was annealed at 1150°C fom3@. The
low porosity layer shows facetted pores and the high porosity layers both show large cavities
and pillars with a width of about 20®n. In the second high porosity layer the pillar spacing
is even higher than @m, which should allow for easy and deféee detachmentsee
chapter2.3). These results support the assumption that an oxide hinders the desired
reorganization of our porous silicon samples. Comparing the structure of the layer that was
directly reorganized after arrival without Hfp (Figure4.2 left) it is obvious that even the
samples that have been processed diregibn receipt already exhibda certain degree of
oxidation. Therefore, for all further processes ardififwas performed on the porous silicon
samples right before loading them into the reactor chamber. The reactor is then purged with
nitrogen until theprocess stast which should preventaitionaloxidation of the samples.
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Figure4.3 Crosssection of an aged porous silicon sample after reorganization at 1150°C for
30min. The sample received an Hip prior to processing.

4.3 Porous silicon structure and surface roughness

In this subchapter the structure of the layers after processing is discussed and the surface
roughness is determined usisganning electron microscofsEM) and atomic force
microscoly (AFM), respectively The aim was to determine the optimum temperature
regime to achieve excellent reorganization results for a closed and detachable template for
epitaxial growth. This reorganization process should require 1 noir3t keep the overall
process time to a minimum. It should als®transferable to industrial-lme CVD reactors.

Karim et al. showedRMS roughness values as low asna for a double porous silicon layer
with a low porosity layer thickness of 13@h and an annealing time ofndin. Higher
annealing times of 3Min led to an increased RMS roughness ohid 39].

4.3.1 Sample preparation

For these experiments athreples were etched in 1% HF(aq). To investigate the pore
evolution in the porous silicon layer and in more detail the surface, which acts as a template
for epitaxial growth, the samples received a reorganization step in a hydrogen atmosphere
without any aditional epitaxial growth of a silicon layer. The samples were reorganized at
different temperatures for 3@in and for different time durations at a fixed temperature of
1150°C, respectively (se€able 4.1). The heating ramp waset at 100C/min for all
processes.

The aim of this study was to find the required temperature regime that would enable an
optimized reorganization of the porous structures in our RTCVD160 react9]inthe
authors describe #t reorganizatiorstartsat 880°C for a porous silicon monolayer. The
standard temperature for epital growthin our RTCVD160 reactor is 11%80. Therefore,
temperature variations the range from 800°C to 1150°C are examined in this work to
resolve the different stages from aiietshed to a closed surface during the reorganization
process. Additionlyy, the annealing duration for a fixed temperature of 1150°C was varied
to investigate whether a longer reorganization time leads tocaease in roughnes$the
templatelayer, as expected frof39].
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Table4.1. Overview of the different reorganization parameters varied in this work.

process reorganization
Process temperature time
[°C] [min]
A 800 30
B 950 30
C 1000 30
D 1150 30
E 1150 10
F 1150 5

The reorganized porous structures were observed using a scanning electron microscope
(SEM). The crossections were prepared by manually scribing and breaking the samples.
The surfaceaoughness was determined using an atomic force microscope (AFM) using a
Tap300DLC probe in tapping mode.

4.3.2Dependence on temperature

This investigation was conducted to find the starting temperature for reorganization in
our porous silicon layers. Additially the evolution with increasing temperature is
investigated. The aim was besides a better understanding of the reorganization process to
see whether a holding step at lower tempees, prior to epitaxy at 1150, would lead to
a smoother template f@pitaxy.Therefore we are going to focus on the low porosity layer
and the surface of the reorganized porous silicon layer, which would act as the template for
epitaxy.

4.3.2.1SEM investigation

For Process A it was not possible to get a good SEM image of tleesubecause the
structures with a femanometresveretoo small.Figure 4.4 shows a crossection of a
porous silicon sample after annealing at 800°C fom8@Q This process caused a change in
the structure compared to theeatshed sampl@resentedn Figure4.1 right. It shows that
reorganizéion really startsat 800C. The long pore tubes separate and become small closed
pores with a diameter in the range of a f@anometresThe high porosity layersan now
be better distinguished from the low porosity layer. The growth of larger pores and the
shrinking of smaller pores during annealing are well explained by the theory of sintering,
which was described in chap@2. It sates that theeorganization oporous silicon occurs
through vacancy diffusion processes. They are evoked through a vacancy concentration
gradient between the pore and its surrounding lattice. Voids can therefore grow or shrink
depending on the directiaf this vacancy gradierfi28]. Ottet al.[29] state that increasing
the annealing time for a constant temperature leads to a similar evolution in the pore
structure, as an increase of the annealing temperature. Any furthes@sofdae annealing
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time may therefore lead to a detachable and closed template. However, this would take too
much time and was therefore not further investigated.

EHT=500kV Mag= 3000KX WD=73mm  Detect
Stage atT= -14°

Figure4.4 crosssection of the investaged porous silicon structure after annealing at 800°C for
30min.

For the next processes we are focusing on the surface of the porous silicofrdayer.
Process B the increase of annealing temperature to 950°C caused some of the pores in the
low porositylayer to enlarge. However, others shrank and disappeared. Those pore structures
can now be captured by SEM, as showirigure4.5 left. We find thata fewnanometres
under the surface, which acts as a sink for vacancies, mae gfores disappear after
treatment at 950°C. However, there are still open pores at the surface, which would require
more time to dissolve into the gas phase. This temperature regime is therefore not ideal for
porous silicon restructuring over the invgsted time range. For a reorganization
temperature of 1000°C, the upper layer closed still not entirelyHigeee 4.5 right). This
leads to the conclusion thamperatures above 1000°C are required, if the reorganization
time is to be kept below 3@in.

600 nm 200 nm

EMT= 500KV Mag= 2698KX WD=73mm  Detector=ilens  Mbing=0f  Signaf A =hlecs EHT2 500K, Mag= 5034 KX ' WD = 68 mm

M Sigral #0608 Siongl B = SE2 Stage &= 122°

P |SE Stage mT= 125° Frauphofer ISE.

Figure4.5 SEM image of a tilted porous silicon sample showing the sample surface (top) and
crosssection (bottom) after annealing at 950°C (left) and 1000°C (right) for 30 min

No open pores were observed at the surface afteni@@eorganization for 1150°C,
which was the highest temperature investigakeégufe4.6). Most pores immediatelgiose
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to the surface were approximately 10 in size and dxbited a spherical shape with facets
corresponding to crystal planes with a low free surface energy. The closeflegolayer
that acts as the actual template for epitaxy has a thickness of at least 10
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Figure4.6 SEM image of a tilted porous silicon sample showing the sample surface and cross
section after annealing at 1150°C forr@.

4.3.2.2AFM investigation

The surfaces of the processed samples that were investigated with SEM were in the
following measired with atomic force microscopy (AFM). The tip radius of the AFM of
< 10nm is limiting the resolution of the measurement. Therefore, the smaller structures of
the asetched sample were not measureabigure4.7 left). The AFMmeasurement did not
resolve the real structure of the open pores at the surface ofé¢hehad sample because
the structures are too small for the used AFM After reorganization at 800°C, the
structures grew to a size for which reasonable measutesitbnthe AFM tip is possible.
The measurements shownkigure 4.7 right illustrate that for the lowest temperature of
800°C, reorganization at the surface took place compared to #tehesl sample (left
picture). However, théop layer was found to have not closed yet. The pores at the surface
grew compared to the @iched sample. The open pores at the surface are in the range of
10nm.
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Figure4.7 AFM measurements of the suttafrom an agtched porous silicon sample (left)
compared to a sample annealed at 800°C (right).

After annealing the sample at 950°C forr8n, the surface exhibits still open pores,
which did not dissolve into the gas phakey(re4.8 left). Some of these pores grew to a
diameter of approximately 1G0n. In between thegmres there are stilbthers with~10 nm
in diameter An increase of the temperature to 1000°C results in the disappearance of the
small pores and, therefor@ smoothening of the surface, leaving only some pores that vary
from a fewnanometreso over 10nm in depth and about several hundneshometresn
width (seeFigure 4.8 right; note the scaling is different between the imagékg few
remaining pores at the surface exhibit a facetted structure ddavousredminimization of
the surface energy. Even a few holes in the surface would still result in enhanced defect
growth and therefore a reduced qualitf the epitaxial layer[28]. In conclusion,
temperatures up to 1000°C are still too mwideal epitaxial growth templategter 30min
of reorganization
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Figure4.8 AFM measurements of the surface from a sample annealed at 950°C (left) and 1000°C
(right).

Annealing the samples at 1150°C forr@h leads to a smooth surface ($eégure4.9
left). The RMSroughness value is approximately @, which is considered to be very
good for an epitaxy template #s specifications fomirror polished Fz or Cz references
state aBRMS roughness< 1 nm. The AFM measurement Figure4.9 left also shows that
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there is waviness on the surface, with the structures being only seseoahetresleep and

at least anicrometrewide (again, note the different scaling usedrigure4.9). For better
visualization of théi p @ &tructures on the different surfackse scans from the last three

AFM measurements are shownFigure4.9 right. Areas with the highest height difference

were chosen anti¢ same scaling was used for all three line scdresd&crease in roughness

is clearly visible for the sample annealed at 1000°C compared to the sample annealed at
950°C. After reorganization at 1150°C only a flat waviness is left on the surface.
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Figure4.9 AFM measurements of the surface from a sample annealed at 1150°Qrior @€ft)
and three line scans on samples annealed at different temperatures (right).

From theresults of thissubchapterit can be concluded that an annealing of the porous
silicon template for 3@nin at lower temperatures than the egahgrowth temperature of
1150C is not beneficial for a smoother su#a Only reorganization at 1180 for 30min
led to a closed and smooth templae.30min are at the upper time limit fonandustrial
applicationit has to be investigated whether a reduction of the reorganization tinae for
constant temperature of 11®Dleads to comparable results.

4.3.3 Dependence on time

The results in chaptdr.3.2already showethat annealing at 1150°C for 30 min leads to
a smooth epitaxy template with a low RMS roughness vaflu€.4 nm. In this subchapter
we investigate reorganization durations ranging from 5 to 30 min for a constant annealing
temperature of 1150°C. In the reg immediately under the surface, a difference in pore
shape was distinguished by examining the SEM image$-{gese4.10). For 5 and 10nin
of reorganization, the bigger part of pores close to the surface still appearseslangatot
yet facetted. After 3tnin of annealing, most of the pores appear facetted. However, AFM
measurements of the surface do not show any difference beaVesmmples annealed at
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1150°C. The RMS roughness for all samples is lower than 0.5 nm, ngethait possible
deviations would be dominated by the resolution of the characterization mé&iod.
comparing only the AFM and SEM measurements it is not possible to determine whether a
reorganization time oongerthan30 min would lead to epitaxial lays with less defects
compared to shorter reorganization timeésowever, the difference in pore shape
immediately near the growth interface may lead to a change in the strain in the porous silicon
layer andhence either toan improvemenor a worsening ofhe epitaxial growth template
quality.

Figure4.10 SEM images of the porous silicon template after reorganization at 1150°@far 5
(Process F), 1Min (Process E) and 3fiin (Process D).

Therefore, futher effort was put in the determinationtbé strain in the porous silicon
template layewhich will be presenteth the following.

4.4 Strain

In thissubchapter, the strain in the annealed porous silicon lsy@nslysedin literature
the outof-plane conpressive strain for a double porous silicon layer with a low porosity
layer thickness of 1308m after an annealing time oflin is 1,6x 10“. For an annealing
time of 30min, the strain can be reduced to £,20*[39]. No strain values for the optimized
triple layer stack from IMEQ40Q] could be found in literaturé&herefore, the determined
values in this subchapter are only compared to the values of the double porous silicon layer
given in literature.

4.4.1 Measurement principle

X-ray diffraction (XRD) measurements on the same layers eaogr@uctedisingaPhilips
XoPert MRD system gXgay (@pPlé4hm)waurcen Toaxtrautlke
strain in the porous layer from the XRD measurements, the silicon and porous silicon peaks
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were both fitted to Gaussian functions to determine the corresponding scattering-angle
Usi ng Br a gfigaétion, whichwis defined as:
CNOEF ¢£2. 4.1

The lattice parameteéR of the porous silicon layer and the silicon substrate can be
calculated using foe-the known wavelength of the CukX-ray source. The relative
deformation- of the porous silicon layer (PS) on the silicon substrate (Si), also known as
the outof-plain strain, can then be calculated via the mismatch between the two lattice
parameters

4.4.2 Dependence on temperature

In the previous subchapter it was already argued that a reorganization temperature of
1150°C is needed for a closed and smooth surface. However, the strain irotreegiaron
layer is also an important value that needs to be kept to a minimum to avoid defect growth.
It was therefore studied for all investigated temperatifiggire 4.11 shows the evolution
of the XRD rocking curve for difi@nt annealing conditions. For Process A (800°C), the
porous silicon peais located alower diffraction angles compared to the silicon peghkich
indicates a tensile outf-plane strain, known tbe also present within astched porous
silicon sampleg27]. This meansimply that the porous silicon has an increased crystal
lattice parameter in the direction normal to the sample pldreereason for titis explained
by a high density ofdsorbed hydrogen on the pore walls foreéshed samples (or in our
case samples reorganized at 800F&. This causes Hplane conpressive stress on the
pore side walls, which leads to eaftplane expansion of the latticAnnealing at 950°C
shifts the porous silicon peak to higher diffraction angles, leading to a compressofe out
plane strainThis conversion from tensile t@opressive strain iexplained by desorption
of hydrogen39]. The compressivestrain increases further for reorganization at 100@%C f
30 min. For the highest investigated reorganization temperature of 1150°C, the porous layer
Arel axeso again and t he crolarngtionefeect hasdeerst r ai r
identified by other$39] and is discussed in more detail in the following subsection.
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Figure4.11 XRD rocking curves showing the (400) crystalline silicealp next to a shifted porous
silicon peak.

4.4.3 Dependence on time

In [39], it was shown that a shorter reorganization time can lea@jb@r strain values
within the porous layer. Therefore, XRD measuremgmntthe samples annealed at 1150°C
for 5, 10 and 3®nin were conductedtigure4.12 shows the results of the calculated-ofit
plane strain for the differérreorganization times. We see that for longer reorganization
times, the strain decreases, as expected from litef@@rarim et al. state that the reason
for this decrease is a reduction in the connecting pillars in the high porosity layer, releasing
the mismatched lattices and reducing the strain in the porous silicon template. This could not
be confirmed by our SEM measurememtswever, we believe that this explanation is also
a plausible reason for the Arelaxationo of
temperature from 1000°C to 1150°C (see the previous subchapter).
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Figure4.12 Calculated strain values from the peak shift of the porous silicon to crystalline silicon
over the (400) rocking curve peak.
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The maximum strain values are showrFigure4.12 and are allower than thoséound
in literature[28, 39]. With a reorganization time of 3@in, the strain can decreatovalues
as low as0.64x 10“. With these templates epitaxial growth with low defect densities and
therefore high electrical qualities comparable to the ones presented in literature should be
obtainable (see subchapfep).

