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To see a world in a grain of sand
Andheaven in a vicbr.
Hold infinity in the palm of your hand

And eternity in an hour

~ William Blake ~
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Abbreviations & Symbols

Abbreviation
or Symbol

#
0D/1D/2D/3D

(100)/(111)

<100>/<111>

=
o

Ac

Ac

Anm

a-Si

Ag
AgnoG
AGpo(Te)
Adre(exp)

Al
Al20s

ALD
AlC

AM
APCVD

Ar
ARC

bsin
bn

BCk
BGN
BHF

BO

BRL
BSF

Unit

Definition/ Description

Zero/one/twolthree
dimensional

Miller indices for
orientation of crystal
faces

Miller indices for crystal
direction

Four point probe

Constant / exponent
Absorption coefficient
(Solar) cell area

Gate electrode contact
area

Metallized area
Amorphous (Si)

Silver

Low glass amount
containing Ag paste
(Te and) Pb coraining
Ag paste
(Experimental) Te
containing Ag paste
Aluminum
Stoichiometric aluminum
oxide

Atomic layer deposition
Aluminum oxidei.e,
Alumina

Air mass

Atmospheric pressure
chemical vapor
depostion

Argon

Anti-reflective coating

Constant / exponent
Si-N bond density
Normalized molecular
bond density

Boron

Bi-facial

Boron trichloride
Band gap narrowing
Buffered hydofluoric
acid

Boron oxygen
Boron-rich layer
Back surface field

Abbreviation Unit

or Symbol
BSG
BBr
B2Hs

C
C
C

Co.B2H6

Cae

Cs
CBsG

Go(x,1)
Cor12

GrB( theo)

CH
G20

CicrOES

Co
Cox
cp

CpsG
G(t)

Csrs

Csi

c-Si

CB

CE
CHCOOH
(6{0)

(6{0)

ca

Cty

Ctgm
Cticroes

Cu
CVv

[nF/cm?]

[%]

[nF/cm?]

[cm?]
[Yout]

[cm¥]
[cm¥]

[nF/cm?]
[Yout]
[Youd]
[cm®]
[em]
[nF/cm?]
[em]
[Yout]

[cm®]

[nF/cm?]

[cm]

Definition/ Description

Boron silicate glass
Boron tri-bromide
Diborane

Capacitance

Carbon

Relative BHs
concentration in B:Hs:H.
Capacitance
(accumulation state of
semiconductor)

Boron doping
concentration

Boron concentration in
BSG

Dopant concentration
Dopant concentration
constant

(Theoretical) fat-band
state capacity
Hydrogen concentration
H2O concentration
Boron concentration,
ICROES

Oxygen concentration
Oxide capacitance
Phosphorousdoping
concentration
Phosphorous
concentration in PSG
Dopant surface
concentration
Flat-band state
capacitance in
semiconductor

Si concentration
(Mono-)crystalline (Si)
Conduction band
Coulomb enhancement
Acetic acid

Carbon monoxide
Chemically grown oxide
Carbon dioxide

Boron content, gas
weighed

Boron content, gas and
mass weighed

Boron content, ICROES
Copper

Capacitance voltage
(measuement)



Abbreviations & Symbols

Abbreviation Unit

or Symbol
CVD -
Cz(Si) -

D
DEs [eV]
Dn (=Dp) [em]
Ds [ §m]
d [nm]
da [pm]
da [min]
de [s]
dox [nm]
dr [min]
D [um]
D [um]
Do [um]
Da [um?]
Doe(C,T) [cm?/s]
Dx [cm3)
Drip [CmZS'l]
Dr20 [nm]
Dy [m]
DCE -
dE [J]
dF [J]
DHF -
DI -
dN [-]
dQ [C]

E
& [F/m]
€ox [-]
& [-]
h [%]
hn/p [J]
et) -
E [eV]
E -
E [eV]
Eap [eV]

Definition/ Description

Chemical vapor
deposition
Czochralski grown (Si)

Energy shift, due to BGN
(Average) excess charge
carrier density
Photo-conductivity

Film thickness

Atom distance

Annealing duration
Etch duration

Oxide thickness
(Treatment) duration
Depth (doped regioni.e,
emitter)

Etch depth

Threshold depth in
context of P diffusivity
Ablated area
(Effective) diffusion
coefficient

Interface defect density
Minority carrier
diffusivity

Hz0 penetration depth
Penetration depth
1,2-dichlorethane
Internal energy change
Free energy change
Diluted HF

Deionized

Particle number change
Charge change

Vacuum permittivity /
electric constant
Relative electrical
permittivity of oxide
Relative electrical
permittivity of
semiconductor
(Solar cell) efficiency
Electrochemical
potential of e/h*
Electron

Energy

Electric field
Activation energy
Energy level of
acceptor/donor dopant

type

Abbreviation Unit

or Symbol

Ec [eV]
E [eV]
Eri [eV]
Erc [eV]
Ev [eV]
Ep1/ 2 [eV]
= [eV]
Eqc [eV]

B [eV]
e-beam -
ECV -

EDX -

EEB -

EFG -

EPI -

EQE [%0]

fe [J

fm [eV]
fs [eV]

E -

Far) [J/en?]
Fav [J/cn?]
Fmax [J/ CmZ]
Fmo [J/ CI'T'F]
foz [sIm]
Fn [J/cn?]
Fe -

FE -

FF [%]
FIB -

FS -

FSF -

fsq -
FTIR -
FZ(Si) -

Gen [-]
e [-]

g -

Gav) [s7]

Definition/ Description

Conduction band energy
level

Defect formation energy
Fermi energy level (in
intrinsic state of
semiconductor)

QFL for CB

QFL for VB

Direct band gap energy
Band gap energy (of
semiconductor)

Band gap energy with
QFL splitting

Valence band energy
level

Electron beam
Electro-chemical voltage
(measurement)

Energy dispersive Xray
(detector)

Emitter etch back
Edgedefined film-fed
growth

Epitaxial growth
External quantum
efficiency

Electrical potential
Work function of metal

gWor k functi
semiconductor

Fluor

Fluence

Average fluence
Maximum fluence
Melting fluence
Oxygen flow rate
Threshold fluence
Iron

Field effect

Fill factor

Focused ion beam
Front side

Front surface field
Full-square
Fourier-transform
infrared (spectroscopy)
Float-Zone grown (Si)

BGN factor
Degeneration factor
Global

(Average) generation
rate



Abbreviations & Symbols

Abbreviation
or Symbol
GDOES

he)
h

H.O
H2O,
H.SiFs
H.SO
HC
hf
HF
Hg
HNQ
HP
HT
HTGF

ICP
ICRPECVD

ICROES

in-lens

IQE

IR
IV(-curve)

J
j@mm(V)

Unit

[mV]
[a.u]

(Al
[A]

[A]
[A]
[]
[A]
[W/m?/nm]
[-]
[A]

[%]

[A/m?]