4.5 Summary

This chapter discussed the quality of the porous silicon samples used in this work after
different reorganization processes. The focus was on porous layer structure, roughness and
strain. Because the used porous silicon samples are electroaligretched and then
shipped by an external supplier, they cannot be processed directly after etching. Samples
processed after a longer storage time showedomsufficient reorganizationafter
processing, which would not allow for good detachm&he reason for this is an oxidation
of the porous silicon structure. To guarantee reproducibilitgdatitional HFdip needgo
be implemented as a standard-peatment for all samples. Further, we described the
evolution of a porous silicon surface from aretshed condition to a smooth and closed
surface with low strain in the porous silicon layer, whictessentiaffor good epitaxial
growth. A temperature of approximately 1150°C is needed to achieve a good template for
epitaxy for a processing time of ledsn 30min. Annealing at temperatures below 1150°C
showed still open pores at the surfag#.samples annealed at 1150°C at different times
exhibited high quality surfaces with roughness values of less thamD.Bcreasing the
reorganization time frm 5min to 30min leads to a reduction in the enftplane strain to
0.64x 10*in the porous silicon layer without increasing the roughness. Both the determined
roughness and strain values are lower than those for the improved porous silicon layer stacks
found in the literature. These results show that using commercially available
microelectronics material allows us to achieve high quality templates. For the following
chapter only reorganizationgmesses at temperatures of 1XS@ere further investigate






5 Material properties of epitaxially grown and detached wafers

In this chapter the quality of fregtanding p and ntype silicon wafers epitaxially
grown on the reorganized porous silicon templates is discussed. The defect densities
and minority chargearrier lifetimes of the epitaxial-pype wafers are compared to
layers epitaxially grown on Czochralski (Cz) and float zone (Fz) wafers, respectively.
Additionally, impurities in the samples, such as iron and compensating dopants, are
investigated. The ihfence of doping concentration and surface recombination
velocity on the effective carrier lifetime of pnd ntype wafers is discussed
theoretically and demonstrated with experimental data.

5.1 P-type EpiWafers

In this chapter results on defect densities effiective carrier lifetimes of epitaxialtgpe
wafers are presented. The homogeneity of the lifetimes on the sample area is discussed and
a detailed investigation on iron contamination and compensation in the layers is conducted.

5.1.1 Sample preparation

Theused porous silicon samples are the same as described in éhhpide substrates
with an embedded porous silicon layer were quartered before processing to fit in the sample
holders of the laltype CVD reactor. The aging amdconditioning of the porous silicon
samples which wasdiscussed in chaptet.2, was also investigatednd correlated to
epitaxial layer quality. Therefore aged porous silicon samples with and without-dip HF
prior to epitxial growth have been processed and characterized.

Tableb.1 Parameters for the different reorganization processes.

Process process temperature  reorganization time

[°C] [min]
A 1150 5
B 1150 30
C 1150 90

An approximately 4Qum thick epitaxial layer with an aimed boron doping concentration
of 8-10'°cm 3 was aposited on all samples at 1280for 47min in inline mode directly
after stationary reorganization in hydrogen atmosph@&able 5.1 summarizes the
reorganization parameters compared. A variation of the reorganizationatiraefixed
temperature of 115C was conducted to investigate whether a shown reduction of strain in
chapterd.4.3also lead to a reduction of stacking faults and therefore an improved effective
carrier lifetime. The heating ramp was kept at’ID@nd the cooling ramp at 18D for all
studied processes.
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Samples for defect density measurements were Setalred for 4&econdswhile still
attachedo the substrate. This prevented breakage of the samples during defect etching and
handling. As reference for epitaxial layers grown on reorganized porous silicon an epitaxial
layer was deposited on a polished and cleaned Cz wafer.

Another batch of samples was used to measure the lifetimes of minority charge carriers
of free-standing silicon wafers. Therefore, thg 4 cm? area for detachment was predefined
with a Nd:YAG laserAfter mechanical detachment with the tool describedhapter3.7
the residual porous silicon layer on the rear side was efohatlleast 3nin with CP71 in
a glass beaker. The recipes of all chemical polishing solutions used in this work can be found
in the appendix. Directly s#r an HFdip the surfaces of the epitaxial wafers were passivated
with 20nm Al>Os on both sides followed by am@aealing step for 2&in at 4253C on a
hotplate.Figure 5.1 shows a 4Qum thick wafer directly after detachment {}eénd after
etching and passivation (right). For the minority carrier lifetime reference measurements
layers with the same mean thickness and doping concentration were depositadhdfz4
wafers with a specified resistivity dfWem. The only differene to the processes with the
porous silicon substrates was that this process was conducted in stationary mode leading to
an initially inhomogeneous thickness distribution. After processing the samples were sent to
DISCO HFTEC EUROPE GmbH to grind an inn@rea with a diameter of 7¢sn down to
a homogeneous thickness of |@. After grinding the wafers were shipped back to
Fraunhofer ISE. They receivélde same Cftching as Epi\dfers, followed by an Hiip
prior to AlOs passivation and annealing.

Figure5.1 Left: A 4 x 4 cm? detached silicon wafer next to the corresponding substrate (the blue
line marks the area without porous layer); Right: A freestanding etched and passivdtenhd
silicon wafer.

5.1.2 Defect densities

The quality of an epitaxially grown silicon wafer can be determined by defect density
measurements. Defects, like stacking faults and etch pits are expected to affect the minority

*
Secceetch: HF + KCr,O7 + H,O in a ratio of HF : KO = 2 : 1 with 44 g KCr,Oy dissolved in
11 of H.O. It éches defects on all surfaces.



5.1P-type EpiWafers 55

carrier lifetime negatively67, 74] and also increase the breakage rate of the wafers. Defect
densities were measured on samples with epitaxial layers after diffecegamization
processes (se€able 5.2). The results show that samples with an aged porous silicon
intermediate layer have a much higher stacking fault density (SFD) compared to reference
layers on polished and cleaned CZ wafes.gfocesses with longer reorganization times a
reduction of the SFD can be observed. This indicates an improvement of the template with
increasing reorganization time which strongly affects epitaxial growth. In chagt8we
already showed a reduction of strain and a change to more facetted pores close to the growth
interface for longer reorganization times. This might explain the increased crystal quality.
After 90 min of reorganization, SFD of epitaxial layers grown oropsrayers reach almost
reference values which suggests that evemiBOis still not the optimum time regime for

the investigated porous silicon template. However, a reorganization time roin9i3
increasing drastically the process time and was therefotfavourablein our opinion. In

the following chapters it is investigated whether a reorganization time of upnomn38
sufficient for high effective carrier lifetimes and good cell performances.

The exact etch pit densities (EPD) of those sangalekl not bedetermine because EPs
located in and on a SF cannot be accounted for during the automated measurement.
Therefore only the EPD value of proc&€ssan be trusted which is in the range of the
reference values.

Process B was also conducted withoaous silicon sample that received an-dig prior
to reorganization and epitaxy. All SEM, AFM and XRD investigagiam the template
quality wereconducted only on samples with an-dip prior to processingdowever,it is
still not clear whether an Héip degrades the porous silicon structure in the low porosity
region close to the growth interface. Defect densities of epitaxial layers grown on substrates
with and without thipretreatmenshowed comparable values (Jable5.2), whichmeans
thatno decreased quality of the low porosity layer afterdifiping is to be expected.

Tableb.2 Defect densities on epitaxial wafers with differprd-treatmentgseeTable5.1).

Reorganization time etch pit density stacking fault densit
Process g P y g y

[min] [1/cm?] [1/cm?]
A (without HFdip) 5 (74£3)-1CF (4+2)-1¢
B (without HRdip) 30 (2+1)-1C (5+1)-1CF
B (with HF-dip) 30 (645)-1CF (6+2)-1CF
C (without HFdip) 90 (7£3)-1CG (2+1) 1G
Reference - (5+7)-1C <10

Concluding from these preliminary results a reorganization time ofiB@r higher at a
temperature of 118C is required to achieve low defect densitigsch areclose to the
reference values. In the folwing subchapter the influence of those different reorganization
times on the effective carrier lifetime is studied.
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5.1.3 Carrier lifetimes for p -type EpiWafers

The theoretical maximum effective carrier lifetime for a wafer with a given doping
density was estiated bythefollowing equation fronf75].

Y
p Y G A

T T (D) 51

This equation is accurate within 4% fas#*W/D < 0.25 for symmetrical samples with
the same passivation quality on front and rear side andDniteng the diffusion constant
of the excess carriers. The term for the recombination in the ipudkcombination of
radiative recombination,Auger recombination and recombination through defects
(ShockleyReadHall recombination}76]:

p p p p

T ¥ T 7o 5.2

So an upper limit for the bulk lifetime can be estimated we assume that bulk
recombination is exclusively dominated Byiger and radiativerecombination With the
pamameterization of Richteet al. [77] the maximum possiblentrinsic bulk lifetime
(radiative + Augeran be determinefibr a given doping concentratiqeee Appedix C)
Because radiative recombination daneglected for indirect semiconductors like silicon
this calcuhted lifetime willonly bereferred to adugerin the following.

For a given wafer thickne$¥ and an assumed surface recombination velocity (SR,
a theoretical effective carrier lifetimer can bethencalculatedwvith equatiorb.1.

For a ptype wafer with a doping density of 8Xf@m? the calculated bulk lifetime is
limited to about 25@s. With a known thickness of 40m and an assumed SRV of
St =5cm/s (taken fronj78] for an AbOs passivated surface) this results in an estimated
maximum value for the effective carrier lifetime of &l

First the reference wafers messed according to chapterl.l are described. The
microwave photoconductance decay (MWPCD) mappindrigure 5.2 shows the best
reference sample. The inhomogeneity of the lifetime originates fremtiomogeneous epi
layer thickness from stationary processing (see ch8el). The deposition rate reduces
in gas flow direction due to the separation and depletion of the gas mixture as presented in
[73]. Therefore, hle homogeneously 38m grinded area features zones with residual Fz
substrate on the back side and therefore a reduced effective carrier lifetime comparable to
the rim of the sample. It is important to keep in mind, that the measured effective carrier
lifetime is affected by both surface and bulk recombination. The best area with an effective
carrier lifetime of up to 5@is is, therefore, representative for an-Eyer with a grinded
and etched surface with unknown surface recombination. If still a val8ga5cm/s is
assumed, an increasethockleyReadHall (SRH) recombination is responsible for a
decreased effective carrier lifetiméonly 50us compared to the estimated value of 154
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A theoretical SRH lifetime is calculated for all measured@asand summarized rable
5.3.
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Figure5.2 MWPCD mapping of a #hch sample with a down to 36n grinded inner circle
representing the epitaxial layer.

For all detached&piWafes MWPCD measurements were performed and a minimum of
25measurement points were averaged. The effective carrier lifetimes for the different
processes are summarizedTiable 5.3. Increasing the reorganization time fronmi to
30min leads to a noticeable improvement in the effective carrier lifetime of the deposited
epitaxial layer both with and without Hip. This is in agreement with the reduction of
stacking faults shown in the previous subchapter. Process C, however, shows no
improvement for the effective carrier lifetime compared to process B, although lower defect
densities were measured for the latter. Process C was only performed with aged samples,
which leads to an insufficient reorganization of the high porosity layes. dan also affect
the quality of the wafers by inducing cracks and stress during mechanical detachment. The
calculated SRH lifetime values show that at this stage of the presented work the epitaxially
grown wafers still suffer from high recombination doecrystal defects (if we assume that
the surface recombination is similar for all samples).

A reorganization time of 3Min led to an average effective carrier lifetime ofp&2on
an HRdipped samplelLocally values of 4Qus could bemeasured showinghat epitaxial
layers with even higher quality can be processed. Those values are already close to the
reference value determined on Fz wafers. For this reason all following processes feature a
reorganizatiortime of 30min. A shorter reorganization time wtnl lead to an increased
stacking fault density as discussed in the previous subchapter and therefore a decreased bulk
lifetime. A longer reorganization time might still increase the epitaxial layer quality on the
porous silicon templates, but would alstesnd the process time to oveh8urs. Such long
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process times are unviable with the used APCVD reactor and were therefore not further
pursued.
Tableb.3 Effective carrier lifetimes of EpiWafers for differergorganization processes with and

without HFdip prior to processing. Theoretical SRH lifetimes are calculated and shown in the last
column.

Reorganization time Qs  GrA

Process

[min] [us]  [us]
A (without HFRdip) 5 9+2 10
A (with HF-dip) 5 712 7
B (without HFRdip) 30 16+7 18
B (with HRdip) 30 22+5 25
C (without HFdip) 90 11+6 12
Reference - 50 80

These presented lifetime values confirm that a reorganization step of at |eaist f80
the porous silicon templates is needed to achieve goodjagkties. The implemented HF
dip leads to an improved detachability and thereforiewer or no cracks in the detached
wafers. This can also result in higher effective carrier lifetimes, if the right reorganization
process is chosen. The errors of theasuged values ifiable5.3 underline, however, that
the process is still to be optimized to achieve a more homogeneous lifetime distribution on
the samples.

5.1.4 Optimization of handling and etching procedure

The results from the preaus subchapter showed even on the best wafers a big
inhomogeneity in the effective lifetime distribution. Extensive work has been done to
investigate this inhomogeneity and to find ways to avoid locally decreased effective carrier
lifetimes. It was determed that increased recombination occurs either due to cracks and
stacking faults in the epitaxial layers or due to an increased surface recombination after
porous silicon removal. This could be avoided by optimizing the handling and etching
procedures nessary for EpiWafer manufacturing and characterization.

In the following, the homogeneity of the effective carrier lifetime on two samples will be
presented and discussed in more detail. The first one suffers from an increased
recombination due to stackjrfaults and cracks (séeégure5.3) and the second one from a
worsened surface recombination (segure5.5).
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Figure5.3 PL imaging ofa 4x 4 cm2 sample that was processed with process B.

The porous silicon template for the sample presentédjure5.3 was reorganized with
process B (30nin at 1150°C) and received an +dip before processing. The upper circle
in thephotoluminescencd’() image of that sample marks a lislkaped conglomeration of
stacking faults which has a negative effect on the otherwise good effective carrier lifetime
in this region (darker areas represent lower effective carrier lifetimiés3. area was
analysedvith an optical microscope where the stacking faults are clearly visiblEi(pee
5.4 left). The lower circle marks a crack on the surface, also shown in the optical microscope
picture inFigure 5.4 right. This leadsalsoto a decrease in the effective carrier lifetime.
Sample handling before and after processing is more critical for porous silicon samples than
for monocrystalline polished and cleaned wafers. Scratches on gike foarous silicon
surface can occur more likely during manual handling;diiping and loading of the
samplesand leadhereforeto an increased stacking fault growth. For all future processes
handling of the porous silicon substrates was therefor¢elimio the poroufree rim and
any contact with the porous silicon layer was reduced as much as possible. However, this
was notpossible for all processese.ifor laser scribing of the porous silicon templates prior
to processing the wafers had to bepith the porous side facing down on a vacuum chuck.
This could still lead to scratches on the templates and has to be monitored accurately.

a
500 pm 500pum

Figure5.4 Microscopic pictures of the stacking faults (left) ahd scratch (right) leading to a
locally decreased effective carrier lifetime on the sample showigiure5.3.




60 5 Material properties of epitaxially grown and detachedens

For the sample with an increased surface recombination a MWPCD mapping next to a
PL image can be seenhiigure5.5. The reorganization time of the Hipped emplate was
also 30min at 1150C. The detached silicon wafer was etched in a triangularcaicter
with the bottom left corner facing downwards. After etching, the &amias rinsed in glass
beakers and dried under the flowbox. Areas of lower effective carrier lifetimes are clearly
visible. These structuresan also be foundwith the bare eye. Because of only 4@
thickness,rinsing was done manually in glass beakerd aat in the automated rinsing
bench.Furthermore for drying the sample was only kept under the flow box without an
active blow dry. This shows how critical removal of the porous silicon layer can be to
guarantee a homogeneous removal and a good sudaswation. For future processes the
rinsing was still conducted manually, but the rinsing bench was used with a constant DI
water flow and a display for the conductivity (assuring a sufficient rinsing time). An active
blow dry was carefully conducted oh fature samples after etching and rinsing.
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Figure5.5 MWPCD mapping (left) and PL imaging (right) of & 3 cm2 sample that was
processed with sequence B avoiding the highlyedagilicon layer on the back side.