Definition/ Description

Glow discharge- optical
emission spectroscopy

Hole (defect electron)
Ingot height
Hydrogen

Water

Hydrogen peroxide
Hexafluorosilicic acid
Sulfuric acid
Hydrochloride acid
High frequency
Hydrofluoric acid
Mercury (quicksilver)
Nitric acid
High-performance
High-temperature
High total gas flow

Implied Voc

FTIR signal intensity /
absorbance

Current

Current ¢voltage curve)
of diode
Recombination current
Current at MPP
Normalized FTIR peak
area
Photo(-generated)
current

(Initial) Irradiance /
radiation intensity
Scaled FTIR peak area
Short circuit current
Interdigitated back
contact (solar cell type)
Inductively coupled
plasma

Inductively coupled
plasma- PECVD
Inductively coupled
plasma- optical
emission spectroscopy
SE detector cbse to e
beam

Internal quantum
efficiency

Infrared

1(V)

(Charge) current density
(of e/h*)

Abbreviation Unit

or Symbol
jo

jOe

jo1ro2

jrec
jsc

jscit

xr =

ke

KOH

Lo
LCO

LED
LeTID

LID

LT
LTGF

M

Hnip)
Me(,sim)

Mmin/max/
m

M

Ma.si
MaB
Merh
Mt
Msio2
Msiox:s
mc(-Si)
MCD
MIS

[Alcm?]
[fA/cm?]
[Alcm?]
[cm?]
[Alcm?]
[mA/cm?]

[mA/cm?]

[nm]
[m]
[m]

[cm?Vvis?

[J]

[cm?Vvis?]

[]

[u]
[u]
(k]

[a/mol]
[g/mol]

[cm]

Definition/ Description

Reversebias current
density (cf. jed)

Emitter saturation
current density

15424 diode saturation
current density

(Flow) current in context
of diffusion
Recombination current
density

Short circuit current
density

Theoretical jsc

Extinction coefficient
Wave vector
Boltzmann constant
Constant

Potassium hydroxide

Wavelength

Mean free path
Debye length
Local/laser contact
opening

Light emitting diode
Light and elevated
temperature induced
degradation

Low frequency
Light induced
degradation
(Effective) lifetime
Low total gas flow

Mobility (of e/h*)
Chemical potential (of
semiconductor/metal)
Mobility constants
Natural number
(Metal) impurity
Atomic mass, Si
Atomic mass, Bron
Effective mass of eh*
Mono-facial

Molar mass, Si@
Molar mass, SiQ@B
Multi-crystalline (Si)
Minority carrier density
Metal-insulator-
semiconductor
(structure/contact)



Abbreviations & Symbols

Abbreviation Unit

or Symbol
MOS -
MPP -

N
No [eV]
n [-]
n/n*n** -
N -
No [cm3
N1 [-]
N2 -
N.O -
Ni( eff) [cm@]
Na [mol?]
Na,p [cm3)
Nev [-]
Nimax [cm3
Ne [cm3)
Ns [cm3)
Nsurf [cm'3]
NaNQ -
NFs -
NFT -
NHs -
NH:F -
NQX) -
ns- -

O
Wo [um]
(@] -
()2 -
Q,’ -
O] [cm?]

Definition/ Description

Metal-oxide-
semiconductor
(structure/contact)
Maximum power point

Diffusion barrier
Refractive index
(Negative) doping
polarity
(base/high/higher doping
concentration)
Nitrogen

Equilibrium carrier
densityi.e, €

Ideality factor of 1sy2nd
diode

Nitrogen in molecular
form

Nitrous oxide
(Effective) intrinsic
charge carrier
concentration
Avogadro constant
Doping concentration of
acceptor or donor (of
semiconductor)
Density of states in
CB/VB

Maximum doping
concentration

Free carrier
concentrationi.e, e
Surface e density
Surface doping
concentration
Sodium nitride
Nitrogen trifluoride
Non-firing-through
Ammonia
Ammonium fluoride
Nitrogen oxide
nanosecond

Beam radius
Oxygen

Oxygen in molecular
form

Ozone

Interstitial oxide
(concentration)

Abbreviation
or Symbol

P
p/p +/p ++

Po

P(V)

Pa

Po
Pin
Pm
Pout
Pb
PCD

PDG

PECVD

PERC(+)
PERT

PERX

PH;
PHOSTOP

pl
PL
POCi

poly(-Si)
PorSi
PP

ps-

PSG

PSi
PVD

Q
q
Q
Qs2H6
Qp2H6:H2
Q

Qsita
QFL

Unit

[C]
[cm?]
[scem]
[scem]
[cm?]
[scem]

Definition/ Description

(Positive) doping polarity
(base/high/higher doping
concentration)
Equilibrium carrier
density i.e, h*

Power

Power ¢voltage curve) of
diode

Annealing atmosphere
pressure

Average power

Pitch

Power, entering diode
Power at MPP

Power, exiting diode
Lead
Photo-conductance
decay
Phosphorousdiffusion
gettering

Plasma enhanced
chemical vapor
deposition

(Bi-facial) passivated
emitter and rear cell
Passivated emitter (and)
rear totally diffused
Passivated emitter and
rear type (solar cell
family)

Phosphine

P-FSF and rear local Al
emitter (solar cell type)
planar
Photoluminescence
Phosphorousoxy-
chloride
Poly-crystalline (Si)
Porous Si

Parallel plate (PECVD)
picosecond
Phosphoroussilicate
glass

Porous Si
PlasmdPhysical vapor
deposition

Elemental charge
Dopant amount

B:Hs flux, absolute
BoHs flux, diluted in H>
Fixed charge density
SiH: flux, absolute
QuasiFermilevel

Vi



Abbreviations & Symbols

Abbreviation
or Symbol
QM(Si)
ONR

QSS

R
r
Iat
I mol

rc

R

R

R
Ao
lA-o/si-o

BHF

Ry
Rc
Re

Is

Rs

Rsh

Rshunt

RCA SC1/2

rf
RGS

RIE
RS
RT

RTP

S (n/ip)

Seefr)
SCLC

SCR
SDR
SE

SEM

Si
SiN«(:H)
SiQ
SiQ:(B/P)
SiONy
SiH:

SNC

Vi

Unit

[g/cm?]
[em™]
[em™]
[ my €Im

[nm/s]

[ V]
[s™]

(%]

[-]
[nm/min]
[ ycm]
[ V]

[ ¥/ m]

[nm/s]

[ § ¢Im
[ ¥/ sal
[ V]

[ §m]

[cm/s]

Definition/ Description Abbreviation
or Symbol
Quastmono (Si) SOC
Quasi neutral region SRD
Quasisteady state
SRH
Film density SRV
Atomic density
Molecular density sp®
(Specific) contact SP
resistivity ssq
Etch rate
Resistance T
Recombination rate tef)
Al/O ratio
Al-O/Si-O bond ratio to
BHF etch rate
Base resistance
Contact resistance
(Contact) finger tceauger
resistance
Spultter rate
Series resistance Teo
Sheet resistance
Shunt resistance Usrri(ars)
Radio corporation of
America clean, Standard
clean 1/2
Radio frequency Lourt
Ribbon growth on
substrate
Reactive ion etching q
Rear side t
Room temperature (25°C T
° 300K) T
Rapid thermal anneal
To(s
Conductivity (of e/h*) Teers
Selective
(Effective) surface Ts
recombination velocity Te
Space clarge limited TD
current TLM
Space charge region TMA
Saw damage removal TO
TR

Secondary electron
(detector) tx
Scanning electron
microscop(ely)

Silicon

(Hydrogenated) Si nitride
Si oxide

B/P containing Si oxide
Silicon oxy-nitride

Silane

\%
(0]
\%

P -~ . V

Silicon nitride coating

Unit

[us], [ms]

[us], [ms]

[us], [ms]

[s]

[us], [ms]

[us], [ms]

(']
[s]
[°C]
°C

[°C]

[°C]

]

[em’]
\4
[m?]

Definition/ Description

Silicon oxide coating
Surface related
degradation
ShockleyReadHall
(recombination path)
Surface recombination
velocity

Orbital configuration
Screenprinting
Semisquare

(Effective) (minority)
carrier lifetime
Bulk/volume
recombination
determined carrier
lifetime

CEAuger recombination
determined carrier
lifetime

Mean free time between
collisions

SRH defect determined
carrier lifetime (for
deep/shallow defect
type)

Surface recombination
determined carrier
lifetime

Angle

Time

Temperature
Annealing (set)
temperature
Deposition (set)
temperature

Peak firing furnace set
temperature

Sample temperature
Tellurium

Thermal donor
Transfer length method
Tri-methyl aluminum
Thermal oxide
Transient (state)
textured

Thermodynamic
potential

Wavenumber
Voltage
Volume



Abbreviations & Symbols

Abbreviation Unit

or Symbol

\/(H+/+/01 -1--)

Vet
Vec

Ve
Vm
Voc
Vwr

VB
VLSI

=

XYZ

X X O

V]
V]
V]
V]

[mV]
V]

(um]

[eV]
[m]

[cm ]

[m]
[m]

Definition/ Description

Vacancy (in (ur)charged
state)

Real flat-band state
voltage

Fixed charge based
voltage

Gate electrode voltage
Voltage at MPP

Open circuit voltage
Work function difference
induced voltage
Valence band
Verylarge-scale
integration (standard)

Width (of substrate)

Electron affinity

Space

Placeholder for arbitrary
element

Placeholder for arbitrary
dopant

Majority carrier density
(x=n,p)

Space

Space

VIl
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Introduction

Introduction

Deargentlereader,

Some need to look up to the stars, taedbe world for the first time.
Somethenlook ata grain of sand ad see theendless possibilities

Semiconductor science andndustry is based on silicon (Si) as the backbone semiconductor material for
most devices and as suclphysical studies. It is not hard to motivate the need to understand anddvance
semiconductorsciencein thist o d avgrld. $Moving more and moreinto specialist fields, still requiring and
using basic knowledge about solid state physics, sciencg regardlesswhether it being fundamental or
appliedin nature} strivesto describe and understand theemerging effects andprinciples. It should be the
sublime goal of anyscientific work.

Nevertheless,the need for understanding is harder to impart when information density increases, science
seemingly is getting more complex and frayed.When everythingworks apparently on its own, anyways
Responsibility,the urge to understandand even self-determination seems lost to some.

That is when two competingideas emerge. The ongstriving for the development without knowledge and
understanding} aslong as it works. The other to retract into a former, easier state ofbeing.

| t ¢ purpode and responsibility of science as a part of this development ever sooften repeating itself

} to dissolve the seeming discrepancies anduild the base to understand thisdevelopment, bit by bit.

As a small part of the bigger picture, this work aims tanform both in necessary depth and possible expanse
on Si basedsemiconductor physicgo latest degree (section 1), to be applied in one of manycurrent fields
of applied physics} Si based photovoltaics(PV) As an integral part ofcurrent strive to change energy
sourcing and climate change most likely to impact future living, PV found and expands its niche for
regenerative energy production. WHe not always ecological in naturein the past, a more sustainable and
eco-friendly PV industry is developing. Part ofa more feasible, costreductive and resourceconserving
attempt in that context are multi-functional layers, inherent to solar cell strudure, yetstill to be specifically
optimized by understanding of the deposition techniques (section2) and underlying physics (section3),
developed within this work. Eventually, these efforts culminate in a variety of solar cell implementations
(section4), both new and improved, tofurther the ideal of true sustainability in the context of this work.

Now, awork like this, nowadays, does not stand withouta frame and not without a base.It connects the
grateful works of former to the exciting findings of the ones to come.Ilt might not reflect fully the support
and hard groundwork necessary that allowed this work to become possibléNevertheless, the extent and
comprehensiveness of the following pages is dedicated to a bridge between fundamental and applied
physics, so please bear with it.

With appreciation
The author

Note: Part of this work is based on multiplealready publishedown works denoted at the beginning of each
respective section, as well as in the caption of each respective graphn general, references gpear
in order of significance concerning the respective topic and/or issue.
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Structure and Conduction

1 Silicon

Si is the base of semiconductoscience andproduction. From the microgopic world of micro-electronics
to the macroscopic application in photovoltaics.As the secaxd most common element in earths crust, it
never occurs in its elemental formin nature. Due toits four outer electrons, it oxidizes readily to formSi
oxides (SOy) or other silicates (minerals). If synthetically brought into its elemental and crystalline form, Si
displays its properties as an indirect semiconductorThose properties, detailed in the following sections
and the high availability as araw material result in the importance of Si semiconductor physics and the
accompanying investigationsinto detailed subjects, such asadvanced appication of Si based dielectrics.

1.1 Structure andConduction

The following subsections introduce the basic properties of (intlect) semiconductors on the example of Si.
The crystal structure, its dependencies angbroperties in an intrinsic state, as a basis for conduction of
charge carrierswill be extended to include deliberately altered states of Sisubstratesby impurities utilized
as dopants An extended list of fundamental propertiesof Si not already included in further sectionscan
be found in [1].