For the next sample that was processed with reorganization process B (wdih)HF
those previously presented adjustments were applied. The corresponding MWPCD
measurement is shown Figure5.6. The sample has a mean effective carrier lifetime of
55us and local peak values of up to € This is even higher than the achieved lifetime
value on the reference wafer. The reason is most probably an increased surface
recombination for the grinded @etched reference Epi layer and shows how critical surface
conditioning of such thin wafers can be. For thinner wafers the SRV has a higher impact on
the measured effective carrier lifetime. This measured lifetime is already a high share of the
theoretica limit of 154 us that we determined in the previous subchapbat still
recombination through defects is reducing the bulk lifetime. With equatloand5.2 a
lower limit for this incdeased recombination is estimated tolge;= 100us (W= 40um,
Sir=1cm/s, Uuger=250ps). For this calculation a perfectly passivated surface was
assumed.
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Figure5.6 MWPCD mapping of the bestxX4 cm? sample that was processed with sequence B.

Although those results with epitaxiattpy pe waf er s ar e fuly omi sir
understand up until nowhe effectsthat limit the effective carrier lifetime in our Epi
material. Tkere are still some critical questions todrswered

1 Do we have impurities (other than the high doping concentration) in thgeigis
that limit the effective carrier lifetime?
1 Canwe reduce the recombination through defects and achieve higher etaciae
lifetimes by reducing the doping density in our \Ejaifers?
The first question is discussed in the following subchapter and the second is the topic of
chapters.2

5.1.5 Impurities in epitaxial silicon wafers

The electrical quality of a silicon crystal depends on the amount of impurities and defects
in the crystal lattice. In this subchapter we are therefore first discussing a possible metal
contamination of our material and in the following approach thettas&éduce the doping
concentration irepiWafers In [73] it has been reported that a metal contamination occurs
during processing in the RTCVD160 depending on temperature and duration. Interstitial iron
concentrations above 4x4@m?3 were measureddr wafers after 4nin amealing in the
RTCVD160 at 1108C. This value should be higher for our wafers as temperature and
process times are higher. Mainly transition metals, suéfea€r, Cu, Mo and Cdead to a
significant decrease in carrier lifetimedause they form deep levels in the bgag of
silicon, which lead to an increased recombinaftié®r81]. In Figure5.7 the SRH point defect
lifetimes at an injection level of 1x¥ocm?® were calculatedor varying p-type and rtype
doping concentrationand for four different iron concentratianehe equation used for the
calculations can be found in appendixAR iron contaminatiorof more tharbx10'° cm®
could explain a decreased SRH lifetimebefow 20 us for a ptype sample with a doping
concentratiomf 8x10'® cn®. For an rtype sample an iron contaminatiomist that critical
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(seeFigure5.7 right) and SRH lifetimes aboweeveral millisecondsanstill be reackd If
another metal impurity is assumed, i.e. chromiung $RH lifetime for n-type silicon
changs alsostrongerwith doping concentratiorf.his depends mainlgn the capture cross
sectionof the metal impurity, which is in case of interstitial iron much lower for holes than
for electronsA summay of capture cross sections for interstitial iron and other transition
metal impuritiexcan befor examplefound in[81].
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Figure5.7 SRH point defect lifetimes at a fixed injection lef@ different doping concentiians
of boron anghosphorusFourdifferent iron concentrations weneodelled

Impurities can form precipitates indhcrystal or they can occur at interstitial and
substitutional sites, respectively. Because the unintentional iron contamination level in
wafers is usually higher than that of other metal impurities[@#& the iron concentration
is a good indicator for the overall metal contamination in a silicon wafertypewafers
the interstitial iron concentration can be determined by measuring the lifetime before and
after the dissociation of FeB pa[i&3]. For the previous subchapter epitaxidalype wafers
have been processed with different reorganization steps prior to epitaxial growth. Those p
type samples have been used for interstitial iron imaging using photoluminescence according
to [84]. All samples showed interstitial iron concentrations between 9xh®® and
5x10'° cm® which is close to the detection limit of this method. Such iron coratés
couldlead,however for a highly doped ftype wafer to a reducesRH lifetimein the range
of 200usT 1000us (seeFigure5.7). To be sure, that no other contaminatidegradehe
bulk lifetime in our EpWafers we are going to investigate the influence of a phosphorus
gettering step on the effective carrier lifetime in the next subchapter.

In contrast to the results froj@3] that were presented at the beginning of this paragraph,
an interstitial irm concentration of 1x®®cm? in detachedEpiWafers is one order of
magnitude lower than expected. A possible explanation for that could be the proven gettering
effect of porous silicofB85]. To confirm this, the interstitial iron concentration of the grinded
reference wafers was also measured. The grinded area showed a mean interstitial iron
concentration of 5x28 cm®, which means thatl| epitaxially grown layers processed in this
work showa similar amount of interstitial iron. It is not clear what the contamination source
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in [73] has been and how this contamination coulddakicel for the samples processed in
this work. But these findings underline that the state of the reactor chengstantly and
that reactor cleanliness and maintenance is of huge importance.

The high doping concentrations of 8%316m? limits the overall bulk lifetime in our
samplesot only because of SRH lifetime but also because of Auger recombinakizn
value was chosen at the beginning of this work because several processes with high doping
concentrations, both wigshosphoruand boron, changed the background in the RTCVD160
continuously. Because of this background a minimum doping concentration wasteshnd
and comparable values are only guaranteed for doping concentrations that are above that
background doping. For determination of the background doping an epitaxial layer was
grown on a silicon sample without adding of any dopant gas. The incorpoxgtedyd
concentration was then determined using spreading resistance profiling (SRP) measurements
and resulted in a quite high boron background of Fxdf2.

This high background doping originates from the numerous different processes performed
in our labtype RTCVD160 reactor. Especially epitaxial emitter depositions need doping
concentrations above 1xP@m?3 [86]. This memory effect was already discussed in
previous workq46, 51], butthe source of the background dopwgs not clear. It was
proposed to deposit a thin undoped layer prior to each process to avoidaposs from
the dummy wafers and the reactor watkespectively. This was tested but was unfortunately
not sufficient to lower the background. The lowest measured background concentration of
1x10“ cm® in a similar RTCVD reactor was reported by Bad]. This value was achieved
in a quartz carrier after wet chemically cleaning and baking under hydrogen prior to
processing. In the course of this work a new quartz carrier was introduced for the sole
purpose of depositing lowly doped layers. The first mesamant of the background showed
a doping concentration of only 3x#@m? which is to our knowledge lower than all
previously published values for similar reactors. The background doping can therefore be
clearly attributed to the quartz carrier in our-tgpe reactor. The shown memory effect
requires to focus on eithertype or ptype deposition in one quartz carrier to avoid
compensationCompensating dopants can lower the desired doping concentration and make
a comparability of the achieved results idifft. Additionally, compensated silicon suffers
from lower carrier mobilities and therefore reduced minority carrier diffusion leiphs
However,measurements on compensated EpiWafdtshow in the following chapter that
it can also lead to higher lifetimes depending on the compensation level as sfa8g&d in

Because the old quartz carrier showed mainly a boron backgamaheitype raterial is
more tolerant to metal contaminatjonwas decided that the new quartz carrier will be used
for n-type wafers only. Even after seven processes with a phosphine doping 8f@xi0
the background was stable at 3}1€n3,

The results on{ype EpiWafers presented in this subchapter show that the bulk lifetime
in epitaxially grown materiatould belimited by metal impuritiesbut mainly because of
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the high doping concentratiomhe high background doping in the RTCVD2160 reactor could
be elimnated to enable EpiWafer growth with doping concentrations as low a5 8rid
Wafers with different stype doping concentrations are therefore processed in the following
subchapter and have to reveal if the SRH recombination in epitaxially grown waifeloe
loweredby reducing the doping concentration.

5.2 N-type EpiWafers

In the following paragraph the sample preparation and electrical characterization of n
type epitaxial wafers is discussddhe effective carrier lifetimes of EpiWafers with different
doping concentrations are measured. From those values the lower limit for the SRH lifetimes
are calculatedThe relation betweerdoping densitysurface recombination velocitgnd
effective carrier lifetime is explained and comparetheasurements

5.2.1 Samplepreparation

The samples prepared for this chapter feature all differgypiendoping concentrations.
One batch of samples was still processed in the old quartz carrier with a boron background
concentration of 2x16cm?® (discussed in the previous subpter 5.1.5. The following
processes were conducted in the new quartz carrier withyarerbackground of 3xt®cm
3, All processesogethemwith the used phosphine (BHlows are summarized ifiable5.4.
Please ate, that for proced¥ the gas flows for the mixture system are denoted, which was
installed during this work and introduced in cha3tér.2

Table5.4 Processefor n-type EpiWafers with different PHlows and therefore different doping
concentrations.

PHs- Quartz carrier Measured
Process concentration background doping concentratior
[Ppm] [em™] [cmd]
I 0.123 2x10' (boron) 1x10t°
I 0.082 3x10' (phosphorus 3x10t
1l 0 3x10'3 (phosphorus 3x10
vV 0.002 3x10'3 (phosphorus 2x10'

For all processes in this subchapter thech wafers (see chaptérl) were reduced in
heightto 10cm in orderto fit in the sample holdefThis limits the detachable area to
9 x 10cm? pseudo square (segure5.8). Based on the presented results of the previous
chapterd and5.1the porous silicon substrateseaed all an HFdip prior to reorganization
at 1150C for 30min in hydrogen atmosphere. An epitaxial layer with a thickness ofitb0
was then deposited in stationary modicker layers were growoompared to the-p/pe
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experiments to enable easier hiamglof the EpiWafers and to reduce the influence of surface
recombination on effective carrier lifetime. The areas for detachment were predefined with
a Nd:YAG laser and the wafers were then mechanically detached. The thickness of the
samples was checkedth either a confocal white light microscope or a simple thickness
gauge after detachment. The porous silicon layer was removed wighnanletching in
CP51(described in appendix AT he etching solution was changed compared to the previous
experimentsbecause this enabled the use of the wet bench in the chemical lab which
facilitates etching and automated rinsing of the samples. &guiwafers received after
porous silicon removal ghosphorugettering step to investigate the lifetime degradation of
the material through metal impurities. This gettering process was performed in an industrial
type tube furnace using POglgas at 900°C for one hour. Subsequently, the formed
phosphosilicate glass layer and the diffused emittéitdnvéde wetchemically remwoed. All
samples received then an 4dip before depositing a 2@€m thick aluminiumoxide layer on

both sides followed by an annealing at 425°C for2® on a hotplate.

It is important to note that for the comparison of samples with and without getieging
used EpiWafes are grown in the same process and on the same substrate. For this
investigation several 2625mm2 samples have been detached from one substrate to
guarantee comparability.

To investigate the homogeneity of the passivation and to Ieeg@estimate a value for
the surface recombination velocity, &4h ntype Fz wafer, with a thickness of 2t and
a specified resistivity of Wem, was quartered and the pieces were etchedrfon In the
same etching solution as the EpiWaf@itsesamples were afterwards passivated witm20
Al>0Oz3 and annealed at 425 on a hotplate.

Rim without Epi1
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Figure5.8 Schematic of the maximum detachable area from the processed porous silicon substrate.

5.2.2 Silicon removal usirg CP51

In subchapteb.1.4it was already discussed that the removal of porous silicon can lead
to residual structures on the surface which aé$ect the effective carrier lifetime
measurementen theEpiWafes. To increaseeproducibility all following samples were
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therefore etched in the wet bench in CP51. In a first experiment we etched a sampiafor 1

and mapped the thickness of this sample before and after porous silicon remBigairén

5.9 thelocally resolved etching raten a 5x 5 cm2 samplas shown. The black and white

areas at the rim of the sample originate from the sample holder during measurement and the
white pixels in the mapping are measurement artefacts and do not reprdsaitiesa The
surface looked shiny after porous silicon removal, so the approximagetytBin porous

silicon layer was most probably removed. In the middle of the sample approximataly 2

have been removed from each side of the sample. At the botttha sdmple up to 20m

have been etched, i.e. futh per side. This higher etching rate at the rim has to be kept in
mind for the latter discussion about the lifetime distribution.

etch rate
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Figure5.9 Mapping of the removed silicon on &% cm? sample after etching in CP51 fomin.

5.2.3 Estimation of the surface recombination velocity

In this subchapter a lower limit for the surface recombination velocity of an aluminium
oxide passivated swate after etching in CP51 will be estimatesihg Fz reference samples

For a Fz wafer no SRH recombination is expected and by knowigutdper lifetime for
a given resistivity the lower limit for the SRV can be calculated using equatiomhe
effective carrier lifetime was measured using QSSPC and MWPCD. For high lifetime values
the MWPCD measurement underestimates the effective carrier lifet@herherefore the
QSSPC values (at an injection level of 1310m3) wereused to calculate the lower limit
for the SRV and the MWPCD mapping was used to control the homogeneity of the
passivation quality on the sampl@able 5.5 summarizes the results of the QSSPC
measurements. The SRV has to be atl2am/s if onlyAuger recombination is assumed.
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Table5.5 Measured effective carrier lifetim@uger lifetime and calculated SRV oWtm Fz
wafers etched in CP51 and passivated withr20AlOs.

meantef Tauger
| - Seff
Material (QSSPC) ( PN1x10°cm) [cm/s]
[89] [89]
1Wem Fz 3
3+0.3 7.2 @
wafer

To investigate the hmogeneity of the passivation layer, MWPCD mappings were
performed. One representative measurement is showigume5.10. The effective carrier
lifetime is clearly decreased to the rim of the sample. But also areas in the ofidadkée
sample with lower values are present. This is most probably due to as#ecseaface

passivation quality antias to be kept in mind for the analysis of the EpiWafers in the
following subchapter.
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Figure5.10 MWPCD mapping of @uartered} inch Fz reference sample after etching and
passivation.

5.2.4 Carrier lifetimes of n-type EpiWafers

In this chapter the carrier lifetimes for EpiWafers with differing doping concentration will
be presented. All samples were measured using QSSPC to determine the mean effective
carrier lifetime at an injection level of 1x¥@&m?. MWPCD mappings were conducted to
investigate the homogeneity of the lifetime on each sample.

5.2.4.1Process |

The first ntype samples feature a compensated doping concentration df trid This
doping concentration allower bulk lifetimes of up to 211Qs[77]. This high value reduces
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to 1350us effective carrier lifetime using equatiéril for W= 150pum and&s =2 cm/s.
QSSPC measurements siichsamples led to a meaffective carriedifetime value of

204 us. The lifetime distribution shown iRigure5.11 is still inhomogeneous. Maximum

local effective carrier lifeines of 60Qus were measured. At the rim of the samples the
effective carrier lifetime is further reduced compared to the rest of the sample. This was also
observed for the lifetime mapping of the reference samgtegure5.10 and can be partly
attributed to the lower thickness at the rim after porous silicon removal (see subchapter
5.2.2. However,the cloudy structure in the middle of the sample cannot be attributed to a
varying thickness. For thepBVafers this lifetime variation can originate either from a
varying bulk lifetime orfrom variation in thesurface recombination velocity (see again
equations.l).
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Figure5.11 MWPCD mappings of two-type EpiWafess with a doping concentration of
1x10% cm,

To investigatavhethermetal impurities are responsible for the lifetime inhomogeneity,
two samples were meared after phosphorus getteringFigure5.12 only the right sample
shows a better effective carrier lifetime with peak values up tqu806iowever, the left
sample is in the same range as the samples without gettering actbullg lifetime
distribution is still present for both samples. One possibility for the increased effective
carrier lifetime could be that the second etching step after gettering improved the surface
passivation quality of that sample. Withdmowingthe surface recombinatiovelocityit is
therefore not possible to extract an exact value for the bulSRRdifetime.