1.1.1 Crystal Structure and Intrinsic Properties
Sit* crystallizes in a diamord lattice structure, based on twoface-centered-cubic lattices, angled by a
guarter of the spatial diagonal (lower right inset in Fig. 1.1). The density of 2.33 g/cm? (5-10?> atoms/cn¥)
[1] results from the 109.5° angled sp® hybrid orbital configuration [1], with a single-bond covalent radius
of 117.6pm [1] and a lattice constant of 543pm [1]. The lattice structure leads to a comparably high
thermal conductivity of 149 W/m/K [1] and a moderate dectrical resistivity of 2.3 k §m [1] in intrinsic state
at 300K, the temperature for further considerations in this section
Crystalline Si is obtained by a high energy consumptive processequenceof quartzite/sand reduction,
chlorinating the resulting scrap Si to gain tichlorosilane, distill the latter to gain purity and grow pure
poly-Si (poly-crystalline Si) bydeposition of Si on a Si rod[2] and finally crystallization of Si by melting the
poly-Siin various possible crystallization processes (sectiorl.5).
In the form of a perfect crystal, the band diagrarh (upper right inset in Fig.1.1) of Si exhibits three distinct
band gaps(unoccupiedforbidden states). The direct ones (k& of 3.4 eVand Eg, of 4.2 eV, 370 and 300nm,
respectively [1]) are visible as peaks in the extinction coefficient curve (Figl.1, dashed grey curve). The
indirect band gap & with 1.12 eV [1] between valence (VB) and conductiof (CB) bandbeing the smallest
band gap and thus the defining* one restricts absorption to wavelengths below 1100 nm. The quask
continuous energy spectrum is thus defined by the energy band structure with electrons moving freely in
the conduction band, if exited from the valence bandAt 300 K the consequently freely moving charge
carriers the as such knownintrinsic carrier concentration n is in the range of 0.8-1.0-10° cn® [3] and in
case ofdoping (section 1.1.2) dependent on base resistivity. Thereby, n; adheres to law of mass action
n? = nofpowith n =ng and p = po being the equilibrium carrier densitiesdefined by density of statesNc v (for
n and p respectively FermiDirac distribution defines athreshold energy E for occupied states known as
Er-Ec/ v

Fermi energy approximately in center ofband gap[4]) in Boltzmann statistic as ny/p, = Nc, & x =
B

Density of states thereby depend on temperature T and effective mass i of the respective charge carrier

1 The band diagramis based on the dispersion relabn of charge carriers in crystalline solids. Transitions between
bands can be achieved by transfer of energy (vertical fraction) or momentum (horizontal fraction). Refer to
section 1.2.1for explicit discussion of band transitons in Si by photon absorption and phonon assistance

2 Energy level &

3 Energy level k&

4 Siis an indirect semiconductor
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due to band curvature near i Energy E [eV]

the band gap. I 420 3.40 2.50 2.00 1.5 1.12
However, gystalline Si in a I I
real crystaline solid never
exists in form of a perfect
crystal lattice. Defects of 0D
to 3D type exist inside the
crystal in varying extent,
depending on crystal
lization process, puity and
process conditions [5, 6].
These cefects, inside the Si
substrate as well as on its

Refractive index n [-]
1
s
Extinction coefficient k [-]

. L. 1 41
surface/interfaces, limit | ' ok R N
certain properties of the ! P L ! I T S T

. : 300 400 500 600 700 800 900 1000 1100 1200
solid. Conduction of clarge
Wavelength A [nm]

carriers  i.e, electrical

conduction is primarily | Figurel.l: Optical and structural properties 8i with band diagram
influenced by  defect/ Optical properties (refractive index n and extinction coefficient k) in
dependence of wavelengthl and energy E for crystalline Si. Band

|mpur|t¥ densities. diagram in upper right inset. Crystalline structure in lower right inset.
Accordingly, the amount of Data based on[1]

literature concerning defect
type and formation in Si materialsis significant enough to restrict the overview here to a few relevant
examplesfor following sections:

Tablel.1: Defect types and examples in crystalline Si

Defect type Examples of defects

open/dangling bonds on surfaces, color defects (open bonds of vartis energy
levels), (interstiti al) defects e.g, foreign atoms {.e, dopants)and vacancies

1D (line defect) line-shapeddislocation (i.e.,start/end of plane between its neighboring planes)
grain boundary (plane between two Si crystal (grains) of different spatial
orientation)

3D (bulk defect) precipitates/clusters (.e, dopants, impurities)

0D (point defectg

2D (plane defect)

1.1.2 Dopantsand Resulting Charge @rriers

Si, as a grouplV element, can be dopedas an ntype® Si substrate with any of the groupV elements or as
a p-type® Si substrateusing group-Ill elements. Dopants thereby are seen as a suljroup of impurities,
since they are not native to the pure crystalline Si lattice Doping is achieved by substitution of a Si atom
on a regular lattice site with a dopant atom, releasing the respective majority carrier into its respective
band. Doping with either dopant type results in point defect generation in the lattice, increasing accordingly
the recombination of charge carriers (sectiorl.2.2). The resulting doping energylevels (Exp), a few 10" of
eV shifted from the respective band into the band gapallow for charge carriers from these localized energy
levels to be easily depleted into the respective band at300 K (thermal excitation), significantly increasing
charge carrier levelabove the intrinsic level of pure Si.Depending onincrease indoping level” (Nap) base

5 Electron € is excess/majority carrier in CB due to donor doping (commonly P in Si) with energy level E
6 Hole h* is excess/majoity carrier in VB due to acceptor doping (commonly B in Si) with energy levekE
7 Common doping level N,p of 1013102 for acceptor/donor species

4
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resistivity R, decreasesand electro-optical properties change.

2 -
Similarly, charge carrier density in ntype Siwith Ng1 n;andp ::Ti L ndueto n? =n/p applies and p-type
D

2
Siwith Nol nyandn= :TI L p accordingly results in a shift of E- from the middle of the band gap to the
A

respective band withEz = E- % E?G v kgTA n%j“‘; . Where E;is the Fermi level in case of intrinsic Si.

Dopants are introduced into aSi ingot by various means and methods, distinguished by the type of Si
substrate® to be doped. Two of the main processeswill be discussed in detail, beingrelevant for further
sections.A more detailed introduction can befound in [7].

Base doping
Base doping is achieved duringrystallization of the crystalline Si substrate.The melted Si base material
is blended with elemental dopant material in a concentration depending ondesired base resistivity.
Depending oncrystallization process (sectionl.5) a certain doping gradient over the ingot §olidified Si
material rod/cube) is obtained based on dpant segregation coefficient atthe liquid and solid Si interface
(melt front). While B is incorporated comparably homogeneously (segregation coefficient close to 1), P is
rather segregated (accumulated) in theliquid phase. Incorporation thus is dependent on concentration
gradient of the respective dopant/element based on Ficks laws of diffusion:

1t law: E=-Dp d% and 2" law: JJ& = DDRZ—CD @)

t 1x2 7

With dopant concentration Co(x,t), concentration independenf diffusion constant Db and current 3. The 2™
law results are based on continuity equation-1J = Jj—tc connecting concentration change with rate of

current.