For a perfectly passivated surfa&s(= 1 cm/s) and a given thickness\Wf= 150um the
SRH lifetime has to be at least 1508 to acleve effective carrier lifetimes above 808
for the given doping concentration. Comparing this value with the determined SRH lifetime
of only 100us for the highly doped-p/pe wafers (see chaptgrl.9 this is already a hy
improvementlt also agrees with the calculations for the SRH lifetime presentEume
5.7 right. We can therefore conclude that the recombination through defects can be lowered
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by switching to Atype dopingn EpiWafers In the following it has to be shown whether a
reduction of the doping concentration can also improve the quality and to which.extend
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Figure5.12 MWPCD mappings of two getteredtype EpiWafess with a doping concentration of
1x10% cm,

At this point it is important to note, that the samples showed such high lifetimes although
they were compensated with boron. Even higher lifetimes are dnenef be expected for
noncompensated material with the same net doping concentfatpn

5.2.4.2Process |l

After introducing the new quartz carrier and therefore eliminating the boron backiyr
in the RTCVD160 reactor (see subchapmdr new samples were processed. At this time
the lowest controllephosphorugoncentration with addition gthosphinanto the reactor
was 3x166 cm®, which is limiting theAuge lifetime to a value of 36Qs. The measured
mean effective carrier lifetime of éke sampless 80 us and the maximum local value
200ps. This means a reduced SRH lifetime of p80for the locally best values
(W=150pum, S = 1 cm/s).Those resuttlead to the conclusiothata SRH recombination
inducing defect with a high capture cross section for holes has to be present in our samples.
This defect could not be efficiently gettered in the previous subchapter. One possibility could
be precipitatesn the stacking faults of our samples. These defsbisw a doping
concentration dependence and are therefatecal for high doping concentrations (see
Figureb5.7 left). It has to be shown in the followinghat the lower limifor theSRH lifetime
is for lower doping concentrations.

5.2.4.3Process Il

The next samples were processed autraddition of phosphine resulting iphosphorus
doping concentration of 3x}0cm®. Such practically intrinsic wafers should not be limited
by Auger recombination but only by SRH and surface recombinatiaditionally,
depending on the capture cross sections of the di#fecBRH lifetime should reach its
maximumfor low doping concentratior(seeFigure5.7). A lower limit for the SRH lifetime
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in EpiWafers can therefore be estimated by measthm@ffective carrier lifetime afuch
samples.The MWPCD mapping of the best sample is illustrated=igure 5.13. This
EpiWafer reachea mean effective carrier lifetime of Inds and locally up to 1.8s. For a
perfectly passivated surface a lower limit for the SRH lifetimédafi=2.3ms can be
estimated.

N w
o o

position [mm]
'_\
o

0 10 20 30
position [mm]

Figure5.13 MWPCD mapping of antype EpiWaferwith a doping concentration of 3x%@nr3.

5.2.4.4Process IV

For Proces$V the new gas mixture system wiastalledallowing for lowercontrolled
doping concentrationgown to 2x1&° cm® (see chaptes.6.9. The first samples processed
with a doping concentration of 2x®@n show all lower effective carrier lifetimes than
sampes with a higher doping concentration (§égure5.14 left). Due to the modifications
made in the gas system amcreasedincorporation of metal impuritiess suspected.
Therefore, theluminiumoxide passivation layewas remoed, the samples were gettered
according to the process described in subch&p?etand the samples were again passivated
and measured. The effective carrier lifetime of the sample sho#igume5.14 improved
from a mean effective carrier lifetime (QSSPC) of @0to 160Qus. This proves the
suspected incorporation aflditionalmetal impurities in the EpiWafers after introducing the
mixture system. Future work has to be done to increase the cesantihthe reactor so that
samples with lifetimes exceedingris can be processed without gettering. This is important,
because metal impurities can form precipitateshey can decorate defectse(istacking
faults) in the silicon material. Phosphoriedtgring is known to be less efficient for wafers
with higher defect concentratiof®l]. Nevertheless, it was proven that EpiWafers featuring
a doping density of 2x1bcm2 can achieve effective carrier lifetimes aboverhs
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Figure5.14 MWPCD mapping of a passivated EpiWafer with a doping concentration of
2x10" cnt® before (left) and after (right) phosphorus gettering.

Figure 5.15 shows all injection dependelitetimes for the here presented EpiWafers
measured with QSSPEor higher injection levels the effective carrier lifetime decreases
due toAuger recombinatioro unusual injection dependerfoe low injection is observed
The trend for increasing efféxe carrier lifetime for a reduction of the doping concentration
is clearly visible.However, the effective carrier lifetime for EpiWafers with a doping
concentration of 2x0 cnm® and 3x18° cm® presented in this worleach similar values and
no furtherincrease for the lower doping concentration is visilbleis can be either due to
SRH recombination or due to surface recombinatrdmchwill be further discussed in the
following subchapter.
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Figure5.15 Injection dependent lifetime measurement of the effective carrier lifetime for
EpiWafers with different doping concentrations.

Table 5.6 summarizes the results of the presented lifetime measurementthend
calculated lower limit for the SRH lifetime in the EpiWafers with differing doping
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concentrations. For the mean values a variation of surface passivation quality is certain and
therefore the SRV determined from the reference sample in subch&p8vas chosen for
the calculation of the SRH lifetime. For the best values a perfectly passivated surface was
assumed. Hence, the SRH lifetime was calculated for the maximum measured values with
an assume&s of 1 cm/s and forlie mean values with an assun$egof 2 cm/s.

For doping concentrations below 2X50m™ the SRH lifetime in Epiwafers could be
increased to values aboven®. Such values allovior high effective carrier lifetimes
assuming a good passivation qualitywal$ be discussed in the following subchapter.

Table5.6 Summary of the measured effective carrier lifetimes and the calculated lower limit for the
SRH lifetimes for an assumé&k:.

doping meantes tsrH max. feff tsrH
Process concentrabn (QSSPC) (Sr=2cm/s) (MWPCD) (S#=1cm/s)
[em™] [us] [us] [us] [us]
I 3x10'° 80 100 200 500
I 1x10' 204 240 800 1500
IV (after gettering) 2x10° 1600 3200 1900 2900
1 3x10' 1400 2200 1800 2300

5.2.5 Effect of SRV on effective carrier lifetime

Figure5.16 compares the measured effective carrier lifetimes to calculated theoretical
lifetime values without SRH recombination. For the calculated values the SRV was set to
2cm/s and m/s, respectively. The measured mean and maximum lifetime values of the
EpiWafers show clearly a huge variation both correlated tdagpr quality and surface
recombination velocity. It has to be kept in mind that those two factors are Idifficu
separate in the case of EpiWafers. The assumed SRV for the calculations in the previous
subchapter were calculated from a Fz reference sample in subchapielt is, however
not clear, whether the surface passivaperforms equally on EpiWafers. The calculations
in Figure5.16 point out how strong the effective carrier lifetime would be decreased for a
slightly higher SRV of m/s. In this case the measured lifetimes wdngédnuch closer to
the theoretical values, meaning that the SRH recombination would be lower in the EpiWafers
than estimated in the previous subchapter.

The question whether surface or bulk recombination is more limiting in case of our
EpiWafers has to havestigated in more detail. This information is needed in order to know
how to improve the quality of EpiWaferaore efficient If the surface recombination is
limiting the effective carrier lifetime themovalstepof the porous silicon layer by chemiica
polishneeds to be investigated and an improved surface cleaning step might be necessary. It
has to be kept in mind that this investigation focused on lifetime samples for a symmetrical
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passivation of AlOs. Wafers used in a solar cell process receifferéint surface treatments,
i.e. for texturing, cleaning, et®epending on the solar cell proceskfferent surface
qualitiesare required and have thereftoebe investigatedeparately
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Figure5.16 Comparison of the measured effective carrier lifetimes to calculated theoretical values
for different surface recombination velocities.

5.3 Summary

In this chapter the quality of epitaxial wafers grown on porous silicon in the RTCVD160
reactor was discussed. First, a variation of the reorganization time was conducted to
investigate the effect on defect density and effective carrier lifetime. For EpiWafers grown
on porous silicon the dominating defects are stacking faults. The amoumisefdbfects
decrease for increasing reorganization time. Still, stacking fault densities on EpiWafers
grown on porous silicon are at least one order of magnitude higher than those on reference
epitaxial layers grown on polished and cleaned Cz wafers.olest stacking fault density
of (2+1)x10? cm® was reached on a porous silicon template aften@0of reorganization.
Microwave photoconductance decay measurements were performed on all detached, cleaned
and passivated EpiWafers. For-type EpiWafer wih a doping concentration of 8xXf@nr
3 the best mean effective carrier lifetime of | was measured. Thistgpe wafer was
grown on a porous silicon template aftenBid of reorganization. Locally values up to[f€
were reached. The homogeneity od tHetime was investigated using photo luminescence.
Agglomerations of stacking faults, scratches and cracks can lead to a decrease in carrier
lifetime. Thesurface treatment with chemical polish, which was used to remove the residual
porous silicon layeon the backside, calsolead to a worsened surface passivation quality
and therefore a reduced effective carrier lifetime. Metal impurdiesuspected to lower
the lifetime further The interstitial iron concentration in the processdype EpWafersis
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measured to bbetweenlx10 cnr® and5x10'° cm® which can for a highly doped-type
wafer reduce the SRH lifetinte below200us.

For ntype EpiWafers a variation of the doping density was conducted. The Shockley
ReadHall recombination could beraistically reduced by lowering the doping density. For
an EpiWafer with a doping concentration of 3¥1€m? the SRH lifetime would be at least
100pus. However, EpiWafers with a doping concentratasnlow as3x10 cm® show a
lower limit for the SRH lietime of2 ms. The best effeilefe carrier lifetime of 1.6ns is
reached for a gettered EpiWafer withratype doping concentration of 2x®@nr3, which
corresponds to an estimated SRH lifetime of3

Further investigations have to reveal whether serta bulk recombination is to a higher
extend limiting the effective carrier lifetime of EpiWafers. This information is needed to
further improve the quality of epitaxially grown wafers.



6 Conversion efficiency potential for high efficiency solar cell
conegepts

Solar cell simulations have been performed to investigate the potential of the
EpiWafer material. The simulated cell structure is the one used in the following
chapter. The influence of varying bulk lifetime on the cell performance is investigated
for three different doping densities {¥m, 0.2 Uém and 2M¢Em) With these
simulations the effect of an increased recombination through defects on the cell
performance is studied, which helps to understand and interpret the solar cell results
described inhie following chapter. Furthermore, the potential for EpiWafer material
with a reduced doping concentration is simulated. Finally, a variation of wafer
thickness was investigated showing the theoretical influence of thinner wafers on the
cell parameters fothe studied cell structure.

6.1 Quokka model

In this work solar cell simulations were performed using Qu¢RRh The TopCon cell
structure that was used for solar cell processing was modelled. Details on the cell structure
can be found in chapt@r Input parameters for the emitter saturation current density
(Jo, emitter= 70fA/cm?) and the base saturati@uirrent density Jo, base= 20 fA/cm2) were
taken fromreference lifetime samples. The remaining needed input parameters (i.e.
dimensions for the grid, reflexion, etc.) and the simulation setting file were provided by
Bernd Steinhauser from Fraunhofer ISHe data sheet with all used parameters can be
found in the Appendi®. The simulation with a variation of wafer thickness, resistivity and
bulk lifetime was conducted and evaluated within the scope of this work. The EpiWafer
material used for the solagltbatch was higher doped than the reference material. Therefore,
simulations have been conducted for the reference material dopMgn(L and the
EpiWafer doping (0.2\cm). In the previous chapter lower doped EpiWafers with a higher
electrical quality hve been demonstrateder(=1.6ms, tsrnO2 ms) For that reason,
simulations with 2\cm were also conducted. The effect of a decreased SRH lifetime was
modelled to investigate the potential of EpiWafer material compared to Fz material. The
latter is asumed to have no recombination through defects. Finally a thickness variation was
considered to study the potential of the used solar cell concept for thinner wafers.

6.2 Lifetime variation

In Quokka the total bulk recombination is calculated as the sum iftdremt
recombination input parametersee egation6.1). For our case, the borayxygen
recombinationY | can be neglected because we only considgpe material. For the
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Auger recombination terny , the model by Richteet al.[77] was usedlt is in detail
described in Appendix CThe radiative recombination coefficiedt is set t04.73x10

B em’ls (from[93]). The terms for the midgap ShockiRgadHall recombinatioriY

and the custom defect terdY are disabledy setting their lifetime valuet

10?° us. For those terms the capture cross sections of the defects and the defect densities are
needed, but are unknown in caseoaf epitaxial wafersTo be still able to account for a
recombination through defects) iajection independent, minority carrier lifetirtey, is

varied and cabe used to estimatle bulk recombination loss excluding Auger and radiative
recombination

Y Y oi 2% YooY 6 e 8 6.1

6.2.1 Simulationsassuming IWem material

To be able to compare results of this ckapd the referencesolar cellspresentedn
chapter7, simulations have been conduciging the reference material properties as input
parameter (it c m r e s i-tgpe dopingt apd 20Am thickness).The goal of these
simulations wasd estimate the potential of the used cell strucfarefloatzone material
(fq H) and for material with similar properties in doping and thickness but a
decreased electrical qualitiyigure6.1 shows tle simulated cell parameters for a variation
of T 5 from 0.1ms to 10ms. The modelledcell structure showed in the simulatioas
maximumconversion efficiency of 28%, aVoc of 686mV, aJsc of 41.5mA and aFF of
82.3% (fort Hp). That means even a high valuetof p Tms is leading to a
decrease in the conversion efficiency of 0.1% absdhatean additionaldecreas inmaterial
quality, losses Vo, Jc and FF would lead to a even more seveneduction é the
conversion efficiencyaluesfor T above Ims are neededbecause below this value
the conversion efficiency is dropping rapidly (§&gure6.1). Lifetime values exceeding
1 ms were proven possible in chep5.2.4 If we assumedr example a j value of
1 ms the absolute loss in conversion efficiewoynpared to floatzone materiabuld be
0.5%. It is important to note, that those losses would occur for materibl the same
resistivity of 1 Wem. Furthermore, the measured effective carrier lifetimes of EpiWafers
from the previous chapter were reached on
temperature treatments, which are needed for most solar ceksges (i.e. emitter
diffusion). Such high temperature processes can decrease the lifetime of [@4f&F.

Future solar cell batches with EpiWafer material that features the same doping concentration
as the reference material will therefore give a good estimation of the decreased bulk lifetime
in EpiWafer material after cell processing.
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Figure6.1 Simulated solar cell parameters for a variatiori gf  in case of Mem (n-type) base
material.

6.2.2 Simulations assuming 0.2\cm material

Setting the resistivity td.2Wem and kaving the thickness at 2Q@n resuls in a
maximum open circuit voltagef 680mV (seeFigure6.2). This value is5 mV lower than
for the 1Wem materialin the preceding subchapt&or an increasing value df the
maximumVy iS, however reached faster than the maximig in the previous simulation.
This is due to the fact th#tte Voc can be increased bgcreasing theloping concentration
in the bulkor redugng therecombination(seeAppendix B) For low T j values the
recombination is for both simulatiohsited by the same valu&@hereforenigherVoc values
are reached for the higher doped material upttga of 1 ms.Above this value thAuger
recombination is limiting th&,c and the benefit of higher doping is being overriddére
Jsc value of41 mA/cm? isdue to higher recombinatiorduced by 0.m5A/cm?2 compared to
the simulationsthatassumel Wem material The conversion efficiencig thereforelimited
to below 234.

The measured effective carrier lifetime for this highly doped epitaxial maisedlow
100us (see section.2.4.3. If we assume an increased bulk recombination due to defects,
as also discussed and estimated in ch&pfed an assumetl of 100ps would result

in aVoc 0of 667mMV, aJscof 40.0 mA and an efficiency of 21%9.
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Figure6.2 Simulated solar cell parameters for a variatioh gf  in case of 0.2\tm (n-type)base
material.

Table 6.1 summarize these simulation results comparing the ideal reference solar cell
parameters with thoser two different EpiWafer qualitiesBecause the calcated SRH
lifetime of 100us in chapteb.2was a lower limit for the recombination through deféct
higher doped EpiWafers, additionally a higher value of 20@as added’he signpp st and s
for the calculated difference beten the reference parameters and the EpiWafer results.
Table6.1 can be used in the following chapter to compare the reference solar cell results
with the solar cell results of the EpiWafer materithis lead to an additional way to
estimate the SRH recombination in the EpiWafer material and can be compared to the
calculated values from chap&2
Table6.1 Summarizeddar cell paramets fromthe simulationgor two different resistivities used

in the solar cell batch. The recombination lifetitng of the EpiWafers is varied and the
differencemto the reference parameters is calculated.

Reference EpiWafer
1Wem 0.2WWem 0.2Wem
Cell parametet , (00] ,
Th b T5 p T T 5 G T
Voc [MV] 686 667 18 673 12
Jsc[MA/cm?] 41.5 40.0 15 40.4 11
FF [%] 82.3 820 0.3 82.1 0.2

h %] 235 21.9 15 22.3 1.1
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6.2.3 Simulations assuming 2Mcm material

In chaptels.2 the high quality of EpiWafers with a doping concentmatof less than
2x10" cm® (~2 Wem)is shown. Effective carrier lifetimes of more than tinéaremeasured
and from these values SRH lifetimes exceedingsZan be expected in this materfagjure
6.3 shows the simulated celapametersvhich make cleathat for material witha resistivity

of 2\Wem andavalue fort above 2ms the loss in conversion efficiencyoisly around

0.5% absolute compared &xreferencd-z wafer with an infinitef j
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Figure6.3 Simulated solar cell parameters for a variatioi gf  in case of 2Mcm base material.

Table6.2 compares the sintated cell parameters farsilicon wafewith a SRH lifetime
of 2ms with the simulated values farl1\Wem and 2Wcem wafer without a recombination
through defectsThe TopCon structure ratherindependenfrom the chosen base resistivity,
as was also gerimentally proven by Glunet al [96]. For a decreased SRH lifetinne
loss in short circuit current is to be expect&@deductionin open circuit wltage of around
4 mV is modelled This would lead to a simulatedrogersion efficiency of up to 28 with
the investigated cell concept.
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Table6.2 Comparison of the simulated cell parameterd=oreference raterial with no SRH
recombination and for EpiWafer material with a SRH lifetime ai2gpdenotes the difference
between reference and EpiWafer cell parameters.

Reference = Reference* EpiWafer
1Wem 2\WWem 2Wem
Cell parameter o ®
th B 1 [ oY cai

Voc [MV] 686 686 682 4
Jsc [mMA/cmZ] 41.5 415 41.5 0
FF [%)] 82.3 82.2 81.3 ~1
h (%] 23.5 23.5 23.0 0.5

6.3 Thickness variation

In the following simulatios the thicknessN of the wafer was varied from 30m to
250um (seeFigure6.4) for a fixed resistivity of M\em and vaying material quality. The
cell performance was modelled for two reduced lifetime vatugs (2 ms, 3ms) and in

one case the recombination through defects was disabledn{ng bulk lifetime is
dominated by Auger recombination only).

It can be seen that for the case of a defect free sampl@dheaches a maximum for a
thickness between 1Q@0n and 15Qum. If we assuman increased SRH recombinatithe
optimumVqc value shifts to lower thicknesses duateduced bulk lifetime and théoee a
reduced diffusion length in the solar cel similar trend can be observed for increased
doping concentrations, as this would lead to an increased Auger recombination and therefore
alsoto a lower bulk lifetimeand diffusion length.

The light trapjing of this simulated cell structure is not optimized for thinner wafers,
which explains the steady increaselinfor thicker wafers. This results in overall better
conversion efficiencies for thicker wafers and would have to be optimized if usingrthinne
wafer material.
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Figure6.4 Simulated solar cell parameters for a variation of thiemthickness from 50 um to
250um. The resistivity was kept at\lem and the bulk lifetime is dominated by Auger
recombination.

6.4 Summary

In this chapter the simulation results for material with different resisthand a varying
SRH lifetimewere discusseddditionally a thickness variation was conducted for material
for different SRH lifetimesAlthough, tie solar cell structure is not optimized for wafer
thicknesses belo®00pm, an optimum inVoc is reached for a thickness of 1@ in the
case of no SRH recombinatidfor material with a decreased SRH lifetime #metefore a
decreased bulk lifetime the optimurg.is reached for thinner wafefBhis proves that lower
thicknesses would be beneficial for wafers with a reduced bulk lifetime. But the results also
underline the necessity for a better light trappinthecell structurdf better light trapping
is implemented into the cell design, a@nsion efficiencies of over 28 could be reached
with wafers below 15@im thickness using this cell structure.

A better comparison of the cell results in the followitgmter was enabled with the
simulations using different resistivitie®\ certain loss in Voc of 5mV and in Jsc of
0.5mA/cm? can be expectddr the higher doped EpiWafers in comparison with thecin
reference wafersif the losses are exceeding those values a reduced bulk lifietithe
EpiWafersdue to crystal defects or impurities is responsible. This nvedelledby a
variation of the fixed, i.e. injection independent, minority carrier lifetimy . For an

assumed value df p Tt i, which was calculated as the lower limit for the SRH
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lifetime in chapteb.2 a difference inVoc of 18 mV and inJsc of 1.5 mA/cmz2is simulated.
This wodd result in an overall difference in conversion efficiency 64 absolute.

EpiWafeswith aresistivity of2 Wemcould reach efficiencies that are only by up &96.
absolute reduced compared to the reference values. This regRirHgetimes exceedig
2 ms which was proven possible in the chaptér4



7 Solar celks with epitaxially grown wafers

In this chaptersolar cell results with epitaxial wafers are presented and discussed.
A detailed characterization of tHepiWder cells was performed to investigate the
influence of stacking faults on the decrease in cell performance.

7.1 EpiWafer processing and solar ell structure

For ths solar cell batch epitaxially grown wafers have been procesdée new quartz
carrier witrout boron backgroundsee sulchapters.1.5 with a phosphorusdoping
concentratiorof 3x10t cni® (~ 0.2Wem). The porous silicon substrates received andiF
prior to processing and the reorganization time wasiB0at 150°C for all samplesThis
wasin chapte” and chapteb determined as the optimum processneans of process time
and template qualityor the used porous silicosamples The processes were done in
stationary mode to reduce the deposition time ton8Q resulting in a mean thickness of
150um. The thickness mappirigpm astationary deposition modia Figure3.9 right shows
the inhomogeneity of the thickness a 10x 10 cm?2 sample after such a procebs enable
solar cell processing in the clean room together with Fz reference waitech, areas were
predefined with a Nd:YAG laser and tepiWafers were then mechanically detachveith
the detachment tool described irapker3.7. Figure7.1 shows a detachedidch EpiWafer
with the porous silicon side facing up next to the solar cells processed in thisiniir.
background of the picture the remainp@roussilicon substrate can be seen.

solar cells

Figure7.1 Picture of an epitaxially grown and detached silicon wafer next to solar cells processed
in this work.

After detachment the residual porous silicon layer was removethdayical polish. A
phosphorugettering stefddiffusion of aphosphoruemitter and subsequent etching in a
chemical polish solutionvas performed on all epitaxial wafets ensure no metal
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contamination in the clean room equipméitte porous silicon sa&lof theEpiWafess was
processed as the solar cell front silé\cm FZ wafers withthe previously mentioned
thickness of 20Qum were processed as references.

Figure7.2 showsa schematicatrosssection of the solar cell structuused in this work.
The 2x 2cmz cells feature a front surface with random pyramids and G &f) BBr3
furnace diffused emitter which is passivated by atomic layer deposited (@LBjinium
oxide and a plasmanhanced chemicahpourdeposited silicon nitride. TheThTOPCon rear
contact features a tunnel oxide grown in a nitric acid bath gndaped Si layef97]. After
deposition of the amorphous Si layer the contact is annealed at temperatures in the range of
800°C to 900°C and subsequently exposed to mif5hydrogen passivation process at
425°C (remote plasma hydrogen passivafi9g]). On therear sideAg was thermally
evaporated. The front side metallization weaized by evaporation of a Ti/Pd/Ag seedlayer
and subsequent electroplating of Ag.

metal fingers

passivating thin film

p*-emitter antireflection coating

00000

ultra-thin tunnel P-doped
oxide (SiO,) Si layer
metallization

Figure7.2 Schematic of the solar cell structure used in this wemrm [99].

7.2 Handling and processing issues

The thickness inhomogeneitiue to stationary processing (deigure 3.9 right) of the
EpiWafers led alreadyluring the first wet chemical cleaning step and oxidation dtep
sample breakage and deformatispecially after oxidation the wafers bent in thiener
area to a degree that cracking occurréidure 7.3 shows two 4nch EpWafers after
oxidation. The cracks anthe bended areas are highlisible. This breakage of the
EpiWafers could be avoided lsgmicontinuousdeposition in the reactor, which would lead
to a more homogeneous thickness distribution (Segire 3.10). The material was
nevertheless further prosesl into solar cell#fter the thinner and bended areas broke of,
the 2x 2 cm? solar cell windows were placed on the intact areas without any cracks. The
main criticalfactor for breakage of the Ep@férs afterwards was the manual handling with
clean roon tweezers. This could be avoidedibgiustrialinline processing tool&hich can
process \afers down to thicknesses of 1@ with under 5% breakage in the full cedute
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[10Q. For the final solar cells, mostly an EpiWafer thickness of @@0remained which
was measured for each cell.

- 2

Figure7.3 Epitaxial4 inch wafers after the first oxidation processai&t bending in the thinner
area can be seen, leading to cracking and breakage of the wafers.

For all EpiWafer cells the standard electroplating step proved difficult, because plating
on the broken cells with opened-pmctions occurred more heavily than the intended
cells. Some plating steps had therefore to be repeatgédirdes risking breakage of the
samples during manual handlimgd longer processing (se€igure 7.4). Only for some
samples the plating led to an acceptdbiger thickness which is needed to avoid series
resistance losses. Those samples are in the following subchapters further analysed and
compared to the processed reference samples.

Detached fingers

Thick fingers
after plating

: 3 Almost no plating
-1]/,77
/ .

Sample broke
during 3" plating

Figure7.4 EpiWafer celthat broke during'$electroplating step. Even after two electroplating steps
only the broken cells showed thick metal fingers and almost no plating occurred on the intended
cells.
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7.3 Solar cell results

Tablel summarizes the cell results of the besW¥gser cells compared to the reference
samples. The Eafercells show a/oc above 65GnV anda short circuit current of up to
39.6mA. For the fill factors (FF) values of up to 77% were measured. The bastkgpi
cells reachethdependently confirmedonveasion efficiencies of up to 20%, which is a very
promising result for the first high efficiency solar cell batch usin@\Egbers at Fraunhofer
ISE.

Table7.1 IV-measurements ottype solar cells on float zorand epitaxial wafers.

_ Voc Jsc FF PFF d
Material
[mV]  [mA/cm?] [%0] [%0] [%0]
IWem FZ (14 cells) 669+2 409+0.1 798+0.2 836+05 21.8+0.1
0.2Wem Epil 653 39.0* 76.6* 78.9 19.5*%
0.2Wem Epi2 656" 39.5* 77.2* 79.9 20.0*
0.2Wem Epi3 658* 39.6* 76.9* 78.6 20.0*

*independently confirmed at Fraunhofer ISE CalLab
7.4 Loss analysis

Simulations have been performad the previous chaptdo determine the theoretical
potential of the solar cell structure used in this work. For the reference FZ waferswith a
Augerlimited bulk lifetime a theoretical/oc of 685 mV would be expectedimited by the
shallow borordoped emitter (3 = 40fA/cm?). However, the reference wafers showed a
mean open circuit voltage of only 669/. Reference lifetime samples for both the boron
emitter and rear side passivation, showed no ineceasrface recombination velocity as
well as no bulk degradation of the FZ base material. Therdf@rdéowVoc can be attributed
to the contacted region on the front for which the recombination was-astieatedn the
simulation An increased value g, met= 8000fA/cm? instead of the assuméa@00fA/cm?
can explain the loweYo: values.As the references and Epafers saw the same process
sequence, this increased recombination in the contacted region is also expected to reduce the
Voc for the EpWafer cells. Still, even the best Eyiafercell has an over 16V lower Voc
than the reference samples. Approximatelyn\é loss can be attributed tthe lower
resistivity of the epitaxiamaterial which was showim the simulationgrom the previous
chapter.This is however still not explaining the whole gap My between the references
and the Epivafer cells. An increased bulk recombination is therefore likely to reduce the
Voc and thelsc for the EpWafer cells further.Table7.2 summarizs the difference in cell
parametesfor theEpiWafercellscomparedo the reference cells. The simulated valuil
an additional recombination through defe¢tsy pTfi andt C TU{)
from thesulxhapter6.2.2are also added in the table. It can be seen that the parameters for
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the Voc and thelsc are in the range of the simulated valu€Ehese resultsonfirm that an
increased bulk recombination is reducing the lifetime in thi&\&fer materiallt has to be

kept in mind that this increased recombination varies with the doping concentration in the
EpiWafer material as discussedsuixhapter5.2.4 The difference ifFF and therefore also

the differene in efficiency are deviating from the simulation, whiah bediscussedh the
following.

Table7.2 Difference in cell parameters from the Egills compared to the reference cells. The

expected deviatiorof a reduced bulk lifetime in the EpiWafersfof, ¢ Tt is also added.
V J FF
Difference in cell parameters * > d
[mV]  [mA/cm?] [%] [%0]
simulation fort f p T
" 18 15 0.3 15
o ( E p i Waniulated reference)
simulation fort ¢ Tt
12 1.1 0.2 1.1
pEpiWaferi simulatedreferencé
o ( Elpcelli reference) 16 1.9 3.2 2.3
P ( Edcelli reference) 13 1.4 2.6 1.8
P ( EJcelli reference) 11 1.3 2.9 1.8

The stacking faults the epitaxially grown materiakreknown toredue the bulkifetime
of epitaxialy grown wafers andare therefore leading toraadditional loss inVoc and Jsc
which has already been reported in other publicatj@@s The cell resultsare therefore
going tobe analysedn more detaitaking a closer look on the influence of stacking faults
on the different cell parameters

Figure 7.5 shows the external quantum efficiency (EQE) of the besWWafar cell
compared to th best reference cell. Calculating the difference in short circuit cudgnt (
from the EQE curves resultéd a difference of 0.981A/cmz2, which is in good agreement
with the lightlV measurements and reveals that the main reductida @an be attribted
to the long wavelength range between 850 and h&@Q.ight bearvinduced current (LBIC)
measurements were performed on the finished solar cells. We compared measurements at
532nm, which corresponds to an absorption depth of approximatglyn, 1with
measurements at 106dm, whi ch i ncludes the influence o
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Figure7.5 External quantum efficiency aine 20%Epi-cell compared to theestrefererce cell.
The arrow indicates the calculated loss in short circuit cumeaitily due to the lower infrared
response of thEpiWafers.

The Eptl cell depictedin Figure 7.6 showsan agglomeration of stacking faultapst
likely grown alongside a scratch on the porous silicon temBatsause stacking fault is
growingin a pyramidal mannewith the tip of the pyramid beiratthegrowth interfacdsee
Figure7.7) the recommation active area increasiem the cell front to the cell rear side,
which can be clearly seen in the LBIC measuremeAts1um depth almost no
recombination due to stacking faults can be seen compared to a large redombictate
areadeeper inlie EpiWafer

| [T |

(il
(| AT

LRd it itiiiiily

Figure7.6 LBIC measurements at 53in (left) and 1064m (right) for the Epil cell showing an
agglomeration of stacking faults.
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Figure7.7 Schematic of a stacking fault grown in an epitaxial wafer. For this solar cell batch the tip
of the pyramid was located at the emitter side.