Doped regions

To form an additional doped region of either polarity, the base doped Si substratds commonly
overcompensatedin a second stepby in-diffusion of additional dopants to form i.e, homo-junctions [8].
The specific junction(section 1.4) for two differently polarized dopants (e.g.B and P)is thus located at the
point where compensation betweenthe two dopant concentrations in terms of chargeis reached Other
forms of such junction formation® includes epitaxially grown homo-junctions®! or variously grown heterc-
junctions'?. In case of the most common method of solid state or gas phase based diion, dopants are
introduced into the Si crystal lattice by random thermaly-driven motion, due to concentration gradierts.
Whenever thermal treatment® is involved, depending on the specifictemperature and concentration
dependent diffusion coefficient Db of the dopant, diffusion of dopants/impurities/elements has to be
considered.Dp is thus significant for diffusivity of a substanceln case of Hwith a comparably highdiffusion
coefficient, even lower elevated temperatures can lead to significant redistibution/out -diffusion of H in
the Si substrate. B in contrast diffuses fairly slowly, making far higher temperatures above 700°C necessary
to allow for diffusion. Diffusion, while based on these microscopic effectss not to be mistaken with short
range interaction on a molecular level, such as bond changing oother lattice changes resultinge.g, in
dopants to occupy substitutional lattice sites afterhaving occupiedinterstitial 1* ones before. Dopants are

8 Amorphous Si (aSi), crystalline Si (eSi), poly-Si, etc.

9 Only valid for simple diffusion types. B(C) bri.e, P diffusion

10 pn- or high-low junctions e.g, nn*

11 Doped Si is grown in crystalline form on the crystalline Si substrate

12 e.g, (n)aSi on (p)eSi

13 Hereafter defined as a thermal process of certain duration with elevated temperatures above 300K
¥ Void/space in between the main lattice sites
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only considered to be active (eor h* in respective band), if they occupy a substitutbnal lattice site. Thermal
treatment thus might have an effect on dopant concentration on interstitial and substitutional positions.
In case of B and P, one of thre@ossible major diffusion mechanisms is relevant/donmant j the vacancy
diffusion mechanism In case of diffusion via a eutral/charged) vacancy ¥+~ in the lattice, due to a
missing Si atom originating from de&cts or the surface, the dopanswitches places in a substitutional form
(upper rightinsets in Figs.3 and 4, resp), thereby breaking bonds with a high energyresulting in low overall
diffusion coefficient/rate. Essentially, substitutional diffusion is determined by probability to jump sites
(activation energy E) and overcomethe corresponding barrier no, as well asthe availability of a vacancy
occurrence(point defect formation energy E). The resulting diffusion coefficient [8]
4 7 EatE @)

Do( T) 3 R Xxp kT

is dependent ontemperature T andatom distanced.. If lattice conformity is disturbed in any way {.e, high
dopant/defect/impurity concentration, induced strdn, electric fields), diffusion mechanisms and
coefficients might vary and combiné® resulting in an effective diffusivity Dp . Subsequently a model to
account for the sum of various diffusion paths by Faiet al. [9, 10, 11] based on charged vacanciekas been
developed, in agreement with experimental results. It is based on B« being the sum of the single DG, s
with y being dependent on vacancy or interstiial(cy) diffusion and the charge state of the vacancy and
impurity/dopant.

Generally, in case of solid state diffusion sourcese(g.layers, pastes, inks)diffusion is distinct based on
dopant reservei.e, if the source isconsidered to be finite or infinite. Considering thelatter, solid solubility
level'® is reached, reducing the diffusion physics to a time and duration governed processivencommon
boundary conditions, such as the Si substrate thicknedseing magnitudesgreater than the diffusion depth
of the dopant (semtinfinite medium) and dopant flux to the interface of Si and doping sourceto be greater
than influx into the Si substrate!’, Ficks laws lead to a doping profile!® of complementary error function
(erfc) shape

_ X 3
CDX,:tCS/erfz—ﬁ, ()

with dopant surface concentration G in the Si substrate.

Finite sources, such as a preleposited source with a depleting dopant concatration during a diffusion
step'® or a certain amount of dopantsQ inside the Si substrate(i.e, from a previous diffusion step) lead to
a Gaussian doping profile

with Cgt = —>—. @

Q —
GO X, T ———~AX Yoo

YDOpA P 4/Bph

B diffusion mechanism

In the simplified Fair-model [9, 10, 11] B diffuses bya substitutional mechanismutilizing a B"V pair and
subsequently diffusion rateis dependent on vacancy® concentration. While B is a smaller atom,with a
mismatch in tetrahedral radiusof 75%,determining the movement in the lattice, strain in the lattice is high
during B diffusion. Diffusivity decreases accordinglyOverall, B diffuses witha lower diffusion coefficient
in comparison toe.g, P, resulting in a need for higher diffusion temperatures for comparable diffusion depth

15 Additionally partly interstitial or interstitialcy mechanisms

16 Maximum doping density before precipitation/clustering of dopants occur

17j.e, doping concentration in source higher than its solid solubiliy level in Si

18 Dopant concentration vs. depth graph

19 Duration and temperature dependent

20 Generally, grouplll and -V elements are diffusing by interaction with point defects (vacancy or interstitialj278]

6
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and surface concentrations

B doping is measured as hole

concentration, since total B concentration
commonly?* corresponds to electrically

active B concentration (Fig.1.2). The B

doping profile, due to slow diffusion and

single primary diffusion mechanism, is of
Gaussian shapeCertain surface artefacts,
due to interfaceinteractions, influence the

B doping profile before, during or after
diffusion. A highly B saturatedinterface

i.e, due to highly B doped sources,may
cause the formation of a boron rich layer Total, equal to
(BRL) characterized by precipitation of f;f‘.ﬁfiﬁﬂﬂij,‘t‘fjﬁfn p
B(O) complexesin the Si lattice near the
interface  (Fig.1.2, upper dashed
alternative surface concentration profile)
BRL formationreduces B diffusion through
the interface, resulting in lower overall
profile doping and depth. In contrast, B
has a highersolubility in SiOx compared to
crystalline Si, potentially segregating into | rigure1.2: B doping profile in Si

non-saturated oxide layers. Oxidation Schematic B concentration g curve (measured as h

following a B diffusion consequently leads concentration) in dependence of depth D in Si
. . substrate defined as Bdoping profile. Detailed are
to a B depleted region on the B profile

B concentration c; (log)

Depth B

_ _ possible/typical artefa
surface (Fig. 1.2, lower dashed alternative surface, such as BRL and B depletion. B diffusior
surface concentration profile). mechanism schematically displayed in upper right

inset

Furthermore, B has a low interstitial
formation energy, enhancingB diffusion during oxidation. Essentially, BO pairs diffuse in tandem using
interstitialcy mechanisms to diffuse faste8]. Depending on concentration gradient, B can either faster in
or out-diffuse, depending on O, flow during diffusion.