The Ept2 cell, whose EQE was compared with the best reference céligure 7.5,
shows fewerstacking faults in the active cell aréean the Epil-cell (seeFigure7.8), which
explains thalifference inJscfor these two Episample. There is nancreasedecombination
active area due to stackifaults visiblein the firstmicrometreof the Epicell. At the rear
side of the cell\(isible with 1064nm wavelength)in the upper left cornethere is another
area with reduced EQE visilileat cannot be attributed to the stacking fadltss area mg
be caused by worse rear side passivation in this region. Still, also the stacking faults on the
Epi-2 cell reduce the EQE at the rear side compared with the reference cell. Interestingly,
not all of the stacking faults on this sample show the same rétatioin activity.

A

|
ULLOTELOLEE [ |

Figure7.8 LBIC measurements at 53i2n (left)and1064nm (right) for he Epi2 cell showed a
reduced amount of stacking fauttsmpared to the Ei cell

Areas with more andwith less recombinabin-active stacking faults wre therefore
investigated using an optical microscopegure 7.9 (left) shows an LBIC measurement at
940nm (absorption depth of approx. @on) of the Epi2 cell, where in the markedes five
points with a lower EQE appear. Two ofsle points are much less recombination active
than the remaining threkn the microscope picture figure7.9 (right) it is evident that the
threemorerecombinatioractive stackig faults are the ones wiglolycrystalline inclusions.

The less recombination active stacking faalesshowing amonocrystallinestructurein the

centre This could also be seen for all the other investigated SF on th2 égii. To avoid

growth of ths detrimental type of SFs, further investigations are necessary to identify the
effects causing polycrystalline growth on reorganized porous silisamples In
subchapteB.5 those defects were introduced and the reason figcnystalline growth is
assumed to be correlated with silicon particles on the surface. An issue could be therefore



90 7 Solar cells with epitaxially grown wafe

the parasitic deposition on the quartz sample holtsisn the quartz carrier throughout the
long processedPuring loading of the samplesnall silicon parts can blister and adhere to
the porous silicon surface. More frequent cleaning and wet chemical etching of the quartz

parts might behereforenecessary in the lalype reactorto reduce the amount of those
stacking faults.
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Figure7.9 LBIC measurement at 940n (left) with the marked area of interest and an optical
microscope picture (right) of that area.

The FFs of the Hpcells with values of up to P4 areall gpproximately3% lowerthan
the valuesof the reference cellsSund/oc measurementsvhich measuréhe FF without
series resistance losses (the so called Pdsllfdwtor PFF), resulted invaluesof up to80%
(seeTable7.1). A 2-3% gap from FF to PFI5E common and rules oanyseries resistance
problemdq101]. The low values for the PFFs and Ffs therefore caused by either a reduced
value of the shunt resistanBe» or a nonideal recombination current at maximum power

point. Dark IV-measurementshere performednd are presented iigure7.10for the Ept
2 cell.
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Figure7.10 Dark-1V curve of the Epi2 cell. Exact fitting resulted in an ideality factorref= 3.



7.4L0ss analysis 91

Exact fitting with the two diode model was possible only with an ideality factof o3
(n1=1). For comparison, the fit with a fixed ideality factomef= 2 is also included in the
graph and shows a clear deviation from the measurement points.

A two diode fit with an ideality factor oh, =3 resulted inRsh=6x103Wem? and
loo=1.4x10° A/cm2. The fitted measurements for the other EpiWafer cells resulted in
similar values. The series resistanaesall below 0.8Acm?, and the values fdg; were in
the range of 1&° A/lcmz2, which are similar to the values measui@dthe reference solar
cells.

One plausible explanation for the increased valu&ias an increased recombination in
the space charge region. The ideality factor 2 may be the result of several factors, such
as donofacceptopair recombinatiowia deep level§89].

To gain information about spacesolved saturation curremiensities dark-lock-in-
thermography (DLIT) measurements have been performed on the d&fii (seeFigure
7.11) and Epi2 cell (seeFigure7.12). A detailed description of the measurement method
can be found if10Z. The bright spots at the contacted bus bars are attributed to a shunt that
was @gnerated by repeated measuring and contacting of the Tle#istesolution of this
measurement technique is in the rangd ofm, which means that single stacking faults
cannot be resolvedHowever,for the Epil cell the agglomeration of stacking fauksdls
clearly to an area with increased saturation current densities. The valuesai@r lower
than the ones determined by fitting of the dAflcurves. This originates from the fact that
only four measurement poingsetaken (at1V, 0.55V, 0.57V and 0.63V) and thoseare
then fitted by the twediodemodel assuming a fixed =2. This cannot resolve the
previously mentioned humps and results therefore in a different valug. 8till, the more
interesting observation is the presence of incietaakies at the location of stacking faults.

In the case of the E4d cell this measurement technique cannot resolve the single stacking
faults, but there is still an area with increatgdn the upper and lower left corner visible.

In the LBIC measuresnts inFigure7.8 there waso increased stacking faalénsityvisible

in this area Therefore, stacking faults can be excluded as the cause for this increased
saturation current densityhis means, that for the Eicell theincreased value fdt2 does

not arisesolelyfrom the stacking faults in the cell araadmayexplain why the values for

the saturation current densities are in the same rfangjge two cells, although the stacking
fault density is lower for the Efd cell.
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Figure7.11 DLIT measurement of the Efii cell showing thespaceresolvedsaturatiorcurrens lo;
(left) andloz (right).
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Figure7.12 DLIT measurementdf the Epi2 cell showing the spaesolved saturation curresib;
(left) andloz (right).

In conclusion, SFs in the investigated epitaxial material can lower the bulk lifetime and
therefore decrease the cell performance. Especially stacking faultpahbrystalline
inclusions are much more recombinat@ctive than other SFs. Although the tip of the SF
pyramid was at the front side of the cell, which reduces the recombhzative area in the
space charge regiowe still find an increaseth. for areas with a large amount of stacking
faults. For cells with much lower stacking fault densities, the resolution of the DLIT
measurement may not suffice to resolve the increased recombination current at the single
stacking faults. For the 20% efficient Epicell, an additional effect alongside the stacking
faults is increasing the saturation current densityt is likely that this effect is not material
related but originates from a cell processing issue. For the presented EpiWafers with a
doping concatration of 3x1&°cm?® and a defect lifetime of approximately 2@,
conversion efficiencies of 20%re reached, although an increased recombination at the
contacted area further reduced Wg. Without this increased recombinatiov. values
above 670nV are expected for the EpiWafers with the same doping concentration and
electrical quality from Quokka simulations.

With even morecareful handling of the porous silicon temptagelot of sources for
enhancedtacking fault growthauld be avoided. Thiwould lead to aignificantlyreduced
stacking fault density and therefore higher material quality. Wheadditionto thatthe
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doping concentration of the matenaill be adapted to a value that can reach bulk lifetimes
exceeding Ins (as shown isulchapters.2.4), EpiWafers can hav@milar potential as high
quality monocrystalline silicon wafers.

7.5 Summary

Solar cells with epitaxially grown material have been presented in this chaptenairhe
breakage and bending reashmingsolar cellprocessing was the inhomogene&ips\Wafer
thickness, which could be avoided in future processing through instationary silicon
depositionBut also the manual handling with clean room equipment led to further breakage
due to the thinndepiWafers compared to standard reference material.

The finished Eptells with a featured doping concentration of 3¥10n® reached an
open circuit voltage of up to 6581V and a short circuit current of up to 39@\. The
existing gap to the reference uéis was compared to simulations of the previous chapter
which revealed a reduced SRH lifetime of 230 This was also in good agreement with the
calculated values from chapter This increased recombination through defectss w
attributed to the stacking faults in the EpiWafer material and in the following a detailed
analysis of the influence of stacking faults on each cell parameter was conducted.

Losses inJsc could be attributed to a recombination at the rear side vaumirredat the
stacking faults in the epitaxial wafer&dditionally, stacking faults with polycrystalline
inclusions were identified as the more recombination active defects compared to stacking
faults with monocrystalline inclusionf®ue to a pyramidal gmwth of the staking faults
almost no increased recombination at the front side of thedfisicould bdound

Thelower Voc compared to the reference cells could be partially attributed to the higher
dopingconcentrationn the epitaxialvafers. The remining gap between reference cells and
Epi-cells can be again explained by the stacking faults, which lead to incssaseation
currentdensitiesThe increased value fbg2 led also tca decreased fill factor and therefore
only FF valuesup to 77%were reachedFor the best Eptells conversion efficienciesf
20% wereachieved which proves the high quality of the Hpaterial processed in this
work. Future improvements in material quality, especially by adapting the thickness
homogeneityreducing tle stacking fault densigndloweringthe doping concentration, will
result in significant improvements in the cell performaand @ll results similar to cells
made fromhigh quality monocrystallineeferencevafers can be obtained.
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In thisthesisa process chain for kerfless epitaxial growth of silicon wafepswWafers)
at Fraunhofer ISE was establish@the advantage of the process using porous silicon and
epitaxial thickening is that ketbss is avoided while the wafer thiclgseand doping
concentratiorcan bedeliberately chosen according to requiremebige to a reduction of
material losssolar cell manufacturing costs can be redu¢éé concept ishoweveronly
worthwhile, if the quality of the EpiWafer is comparable h@h quality monocrystalline
wafers.

In the first part of this thesis the reorganizafmwacesgor the porous silicon layer stack,
which was purchased for this work, was optimizeEM and AFM measurements revealed
that temperaturesf 1150°C are needdd achieve a closed and even surface after less than
30min of reorganization under hydrogen atmosphere. Additionalggsurements of the
strain in the porous silicon layshowed a decrease in strain for a longer reorganization time.
With the help of tkse investigations a standard procemsmperature of1150°C for
reorganizatiorprior to epitaxial growth was established.

In chaptels the material quality of epitaxially grown layers on reorganized porous silicon
was investigted in terms of defect density measurements and lifetime measurements. The
defect density decreases for an increasing reorganizatioratimeonstant temperature of
1150°C. The lowest values of2+1)x1F cm? for the stacking fault density and
(7+3)x1C cnr? for the etch pit densityvere reache for 90min of reorganizationThe
stacking fault desities are however,still one order of magnitude higher thamalues
measured ompitaxial layers grown omonocrystalline reference wafers.

For the lifetime iwvestigations the samples were detached with absdif vacuum tool
and manually etched to remove the residual porous silicon layer on the rear side before
surface passivation. Those processes were steadily optimized, as manual handling improved.
The lifdime measurements revealed that the electrical quality is al®étigient for a
reorganization time of 3tin. Effective carrier lifetimes of up to 4@ were measured for
a 40pm thin EpiWafer with a high boron doping concentration of 8%&6v3. Therefore,
higher reorganization times were not further investigated. Interstitial iron measurements on
the ptype EpiWafersesulted in values between 1*36m? and 5x16° cni3, which is close
to the detection limit of # photoluminescence imagimgethod.Still, for high doping
concentrations of 8x£0cm such iron concentrations can limit tB&H lifetime to below
200ps. A switch to ntype doping concentration wHserefore decided, as it is more tolerant
to metal impurities

The reactor setup was madi to enable lower doping concentratioihie SRH

recombination could be reduced successfully by reducing the doping concenttagion.
electrical qualities of EpiWafers with ghosphorusloping concentration of 2x1ocm?
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were proven with effective caer lifetimes exceeding 1Ms. This corresponds to a lower

limit of the SRH lifetimeof around3 ms. Surface and SRH recombination anewever
difficult to separate. Further investigations have to be conducted to extract the surface
recombination velaty for EpiWafers and to explore the influence of different surface
treatments on the passivation quality.

Solar cell simulations have been conducted to estimate the potential of the cell structure
used for this work. Aeductionof the SRH lifetime by inroducing & additionalinjection
independent lifetiméerm was modelled. For a resistivity o¥\tm this SRH lifetime has to
be at least Ins to keep the total loss in conversion efficieaognpared to samples without
a recombination through defedielow 0.5% absolute. Afterwards, a reduced resistivity of
0.2Wem was assumed, which corresponds éadibping used for the fabrication of EpiWafer
solar cellsn this work Assuming a reduced SRH lifetime of 108 which was estimated
with the lifetime measurements of the previous chapter, an absolute loss in conversion
efficiency of 1.5%compared to detctfree 1 Wem materialwas modelled.

N-type solar cells withEpiWafers featuringa doping concentration of 3x¥am?
(~0.2Wem) were presented.he best celfeached an opecircuit voltage of up to 6581V
and a short circuit current of up to 39@\. With a fill factor of 77%a conversion efficiency
of up to 20%was reachedvhich already proves the high potential of this matehidetailed
loss analysis was conducted and the main cause for a decreased fill factor could be attributed
to an increaseld. at the psition of the stacking faults. The high doping concentration limits
the bulk lifetime in terms of SRH recombination and Auger recombination. Therefore,
lowering the doping concentration can already result in conversion efficiencies close to
reference solacells with Fz material. Additional improvements in material quality, by
adapting the thickness homogeneity and further reducing the stacking fault density will lead
to better cell performances.

In conclusion, this thesshowed high material qualitiesrfepiWafers fabricated with
kerfless wafering process using porous silicon and epitaxial thickening in -augelf
atmospheric pressure CVD reactdhis reactorallows a process transfer to inline high
throughput reactorsFor the porous silicon tempés used in this work only the
reorganization process could be optimized. To enable industrial application high throughput
porosification tools are needed and the porous silicon layer together with the reorganization
process need to be adjusted to enalgd [uality epitaxial growth and detachment. With
the results of this workhe necessity of low doping concentration in the range X \bcm
for EpiWafers was showrGrowth of gacking fauls needs to beninimized as theact
highly recombinativen a finished solar celA successful process chain for the fabrication,
characterization and solar cell processing of EpiWafers was estahhistiedfirame othis
thesis.






9 Deutsche Zusammenfassung

Im Zugedieser DissertatiowurdeeinestabileProzesskette fir die sagefreie Herstellung
von epitaktisch gewachsenen Silizmafern (EpiWafen) entwickelt. Dafur wird eine
Abloése und Saatschicht ayorésem Siliziumn ein wiederverwendbares Silizium Substrat
geatzt. Auf dieser Schicht wird dann ein EpiWafer beliebiger Dicke und Dotierung
abgeschieden unthch diesem Wachstumsprozesm Substrat getrennt. Der Vorteil dieses
Verfahrens ist, dassvesatlich geringereMaterialerlustals bei der Waferherstellung
mittels Drahtsageprozessamntstehen Dadurch werdendie Materialherstellungskosten
gesenkt undsomit auchdie Gesamtkosten einer Solarzekeluziert.Dieses Konzept kann
sich auf dem Photovalikmarkt jedoch nur etablieren, sofern die Materialqualitat
vergleichbar ist mitgesagtenund poliertenCzochralski (CZ) oder FloaZone (FZ)
Siliziumwafern.