P diffusion mechanism

P, just as B, diffusesgenerally via a substitutional mechanism using charged vacanciestipulated by
Fairetal. [9, 10, 11]. Nevertheless, indications ofinterstitialcy mechanisms exist,while substitutional
diffusion explanation corresponds to the experimental findings.In comparison, P diffusesdepending on
concentration level, allowing to distinguish three regions of different diffusion behavior (Fig.1.3). At low P
concentration, excess vacancy concentratiofgrey dashed line)is high enough to accommodateenhanced
P diffusion, resulting in the tail end of the diffusion profile moving into the Si substrate Dissociated PV
pairs move at high diffusivity. With increasing P concentrationgexcessvacancy concentrationis limiting,
resulting in slower moving (PVyp ai r s, f or mi ng t Hrethe higheshdoped surfacetrelgien
(starting at depth Dy (Fig. 1.3, dashedvertical line), with a concentration >1G° cn3), partly referred to as
g d elaady e r ¢ high recombanatiort astivity, multiple effects occur.Formerly single charged vacancies

21 Similarly to the assumption of complete ionization of electrons from electrically active incorporated P at RT, holes

prof il

are greleasede from B atoms by free exchange -eteftricdlyyf ect rons

active incorporated B atoms are comparably rare and occur only in special caseg.BRL formation or B implantation.
In this case, B is solely considered an impurity
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capture electrons due to decreasing
concentration of vacanciescloser to the
surface forming (PV) pairs with the single-
charged P depending on surface electron
density ns. Essentially free carrier
concentration n  (Fig.1.3, dashed
horizontal line) is overcompensated by P
concentration. Non-paired P starts
diffusing interstitially and  forms
precipitates of electrically inactive P. Total
P concentration(Fig. 1.3, grey solid curve)
in this region is thus not equal to the
electrically active P concentration or

Ng

P concentration c; (log)

rather  electron ionization  extent.
Consequently, charge carrier based
measurements (e concentration

measurement) no longer show total P
concentration. Due to its
tetrahedral radius to Si, lattice mismatch
ratio is 93% and thus only at high P

similar

Dead-layer

e A

o6&

(PV)? > P4V

Electrically active P
i.e., e concentration n

y ; Excess V
ya : concentration

Kink Tail

concentrations, lattice strain is expected.
Consequently at low concentrations P
diffusion is faster at comparably lower
temperaturesto that of B diffusion.

Co-Diffusion
Codiffusion [12, 13, 14, 15] of dopants can
be understood as the simultaneous

Dy Depth B

Figurel.3: P dopingprofile in Si

Schematic P concentration g curve (measured as e
concentration) in dependence of depth D in Si
substrate defined as P doping profile. Detailed are
three distinct profile regions of different diffusivity. P
diffusion mechanism schematically displayed in
upper right inset. Based in part o9, 10, 11]

diffusion of dopants?. This does not necessary entail the diffusion within the same regiori.e, dopants
within the same doping source. In the latter case, as detaileth [16] and [17], interaction between dopants,
such as enhanced diffusion mechanisms or reduced diffusiaate may occur. Spatially separate diffusion
in different regions, but within the same HT step is similarlyunderstood as cediffusion. Distinguished are
simultaneous and sequential cediffusion types, with either a single or two successive diffusion
temperatures, respectively. The latter favored for mixed source diffusionse, if some dopant(s) is/are
diffused from pre-deposited sourcésy® and one by in-situ gas-phasegrown source“. In case of solely pre
deposited source$’, commonly a single diffusion step is performed.Thereby, control of diffusivities is

dependent ondoping concentration and/or the dopant type of the doping source isinfluencing the resulting
doped regions afterthe duration in a HT step. Therefore, multiplewvays ofinfluencing the diffusion process
in the various regions by diffusion parameter® and/or additional provisions*” might be needed to result

in specific and desired doping profiles.

22 Whether of similar or different type

2 Inks, pastes or CVBayers (Refer to sectior.2)

% j.e, PSG from POGbr BSG from BB/BCk

25 Could similarly be internal sources.e, implanted dopants

%.e, gas flow(s) of @ and N, as well as temperature, duration and heatip/cool-down ramps
27 Barrier layers (refer to sections2.2.1 and 3.4), interface layers {.e, stopping or delaying diffusion, refer to section

4.1.3), selective etching (refer to sectiom.1) or other
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Thermal diffusion - tube diffusion furnace
Thermal diffusion of dopants is commonly carried out in a tube furnac®. The infraredradiation heated
glass tube can reach temperatures of up to 1100°@nd can beperfused by several gases aadjustable
flows. The substratesare restedvertically in a glass boatvertical to the tube axis, thusfacing the gas flow
intake (Fig.1.4). They are heated by thermal radiation. Temperature ramps and gas flo(s) are controlled
by preset programs.

In this case, thediffusion furnace consists of three such tubesOnefor pure inert gas treatment (N, based
Fig. 1.4A), one for P diffusion using POG] as a precursor(Fig.1.4B) and one for B diffusion using BBg as a
precursor (Fig.1.4C) All tubes are additionally cap#le of wet (H.O based) and dry (@based) oxidation
processes. For cleaning purposes, DCH,2-dichlorethane) is used in all three tubes, also allowing for pre
clean of wafers during thermal treatment.

POC} and BBg tubes areusually pre-diffused, meanirg a thin PSGor BSG layer is coating the tubes inner
parts as well as the boats, respectively. This has implications concerning parasitic-diffusion from this
pre-deposited glass layer into

surface layers and subsequenSi N,:POCL; N,:BBr;
substrates at a certain rateand 0, o, 0,
depending on dielectric surface T -|| T

layer thickness on the Si

substrates [16]. Thus, to prevent A B c

such undesired indiffusion, either
barrier layers or nonpre-diffused
tubes need to be useé. Directed

Figurel.4: Tube diffision furnace
A - Inert gas tube- used for diffusions of predeposited doping

layers without influence of parasitic dopants

diffusion from POC{ and BBs is B - POC} tube - for PSG growth and diffusion of atype doped
rather realized by active N layers from N picked up POG. Codiffusion with pre-
bubbling of the two precursors deposited BSG lgers possible

formlng avapor re_subllmatlng on C' BBI’a tube - fOr BSG grOWth and diffusion Of ptype dOped

layers from N picked up BBg. Caodiffusion with pre-
deposited PSG layers possible

the Si surface to form the doping
source(PSG or BSG, res@a$sisted
by O, flow. Formation and phase transition of PSG18, 19] and BSG[20] during growth and thermal
treatment using the two precursorsis broadly investigated and published P andB diffusions from such gas
phase diffusions are used for reference and fundamental investigations and as such not subject of
investigation in this work.

In this context, the impact of asymmetrical influences have to be mentioned. Since the reaction gasese
introduced on one side of the tube and expelled on the other, a certain gradient persists until equilibrium
is established] for each successive gas composition stéh Similarly, a temperature gradient from top to
bottom of the tube exists®, additionally layering the gas phases of colderfresh gas on the bottom and
older hot gas on top before mixture occursindustrially, this is combated by a longer mixture zone in the
tube, before the actual diffusion zone (substrate boats placed), not available irhsrter lab-size furnaces.
Diffusion parameter optimizations, such as artificial temperature imbalance/gradientsan beintroduced to
level the imbalance to homogeneously grow doping glasses and diffuse doped regions in the Si substrate.
Additional influences, such as masking laye?s or pre-deposited doping glasses, may further disturb and

®Compare to -gpirfefvd sosiusng@csoect i on

2% Includes ramp up and stabilization phase (b, deposition/growth and diffusion phase (reactive gas) and cool down
phase (N)

30 Due to sole measurement possibility on the bottom of the inner tube. Measurement othe tube outside is less
accurate

3! Refer to section3.4
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influence the gasphase diffusion. Even with a pure inert gas atmosphereife.,co-diffusion), parasitic in-
diffusion from the tube coating or pre-deposited layers?, as wdl as the occurrence ofthermal imbalance
in the tube®, subsequentmechanical stresses antbr other effects might arisg to influence the diffusion
process and material propertiesSince substrates are placed vertically next to each othewn the boat in the
tube (face-to-face), the approximately 1-2 mm gapin between can easily be overcome by dopantand may
not be hindered bythe through-flow of process gas(e$}. The mere existence of a coating on one side of
the wafer might even impact the diffusion of the surface region on the wafe® other side[21].