Im ersten Teil dieser Dissertation wurde die pordse Siliziumschicht, bestehend aus einer
niederpodsen Saatschicht auf zwei hochporésen Abléseschichiatersucht. Das
Schichtsystem wurde von einem Mikroelektronikinstitut hergestellZuge dieser Arbeit
wurde dag emperrdieses porésen Schisistems unter Wasserstoffatmosphare untersucht.
Erst kel diesem so genannten Reorganisationsprozessitside eine ablésbare Schicht in
der Tiefe und eine geschlosse@aatschicht an der Oberflachaus. Mittels einer
systematischen Variation der Prozesstemperatur und Prozesszeit konnten optimale
Prozessparaeter ermittelt werden. Mit Hilfe von REM und AFM Untersuchungen an den
reorganisierten porésen Siliziumschichten wurde eine Temperatur von 1150°C als optimale
Reorganisationstemperatur fir dieses pordse Schichtsystem und fir den in dieser Arbeit
verwendeta Reaktor bestimmt. Nur bei dieser untersuchten Temperatur bildete sich eine
geschlossene Oberflache nacm@ aus, welche fir eine gute Wachstumsvorlage bendtigt
wird. Des Weiteren wurde die Reorganisationszeit variiert um herauszufinden, ob eine
kirzee Reorganisation fir eine gute Wachstumsvorlage ebenfalls ausreicht. Die porésen
Schichten zeigten dabei bereits nacamib Reorganisation bei 1150°C eine geschlossene
Oberflache ohne offene Poren. Anhand von XRD Messungen wurde jedoch eine
Reduzierung debitterverspannung in der pordsen Schicht flr langere Prozesszeiten gezeigt.
Gitterverspannungen kdonnen ebenso wie offene Poren an der Oberflache zu erhdhtem
Defektwachstum in EpiWafern fiihren. Dies wurde nochmals néher im folgenden Kapitel
untersucht.

In Kapitel 5 wurde daher zunachstlie Materialqualitdt von epitaktisch gewachsenen
Schichten auf verschieden lang reorganisierten porésen Siliziumschichten untersucht. Die
Schichten zeigen eine Reduzierung der Reefiehte fir eine langere Reorganisationszeit
bei einer festen Temperatur von 1150°C. Die niedrigsten Defektdichten fur Stapelfehler von
(2+)x1Fcm? und f ¢r t zgr ub e(3)x(GAcart wunden pfiir teifie) v o n
Reorganisationszeit von 90in gemesse Diese Werte sind jedoch eine Gréf3enordnung
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hoher als die auf Referef&chichtengemessenen Defektdichten, die auf einem polierten
und gereinigten Cz Wafer gewachsen wurden. Wichtig ist daher, den Einfluss der
Reorganisationszeit auch auf die elektrisGualitat naher zu untersuchen.

Die elektrische Qualitat der Schichten wurde anhand von Lebensdauermessungen an
freistehenden EpiWafern bestimmt. Die gewachsenen Wafer wurden dafiir zunachst mit
einem parallel zu dieser Arbeit entwickelten Vakuumablosetow Substrat getrennt. Im
Anschluss wurde das restliche porgse Silizium auf der Riickseite der EpiWafer nasschemisch
entfernt und die Wafer danach beidseitig passiviert. Diese manuellen Prozessschritte wurden
im Laufe dieser Arbeit kontinuierlich verbessewas sich auch an den gemessenen
Lebensdauern widerspiegelt. Fur 4 dunne gyp EpiWafer, die nach einer
Reorganisationszeit von 30in gewachsen wurden, wurden effektive Lebensdauern von bis
zu 70us erreicht. Durch die hohe Dotierung dieser Wafer 8010 cm® stellen solche
Lebensdauern schon einen groRen Anteil am theoretisch mdglichen Maximum dar. Aus
diesem Grund wurden langere Reorganisationszeiten, die zudem die Prozesszeiten deutlich
verlangerten, nicht weiter untersucht. Der optimierte Baaisationsprozess fur das in
dieser Arbeit untersuchte Schichtsystem wurde daher aumir3Cbei 1150°C unter
Wasserstoffatmosphafestgelegt.

Die ptyp Proben wurden auf ihre interstitielle Eisenkonzentration untersucht und Werte
zwischen1x10*° cm® und 5x10°° cm® gemessen, welche nahe am Detektionslimit der
Photolumineszenimaging Methode liegen. Bei einer Dotierung @0t cnmi® kénnen
solche Konzentrati®@n die SRHLebensdauer jedoch auf 208 limitieren. Aus diesem
Grund wurde ein Wechsel zutyp dotiertem Material beschlossen, welches resistenter
gegenuber metallischen Verunreinigungen ist.

Um zudem niedrigere Dotierkonzentrationen zu ermoéglichen wurde ein neuer
Quartztrager ohne-typ Hintergrunddotierung eingeftihrt und das Ggstem der Anige
umgebaut um den Dotiergasfluss weiter zu verdiinnen. Die-ISfRENsdauer konnte mit
Reduzierung der Dotierung nachweislich erhdht werden. Fur EpiWafer mit einer Phosphor
Dotierung vor2x10* cnr®wurden hohe efidive Lebensdauern von tiber Irs gemesse
Das entspricht einem unteren Limit fur die SRebensdauer von Bs. Es ist jedoch
schwierig, Oberflachenrekombination und SREkombination voneinander zu trennen.
Weitere Untersuchungen zur Bestimmung der Oberflachenrekombinationsgeschwindigkeit
von EpiWafern stehen daher noch aus und sollten eine Untersuchung des Einflusses
verschiedener Oberflachdiraparationen auf die Qualitat der Passivierung beinhalten.

In Kapitel 6 wurden SolarzelleBimulationen durchgefiihrt um das Potential des
Zellkonzepts, ds in dieser Arbeit angewendet wurde, zu bestimiBiee. verringerte SRH
Lebensdauer wurde mithilfe eines injektiamsabhéngigen Lebensdauerterms modelliert.
Fir einen Basiswiderstand vain\em muss diese Rekombinatiebsbensdauer mindestens
1 ms betragen um den Verlust der Zelleffiziemerglichen mit einem Wafer ohne SRH
Rekombination, aufinter 0.5% absolut zu begrenzen.
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Im Anschluss wurden Simulationen fiir einen Basiswiderstan®x&nem (~3x10 cny
%) durchgefiihrt, welcher der Dotierung der fur die Zellcharge hergestellten EpiwWafer
entspricht. Unter Annahme einer reduzierten SRensdauer von 1Qds, die im vorigen
Kapitel fur EpiWafer mit dieser Dotierung bestimmt wurde, ist eirrloge in der
Zelleffizienz von 1.5% absolut verglichen rhithem Fz Referenzen modelliert worden.

In Kapitel 7 wurden Ergebnisse deéhrend dieser Arbeit gefertigtartyp Solarzellen
Chargemit 0.2Wcm EpiWafer Material gezeigt. Die beste Zelle erziefime offene
Klemmspannung vor658mV und einen Kurzschlussstrom von 3gh8. Mit einem
Fallfaktor von 77% erreichte se&ne Effizienz von 20%, welches bereits das hohe Potential
von EpiWafern zeigt. Eine detaillierte Verlustanalyse wurde durchgefuhrt demd
Hauptgrund des reduzierten Fullfaktors konnte auf eine erhodhte
Dunkelsattigungsstromdichte der Raumladungszdang Zurlckgefuhrt werden, welche
hauptséachlich an Stellen mit Stapelfehlern auftritt. Zudem limitiert die hohe Dotierung der
EpiWafer die Bilk-Lebensdauer aufgrund von erhdhter SRHd AugerRekombination.
Daher kann eine Reduzierung der Dotierung bereits zu einer deutlichen Verbesserung der
Effizienz fuhren. Zusatzliche Verbesserungen der Materialqualitat in Bezug auf eine
homogenere Dickererteilung und eine weitere Reduzierung der Stapelfehlerdichte kdbnnen
zu noch besseren Zellergebnissen fuhren.

Zusammenfassend wurden in dieser Dissertation EpiWafer mit hoher elektrischer
Qualitat mithilfe eines Sageverlusteien Herstellungsverfahren qauziert Der
Reorganisationrauind der Epitaxieprozess wurden in einem am Fraunhofer ISE entwickelten
AtmosphéarendruciCVD Reaktor durchgefiihrt, welcher den Prozesertrag zu
Hochdurchsatinline-Anlagen ermdglicht. Fur das porése Schichtsystem, daseserd
Arbeit untersucht wurde, konnte der Reorganisationsprozess optimiert werden. Um eine
industrielle Umsetzung dieses Verfahrens zu ermdglichen, bedarf es an Hochdurchsatz
Porosifikationsanlagen und sowohl Atzprozess als auch Reorganisationsprozess miiss
weiter optimiert werden. Die exzellenten Lebensdauern fir niedrig dotierte EpiWafer in
dieser Arbeit zeigen, dass die Dotierung von EpiWafern im Bereich zwidchémtm
wunschenswert ist. Zudem wurde gezeigt, dass insbesondere die Stapelfehlégen fert
Solarzellen hoch rekombinationsaktiv sind, was die Dringlichkeit einer Reduzierung dieser
Defekte untermauert. Die Herausforderung zukinftiger Experimente wird sein, EpiWafer
mit exzellenter Qualitat in hoher Stuckzahl und mit groRer Flache (156 mm?)
herzustellenDafir missen die im Rahmen dieser Arbeit entwickelten Prozesse auf den am
Fraunhofer ISE entwickelten ProConCVD Reaktor Ubertragen werden.






APPENDM XCP solution used i n this

Two different etching solutions for porous silicoome@val were used in this work. In
Table A1 the proportions of the acidsised to mix the chemical polish solutiorese
summarizedThe approximated etching rate is also included in the table.

Table Al Etching rate and proportional amounts of acids for mixing the chemical polish solutions.

Etching rate CHsCOOH  HsPQy

0 0 0

CP etch [um/min] HF 50% HNO3z70% HNO3100% 100% 85%
CP71 ~1,4 100 477 545 978 -
CP 51 ~11,3 23 a7 - 20 10

APPENDB XSol ar ceelsl par amet

In this work solar celsimulations and solar celesults areanalysed andliscussed in
chapter6 and chapter7. The one and twaediode moded and thefour main solar cell
parameters will thefere bebriefly described in this appendiA detailed description and
derivation of the equations can be foundlii63-105.

The currertvoltage(l-V) charactestics of an ideal solar celunder illuminationcan be
described  the following onediode model, with the elementary chatgé he Bol t z ma nn
constank and the temperature

Ow ™0O0Q p O B.1

IL denotes the lighgienerated current arld is the saturation current density, which is
given by equation B.Z'he saturation current density depends thereby on the sgotenal
areaA of the diode, theiffusion coefficiens of electrongDe) andholes Dy), the intrinsic
carrier densityy, the diffusion lengths of electrofflse) and holes(Ln) and the concentration
of donor(Np) and acceptor aton{dla). The factord-p andFy in equation B.2 depend on the
surface recombination of the pr ntypeside of the diode and account for the fact, that the
diode is not infinitely large on either side of the junctiGeneral expressions f6p andFy
can be found if105].

o~ «~NO0E - NOE _
O 00———00 —-——00 8 B.2
0V U U

From the onaliode model in equation B.1 the ideal shartuit current and the ideal

opencircuit voltage can be derived.

O 0 B.3
%40 4
w r'] 0 p B.4

In equation B.4 it can be seen that the epiecuit voltage can be increased by decreasing
the saturation curremg. This can be achieved by either increasing the doping concentration



102 Appendix

or by incrasing the diffusion length (see equation BT2je diffusion length depends on the
carrier lifetime and is therefore increasing for a redirecombination.

The fill factor of a solar cell is a measure of hilsguaré the output characteristics are
and shald for good solar cells reach values of over[Q@.
e 0 »w 00
°O %30 & oo ° B
The energyconvesion efficiency can be calculated the ratio of thenaximum power
Pmaxto theincident powePin.

0 "Oaw J0
0 0

A more accurate solar cell descriptiancluding recombination in the space charge
region,is given by the twaliode model A second diode is therefore added in parallel with

the first, resulting in following equation:

8 B.6

o . SR . 9 Y @Y .
Oy 000 ?° p 0o0Q ° p ——— B.7
with the series resistan€&g, the parallel resistand® andthe saturation current densities
lo1 andloz for recombination in the bulk and in the space charge region, respectively. The

ideality factorn: equals one and. should eqal two. However, in some casescan also
differ from that[89].

APPENDKXecombinati on channel s |

In chapter5.1.3 the following equation for the effective carrier lifetimeas already
introduced:

p p ¢JY
TT o 9.1

whichis accurate within 4% fdBer*W/D < 0.25, for symmetrical samples with the same
passivation quality on front andareside and witlD being the diffusion constant of the
excess carrieffig5)].

For thebulk lifetime thesum of radiative recombination, Auger recombination and SRH
recombination has to be taken into account:

p p p p

T T T T8 c.1

The model by Richteret al. [77] givesan advanced parametrization of the complete
intrinsic recombination and was used in this work to calculatebtile recombination,
excluding the recombinationrisugh defectsfor all investigated samples in this work:
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o a&n
Wntr= ad% C.2

n|e o3 . B(fbeeqq+8. B(ﬁ@eh%ﬂ%, DF %EA°3B B oy

with the enhancement factors:

0.66 0.63
g, (p) =1 +1tt3a n;\lé]o—eeh andg, (p,) =1 + Ft 5n?\llf°—e ,

h h
with Ny &3, . 1BTem® andNy g 7 . 107em?.
All other parameters are specifiedTiableC.1.
The in chapteb.1.5shown SRH lifetimes werealculated using following equation:
Tt n n 3 T ¢ & 3t

T S N - h C.3
n & 3¢

with the definitiondor the electron and hole capture time constéintandt
T 0, 0 p h t 0,0 h C.4
And the secalled SRH densities; andpa:
¢ 0 Q h n 0Q 8 C.5
The parameters needed for the calculation are described in Table C.1.

Table C.1 Parameters needed for the calculation of the intrinsic and SRH lifetimes.

Param.| Unit | Description

-3

n cm electron density

P cm® | hole density

No cm® | equilibrium electron density

Po cmi® | equilibrium hole density
an cm® | excess carriedensity
. o intrinsic carrier concentration for lowdgoped and lowhinjected
.

silicon,9 . 7 &cm® at 300 K [29]

effective intrinsic carrier concentratiam ¢ i Q g with the
N e¢f{ CcM* |energy band gap narrowirggsy, andb = 1kgT, with the Boltzmanr
constanks and the absolute temperatdre

radiative recombination coefficient for lowhoped and lowly
injected silicon, 4.7310''° cm?® 't at 300K

B ow - relative radiative recombination efficient, according to

Nt cm® | concentration of traps
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Nc cm® | effective density of states of the conduction band
Nv cm® | effective density of states of the valence band
” cm? | hole capture cross section
" cm? | electron capture cross sectio
0 cm/s | electron and hole thermal velocity
Et eV | energy level of the trapping state
APPENDI X D: Quokka Simulati on

The simulation sheet used for this work is shown in the box below. The parameters
marked ingreenwere changeor adapted fothis work. The blue parameters were left and

were provided by Bernd Steinhauser at Fraunhofer ISE. The sweep funesBwused for
this work, which is therefore marked yellow.

%% Typical Cell Parameters:
PitchFS=800; % pum
ContactFS=6; % pm

NumberBB=1;
ShadingFS=2.27; % %

JOePass=70; % fA/cm2
J0eMet=1800; % fA/cm2
J02e=0.001; % nA/cm2
JObPass=20; % fA/cm2
J02b=0.001; % nA/lcm?2

ResFS=0.2; % mOhmcm2
ResRS=10; % mOhmcm?2
GridResFS=0.2; % Ohmcm?2
GridResRS=0; % Ohmcm?2

Waferthickness=200; %um
Resistivity=1; % Ohmcm

tBulk=1e20; % us

%%%% unit cell geometry

ContactFractinoFSFinger=0.5; % %
ContactFractionFSBB=0.5; % %

geom.dimensions=2; % setto 1, 2 or 3

s he
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geom.Wz=Waferthickness; % cell thickness [um] (including thickness of doped surface layers)
%% Note: Half pith on the front side

geom.Wxfront=PitchFS/2; % front unit cell size ifdiection [um]

%% Note: Half pitch on the rear side

geom.Wxrear=PitchFS/2; % rear unit cell size idipection [um]

% set above values equal to simulate a "standard" unit cell

% setto different values to let Quokka find the actual bigger unit cell

% note that the lowest common multiplier defines the actual unit cell size which may become very lg
slow down the simulation

%% Note: Leave ass for normal front contacts
geom.frontont.shape='line’; % shape of front contact: ‘circle’, 'rectangle’, 'line' or 'full’

geom.frontcont.wx=ContactFS/2; % contact half width-direction for 'rectangle’, half width for 'line’' ¢
radius for ‘circle’

geom.rearcont.shape="full'; % shape of @ntact: 'circle’, 'rectangle’, 'line' or 'full’

geom.meshquality=1; % determines solution accuracy and computation time, 1. coarse, 2: medi
fine (or 'user' for expert settings)

%%%% bulk material properties

bulk.type="ntype'; % doping type, ‘pype’ or 'ntype'

bulk.rho=Resistivity; % resistivity [Ohm.cm]

%% Note: Can be used to simulate material influences, but might be better to use SRH below

bulk.taubfixed=tBulk; % fixed lifetime [us] contribution to bulk recombipati set to very high value t
disable

bulk.SRH.midgap.taup0=1e20; % taup (holes) for midgap SRH [udfiéfY), set to very high value t
disable

bulk.SRH.midgap.taun0=1e20; % taun (electrons) for midgap SRH [u&]i£B}, set to very high value |
disabk

%% Note: Best to leave these settings as they are
bulk.T=300; % temperature [K], leave at 300 K unless you are confident about what you are doing

bulk.Auger="'Richter2012'; % Auger model: 'Richter2012' (default), 'Altermatt2011', 'KerrZ
'Sinton198706r 'off’

bulk.mobility="Klaassen'; % mobility model, 'Klaassen' (default) or 'Arora’ (PC1D)
bulk.nieff="default’; % 'default' (uses ni(300K)=9.65e98rand Schenk's doping dependent BGN) or 'fix
bulk.nieffvalue=9.65e9; % value for nieff for ‘fixed' [eBh

bulk.Brad=4.73€l5; % radiative recombination coefficent [cm3/s], default: 4.T3€Trupke et al. 2003)
bulk.SRH.BO.Nt=0; % Oxygen concentration for BO complex SRH recombinatiotyipep[cn 3]
bulk.SRH.BO.m=2; % processing dependent parameter bet¥vaad 4

% define multiple SRH defects by cell indexing, example for Fe:

bulk.SRH.custom{1}.Nt=0; % defect density [eB}, set to zero to disable defect
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%% Fe_i

%bulk.SRH.custom{1}.Et_Ei=0.182; % defect level [eV], relative to intrinsic energy-Hx
%bulk.SRH.custom{1}.sigman=4&4; % electron capture cross section [cm2]
%bulk.SRH.custom{1}.sigmap=6.8E7; % hole capture cross section [cm2]

%% FeB

bulk.SRH.custom{1}.Et_Ei=0.3; % defect level [eV], relative to intrinsic energy&(lEt
bulk.SRH.custom{1}sigman=5€l5; % electron capture cross section [cm2]

bulk.SRH.custom{1}.sigmap=3&5; % hole capture cross section [cm2]

%% Front emitter (no selective emitter):
bound.conduct{1}.location="front;
bound.conduct{1}.shape="full’;

bound.conduct{1}.colleff=1;

%% Note: Set the Sheet resistance here
bound.conduct{1}.Rsheet=90; % Ohm/sq

%% Note: Set this to the junction depth of the emitter, shouldn't matter if colleff is set to 1
bound.conduct{1}.jctdepth=0.4; % um
bound.conduct{1}.cont.rec='J0";

%% Note: JO fothe contacted area emitter

%% Use an effective value to take the BB into account
%% JOeMet,Calc = JOeMet * (1+fBB/fFinger)

%% JOeMet = 700 fA/cm2 JOeMet,Calc = 970 fA/cm2
JO0eMetEff=J0eMet * (1+NumberBB*ContactFractionFSBB/ContactiitsaE SFinger);
bound.conduct{1}.cont.J0=J0eMetEff*1E5; % Alcm2

%% Note: Contact resistivity in the contacted area
bound.conduct{1}.cont.rc=ResFS*1E % mOhm cm2
bound.conduct{1}.noncont.rec='J0’;

%% Note: JO for the passivated area of the emitter
bound.conduct{1}.noncont.J0=J0ePass*1E % A/cm2
bound.conduct{1}.noncont.J02=J02e*BE % A/lcm2

%% TOPCon

bound.conduct{2}.location="rear";

%% Note: Set as the same as the contact geometry above
bound.conduct{2}.shape="full’;

%% Note: Sheet resistanoéthe LBSF
bound.conduct{2}.Rsheet=300; % Ohm/sq

%% Note: Junction depth of the LBSF
bound.conduct{2}.jctdepth=0.2; % um
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bound.conduct{2}.colleff=1;
bound.conduct{2}.cont.rec='J0";

%% Note: JO for the contacted area
bound.conduct{2}.cont.J0=J0bPass*1k; % A/cm2

%% Note: Contact resistivity for the rear side contacts
bound.conduct{2}.cont.rc=ResRS*1E % mOhm cm?2

%%%% generation settings

generation.type="1D_model'; % how generation is defined: '1D_model', '‘Jgen_surface', 'Jgen_l
'ext_file', ‘cistomdata’ or 'off'

generation.intensity=100; % incident light intensity [mW/cm2] (default: 100), not applicable for 1D_n
does NOT influence the actual generation

generation.suns=1; % scales the generation

generation.illum_side="front’; % illuminatedls, 'front' or 'rear'

%% Note: wx_eff = (f_finger + f_bb) * pitch/2

generation.shading_width=PitchFS*ShadingFS/200; % half width-direction [um] for shading o
fingers, set to zero for no shading

% below settings are for '1D_model'

% calculates the crent generation within the junction depth like PC1D

% models the first path through the cell properly, generation from all subsequent passes is unifg
distributed

generation.transmission="ext_file'; % how front surface transmission is defined, &x¢ file' or 'custom
(set generation.transmission_custom=[lambdal lambda?2 ... lambdan; T1 T2 ... Tn] with lambda [
transmission T [])

generation.transmission_filename="NRP38Isx'; % front transmission file ; first column waveleng
[nm], second column T [0..1]

generation.Z='ext_file'; % optical pathlength enhancement: value, ‘fixed', 'ext_file' or 'custom'
generation.Z_filename=ZopCon.xlsx'; % Z file; first column wavelength [nm] second column Z

generation.spectrum='AM1.5g"; % incidenpestrum, 'AM1.5g', 'monochromatic’ or ‘custom' (
generation.spectrum_custom=[lambdal lambda2 ... lambdan; 11 12 ... In] with lambda [nm]
[W/m2/nm])

generation.facet_angle=54.7; % [degrees] should be the same as assumed when calculating Z
values, set to O for planar surface

%%%% external circuit settings

%% Note: The external series resistance can be used to take the grid resistance on the front side (af
on the rear side) into account

%% For the plated PassDop cell, we dated 0.28 Ohm cm?2
circuit.Rseries=GridResFS+GridResRS; % external series resistance [Ohm.cm2]

circuit.Rshunt=1e6; % external shunt resistance [Ohm.cm2]
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% 'Vuc', 'Vterm', Jterm’, 'OC', 'MPP', 'Jsc' (not short circuit!), 'light_IV_auto', 'IV_curve', 'Q&'c
'sunsVoc_curve' or 'Rs_curve'

circuit.terminal="light_IV_auto",

circuit.Vuc.value=0.5; % unit vell voltage [V] for 'Vuc'

circuit.Vterm.value=0.5; % terminal voltage [V] for 'Vterm'
circuit.Jterm.value=30; % terminal current density [mA/cm2] for ‘e
circuit.IV.V_values=[0.1:0.05:0.75]; % vector of voltage values [V] for 'IV_curve'
circuit.IV.mode="Vterm'; % 'Vuc' (faster) or 'Vterm' defines the meaning of the voltage values for 'IV_|
circuit. QE.wavelength_values=[300:20:1200]; % vector ofelangth values [nm] for 'QE_curve'

circuit.sunsVoc.suns_values=103{.5:1];

%%%% sweep

% sweep of one or two independent parameters

% additional parameters can be swept dependently:

% e.g. sweep_1{1}='size_x', sweep_1{2}='size_y' and values_1{1}= ...
sweep.enable=0; % 0 or 1 to disable / enable
sweep.param_1{1}='geom.Wxfront';

sweep.values_1{1}=[500 525 555 590 625 667 715];

%%%% luminescence settings

% external files must cover the wavelength range from 800b#00nm the first column and respecti
daa in the next column(s)

lumi.enable=1; % 0 or 1 to disable / enable

lumi.scale=2.338; % scales simulated luminiscence signal [photons/cm2/s] to match experir
measurement units, e.g. [counts/s]

lumi.filter="none"; %'PL_SP1025nm.xIs"; % 'none' forfifter or 'ext_file'

lumi.filter_filename='filename.xlIs'; % filter transmission file; first columns wavelength [nm], se
column transmission [0..1]

lumi.sensor_EQE='unity’; % external quantum efficiency of sensor: 'silicon' (thickness is us
calcuation of EQE), 'unity' (EQE=1) or 'ext_file'

lumi.sensor_EQE_filename='filename.xIs'; % sensor EQE file; first column wavelength [nm], g
column EQE [0..1]

lumi.sensor_thickness=55.7; % thickness of CCD sensor [um], for silicon sensor only

lumi.detecion_side='"illuminated’; % Side which is treated as the front for luminescence modeling,
to illuminated side: 'illuminated' or ‘opposite’

lumi.normalise_signal=0; % Normalise signal to peak intensity, 0 or 1 to disable / enable
lumi.emission_functin = 4;

lumi.internal_refl="default’; % internal reflectivity (not applicable for Rudiger model): 'default’ foaisi
interface or 'ext_file'

lumi.internal_refl_filename="filename.xIs'; % internal reflectivity file; first columns wavelength [
secom column front reflectivity [0..1], third column rear reflectivity [0..1]
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lumi.general.facet_angle = 54.7; % Facet angle based on front surface texture geometry. [Degreeg

lumi.general.lambertian_factor = 0.5; % Lambertian factor of the rear surface ebebnend 1, O: fully
specular, 1: fully diffuse

lumi.general.refRear = 0.60; % rear reflectivity [], default 0.60
lumi.general.refFrontS = 0.62; % first front reflectivity [], default 0.62
lumi.general.refFrontN = 0.93; %th front reflectivity [], defaul 0.93

% input for Padilla model (4):

lumi.geometrical.number_reflections=0; % number of internal reflection to model
% optional input fomodelledwavelength range

lumi.wavelength_start=900; % [nm]

lumi.wavelength_end=1200; % [nm]
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Abbreviation
AFM
ALD
AM1.5¢g
APCVD
aSi

CP

c-Si
CVD
Cz

EQE
FZ
HWCVD
IMEC
ISFH
ITRPV
LBIC
LPCVD
LPE
mc-Si
MBE
MFC
MWPCD
PECVD
PL

PV
PVD
QSSPC
RCA
RPHP
RPCVD
RTCVD

atur e
Description

Atomic Force Microscopy

Atomic Layer Deposition

Air Mass 1.5 global spectrum

Atmospheric Pressure Chemical Vapour Deposition
Amorphous Silicon

Chemical Polishing

Crystalline Silicon

Chemical Vapur Deposition

Czochralski

External Quantum Efficiency

Float Zone Silicon Material

Hot Wire Chemical Vapour Deposition
Interuniversity Microelectronics Centre
Institute for solar energy research in Hamelin
Internatioral Technology Roadmap for Photovoltaic
Light-Beam Induced Current

Low Pressure Chemical Vapour Deposition

Liquid Phase Epitaxy

Multicrystalline Silicon

Molecular Beam Epitaxy

Mass Flow Controllers

Microwave Photo Gnductance Decay (method)
Plasma Enhanced Chemical Vapour Deposition
Photoluminescence

Photovoltaic

Physical Vapour Deposition

QuasiSteady State Photoconductance

Radio Corporation of America (standard cleaning)
RemotePlasma Hydrogen Passivation

Reduced Pressure ChemivapourDeposition

Rapid Thermal Chemical Vapour Deposition
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Nomenclature

SEM
SRH
SRP
SRV
STC
TCS
UHVCVD
XRD

Scanning Electron Microscopy
ShockleyReadHall (recombination)
Spreading Resistance Profiling
Surface Recofnnation Velocity
Silicon Tetra Chlorine (SiG)

Tri Chloro Silane (SiHG)

Ultra-high Vacuum Chemical Vapour Deposition

X-Ray Diffraction

Chemical species

Abbreviation
Ag

Al203
B2He

BBr3

BCls
CHsCOOH
Cl

Fe

FeOs
FeCk

Hz

H20

HCI

HF

HNOs
HsPQy

N2

07}

P2

Pd
PH:
PHs
POCk
SiCl

Description

Silver

Aluminum oxide
Diborane (@s)

Boron tribromide

Boron trichloride (gas)
Acetic acid

Chloride

Iron

Ferric oxide

Ferric chloride
Hydrogen (gas)
Dihydrogenoxide, water
Hydrogen chlorine acid (gas)
Hydrogen fluoride

Nitric acid

Phosphoric acid
Nitrogen (gas)

Oxygen (gas)
Phosphorus
Diphosphorus
Palladium

Diphosphine (gas)
Phosphine or phosphorus hydride (ge
Phosphoroxychlorid
Silicon chloride
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SiCl Silicon dichloride ¢as)
SiCls Silicon tetrachloride (gas)
SiHCI3 Trichlorosilane (gas)
SiHCl? Dichlorosilane
SiNy Silicon nitride
Ti Titanium

Symbols
Symbol Description Unit
C Concentration of chemical species [mol]
Cdopant Dopant concentration cm3
d Lattice paameter nm
D Carrier diffusion cé/s
04} Vacancy gradient
€r Vacancy gradient at the rim of a pore
& Outof-plain strain
EPD Etch Pit Density cm?
FF Fill Factor [-]
Jo Dark saturation current density Alcm?
Jsc Short circuit current density mA/cmz
k kinetic reaction constant [-]
Kad Adsorption constant [-]
Keft Effective segregation coefficient [-]
kr Deposition constant [-]
/ Wavelength nm
L Diffusion length pm
Na Concentration of acceptor atoms cm3
Nb Concentration of donor atts cm3
Nd,epi Concentration of donor atoms in epitaxial layer cm3
Nm Concentration of dissolved dopant M cm3
N Occupation number [-]
Nt Trapping densities cm3
Pm Partial pressure of species M mbar
Q Occupied bonding sites [-]
R Universalgas constant J/mol K
R Pore radius
Rc Critical pore radius



Nomenclature

r electrical resistivity Wem
Rs Series resistance Wern?
Re Parallelresistance Wisq.
S Surface recombination velocity cm/s
SFD Stacking Fault Density cm’?
T Temperature °CorK
t Time S
\% Deposition rate um/min
Vad Molar absorption rate
Voc Open circuit voltage mV
Vi Molar growthrate
W Waferthickness pm
Qg recombination intensity
Qn Excess carrier concentration cm3
d Efficiency %
OB Bragg angle °
[M] Concentratiorof species M mol
Mn mobility of holes cm2/Vs
Mp mobility of electrons cm2/Vs
Chuger Minority carrier lifetime limited by Auger recombination € s
Wik Minority carrier lifetime in the bulk €s
- Minority carrier lifetime limited by ShockleiReadHall
Wri recombination &S
U Effective minority carrier lifetime €S
Ghad Minority carrier lifetime limited by radiative recombinatior pus
Constants
Constants Description Value
ks Boltzmanndés const an t1.3806x102J/K
q Elementary charge 1.602x 10%°C
ni Intrinsic carrier density 1.00x 10"°cm?
R Gas constant 8.314472J/Kmol
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