4PP- Four Point Probe measurement analysis

Four point probe® (4PP) measuremenits done using four contact pins arranged in a single line with defined

spacing contacting the sample surface with sufficiently low contact resistance. Applying a voltage with a
defined current between the both outer contact pins a voltage between the both inner pins can be obtained.
Given a thin highly doped layer ie, emitter) and differently polarized base substrate, the thereby derived

resistivity can be identified as the sheetresistance ®[ ¥/ sq] ) of t he | ayédybasel f

t he

doped substrate with known thickness, base resistivity (§ y ¢ m] ) i s me ansasurirg drtifact& n o wn

entail parasitic measurement of other layersi(e, missing prjunction, too thin doped layer is pierced, etc.)
or additional resistances i.e, spreading resistance, dielectric surface layer, etc.) and have to be taken into
account.

ECV) Electrochemical voltage measurement analysis

Anelectrochemical voltage (ECV) measurement setupis based on aconducting liquid as the first electrode
in contact with the sample as the counterelectrode. The liquid dso acts as theetchant to remove the
samplesssurface layer by layer for depth profiling of the resistance. As a result, the doping profile for
calibrated etching and standard substrates can be derived including the sheet resistance. Etching is either
done by illumination of the samples surface (ptype Si) through the liquid (buffered HF solution) or by
applying a forward current (ntype Si) to generate the necessary hole carriezoncentration at the surface
(see section4.1 for detailed physics of the etching mechanism). While being a destructive measurement
procedure, itdoes not only allow as one of the few methods to determine the polarity of an unknown doped
substrate/layer, but is also capable of measuring only the electtally active dopant concentration, which
is not necessarily the complete concentration of dopants in the substrate/layeas aforementioned
However, determining the element typeis not possible, thuspolarized dopants in an active state in the
lattice are jointly measured resulting in an effective or net doping measurement Elementdistinction can
for example be derived from £conday ion mass pectroscopy (SIMShhat determines the total (active and
in-active) dopant concentration and depth profile by reative ion-sputtering the surface and detecting the
removed elements in a mass spectrometer.

By convention, due to the field disturbances near the junction of two differently polarized dopants
rendering ECV measurement inconclusive in that area certain relevant charge and subsequently doping
concentration is chosen todefine the doped regbns depth and thus the junctiors location. In this work,
1-10 cm?is chosen as thethreshold defining the doped regions depthwith Rsto be in the range of 1-10°-
2-10'* cmr® for 1-10 ¥ ¢ p- and ntype c-Si.

32 Refer to section3.2

33 Both from inhomogeneous heating, as well as colder gas flow (neheated gas intake)

34 Resulting in either a reduced dopng, if doping gases are used or a parasitic doping of the neighboring wafer, if pre
deposited doping glasses are used and the inert gas is not capable of removing/diluting the gas phase between the
wafers in time

35 For machine details(process properties ad type) and abbreviations see Appendixb: Processing and characteriation
equipment
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1.1.3 Conductvity and Mobility of Charge Carriers

Resistivity Rwith the reciprocal dependency on theconductivity ™ ~ R* of a solid is the general quantity to
describe the behavior in the pure electremagnetic picture. Neertheless, in semiconductor physics,
microscopiceffects influencing conductivity * ="+, =gA un/'n 1up[p based on changes in charge carrier

density n/p or respective mobility pnp determine the electro-magnetic behavior to such an extent,even
semndary dependencieson conductivity have to be taken into account.In case of Si,light induced

(photo-)conductivity Y =gA My, A'n might even have to be consideredsection 1.2.1). Conductivity is

thus dependent on T, N and Dn, while mobility is mainly influenced by men and mean free timet .1 between
collisions (dependent on scattering crossection). i~ _ /My ;. While teq is several times smaller than later
defined mean freepath of charge carriers for bandband transitions (section 1.2.2), it defines conduction
on a microscopic leveldue to defects, phonons and dopants as scattering centergig. 1.5 illustrates
schematically the dependencies of H, on the various quantities [22]. Expectantly, mobility and
subsequently conductivity increases for lower

oy _
temperatures, reducing phonon scattering NE _______ :“
probability. Similarly, mobility increases with .E, P
=5

lowered doping level (less dopant scattering)
and excess carrier density(less inter-carrier
scattering), neverthelessconductivity, due to

absolute dependency on both quantities =~ [T
decreases. yis overall lowered in comparison
to U, due to higher scattering probability of
positively charge carriersin the Si lattice. In /
case of minority charge carrier conductioh ; . ........... o o -
diffusion, this suggests a higher conductivity 10% 10" 10¥* 10 10V An/i, . [em?]
for electrons in p-type Sicompared to toles
in n-type Si, respectively. ¥t, with the

T+ and/or NA,D‘

.

Figurel.5: Mobility dependency of charge cars in Si
Mobility pn for electrons (straight curves) and pt

aforementioned and in further sections in for holes (dashed curves) in dependency of exces:
detail discussed recombination of charge carrier density Dn and doping density Mp.
carriers’®, overall mean free patt¥’ of minority Indicated are  mobility changes due to

. . . . . temperature T and NMp in dependency of the
carriers i.e., holes in n-type Si is higher former. Based or{22]

compared to electrons in ptype Siat same

AT
base resistivity. Minority carrier diffusivity is thereby determinedby: D, ; 5 b ’:f’B . Minority carrier mobility

is in this caseassumed to be equal to majority carrier mobility[23].
Mobility of charge carriers arises fromenergy conversion, thus the sum of free energghange dFof charge

carriers due to internalised energy change dEis significant: d Fp Al NeR A Q * + 0 Al NWith the

n
change in particlenumber dN, charge dQ, chemical4and electrical potential f .. Essentially, chemical and
electrical changes are solely occurring and thus responsible for changes in thermal equilibrium of a
semiconductor. This gives rise to the electrochemical potential for € and h* “n M ﬁgfpe. The

electrochemical potential allows for excess carriers tde generated and thus a gradient of the same would
lead to net currents of carriers.

36 Refer to section1.2.2
37 Also referred to as diffusion length (refer to sectionl.2.2)
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1.2 Generation andRecombination

Moving on to more intricate properties of Si in norequilibrium state, the specialized interest effects of
generation and recombination ofcharge carriers are detailed in the following subsections.

1.2.1 Generationof Charge Carriers

GenerationG of charge carriers in Si occurs by illuminationln case of a solar cell,the suns spectum is
relevant. For outer space, before entering the atmospher sunlight exhibits the AMO irradiance (power)
spectrum (Fig.1.6, left y-axis, black curve. By passage through the eartls atmosphere,characteristic
absorption lines (Q, G, and HO in Fig.1.6) appearwith an overall dampening of irradiance, resulting in
the angle and scattering corrected AML.5g spectrum (Fig. 1.6, left y-axis, dark grey curve).

In contrast to injection of carriers by applying an external vdtage, light generates charge carrier pairs
(excitons) based onthe inner photo-electric effect, where an electron is lifted above the band gap energy
threshold and released into the conduction banda defect electron (hole) remaining in the valence band.
The | atter g momoedng i opposite ditectiar’t. The photo-electric effect is the microscopic
mechanism allowing for the macroscopic photovoltaic effect otonverting light energy into electric energy.
The process of charge carrier generation is a two particle process, involving the photon and electroks a
qguantified process, it is only energy dpendent, as the incident photors energy needs to allow for the
electron to be lifted above the energy gapof 1.12 eV i.e, the photon having a correspondingwavelength
below 1100 nm. Accordingly, the absorption coefficient Uy curve (Fig.1.6, right y-axis) declines for
wavelength values above 1100nm to below 1 cmt. Consequently, not the energy spectrum, but the photon
flux dependent spectrum of incident light is relevant fa generation of charge carriers.In case of the
AM1.5g spectrum of the sun, the highest photonflux is reached near633 nm, while spectral irradiance
(power) I, is reached around 30 nm with ~1.33 W/m?/nm (Fig. 1.6, left y-axis, dark grey curve)In total, the
AM 1.5¢g spectrum gives a radiationpower density of ~1000 W/m?, left from the AMO spectrum, reaching
1366 W/m? above the
atmosphere®.

While dependent on energy —AMO
(spectrum) and photon flux,
generation of charge carriers is
further dependent on
absorption. Given the Lambert
law I, D, =1, A&"® the
intensity lo is reduced
exponentially with absorption
coefficient Uy over penetration

depth D,. Since h0=¥ is

Ly = M
=3 in o
T
>
<
=
o
=)

Irradiance (power) I, [W/m?/nm]

o
n

0,

dependent o} both
wavelength | of incident light

300 400 500 600 700 800 900 1000 1100 1200

and absorber material Wavelength A [nm]

properties i.e, variation in

extinction coefficient k with Figurel6:Spectra of sunces irradiation
doping in case of Si substrates Irradiance | in dependence of wavelengthl for AM 0 and AM1.5g

fi i spectra based on[272]. Absorption lines for G, G: and HO given
generation 0c<?urs n_o in AM1.5g spectra due to atmospheric influence. Absorption
homogeneously with depth in coefficient U (dashed line) based on[274]

38 Hole conduction transport
% Solar constant
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Generation and Recomlriation

Si bulk. Generationis even more inhomogeneous, in cse of a higher doped surface layei.e, emitter
(section1.1.2). The higher doped the region and the lower the wavelength of incident light, the higher the
absorption coefficient and subsequerly lower the penetration depth D,. Accordingly, the largest part of
sunlight spectrumis absorbed within the emitter layer and its vicinity“°. Nevertheless, a still significant part
of electron-hole-pairs is generated deep within the Si substrate relevant for high-efficiency solar cells
(sedion 4).

Depending on base polarity (n or p) and resistancéhel i ght gener at ed gDniDpensag
vary in amount. Sincemajority charge carriersare less likely to recombine (sectionl.2.2), minority charge
carrier density (MCD)determines relevant processes within the Si substrateln non-equilibrium and low
injection (Dn° 10 cm®), total electron density n in 4y ¢ m-type Si f.e. is determined by doping
concentration No: n=ny+ ¥ s Np+ ¥ s Np. Instead, hole concentrationas the minority charge carrieris
solely dependent on excess concentration p=p,+ ¥=n?j no+ ¥s¥Yn with Np° 10®cm?® and
ni ° 10%° cm?,

Similarly affected by doping is the intrinsic carrierconcentration n; due to band gap narrowing (BGNsmaller
Es by DEs) [24] and degeneration extent of the semiconductor. BGN is caused lgorrelation energy
dependence ondirect carrier interaction among each otherand with dopants, degenerationis due to non

exponential behavior of density of states for higher carrier concentrationgby a factor of0<+, £ 1). An
effective intrinsic carrier concentration nes can thus be defined by n; = ¢ ni#& x WEg 2kgT ADEg

NiAg cRq e [25]-

Light generated or injected excess arriers increasing respective densitybn shifts the semiconductor into
a non-equilibrium state, no longer governed bystandard Fermi-Dirac statistics. Sinceboth carrier species
densities are increased, not only does law of masaction no longer apply, butFermi level B has to shift to
each respective bandTo allow for further mathematical description of the non-equilibrium state by Femi-

Dirac statistics, so called Quaskermi levels (QFLs) are introduced for the valence g and conduction band

(E-J dike. Charge carer densities can thus derived as1 / spng/p,+ ¥=Nc, A& x &W". Resulting
B

from the splitting of the Fermi levels, an electrochemical potential Vbccan be identified,as the voltage that
can be reachedwith the maximum actual energy gapEg = E- cEr & gA/p < E; limiting thus the reachable
efficiency of a device such as a solar cell, exploiting said energyotential. Voc may thus be written as

Vo= %TI nnn;_': [26], a state of a solar cell, where photegeneration and recombinationrate are balanced
0P

Eoccan further be identified as thesum of electrochemical potentials of both carriers, introduced in section
1.1.38.5 hp/n: EQG= EF CEF v:l n+| p.

1.2.2 Recombinationof (Minority) Charge Carriers

Charge carriers in Si ocauas intrinsic (thermal excitation), internal dopant originating or externally
generated/injected (excess density) species at respectivelydependent density. Occurrence is hereby
governed by generation Gln turn, dependent on thermalload and/or illumination intensity, recombination
Roccurs toinfluence carrier density equilibrium. Recombinationas the reverse process to generatio(R=G
in equilibrium), can be seen astie unification of electron and hole or better the descendng of an electron
from the conduction into the valence band?. Consequently, recombination rate depends on capture@ss
section of the root cause depending on recombination type categorized as folus.

40 Based on PC1[)295] simulations of a textured, ARC coateg-type Sisubstrate witha50y / s g dopednmand

deep n* region. 90% of plotocurrent (energy based) is generated within ~um and 90% of charge carriers (based on
number of photons) within ~30um

“S0 called ginjection |levelege

42 Two particle process in first order
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Silicon

Intrinsic/bulk recombination

Intrinsic recombination sources aranherent to crystalline Sieven nearabsolute zero in the form of point
defects QD) and more prominentwith increasing temperature and/or crystalline defect density QD to 3D).
Recombindion occurring from crystalline defects, due to its nature of providing energy levels or even zones
in the band gap for electrons to subsequently descentb the valence band along them, they are classified
as so called ShockleyReadHall (SRH) recombinatia centers. SRH centers can be shallow (energy level
close to band) or deep (energy level near center of band gapdhus forming possibly quasicontinuous
energy zones depending on type and densitysimilarly any foreign atom results in a SRH defect (fromaint

to cluster formation), such as dopants or impurities. Thus, dopants might provide additional carriers, yet at

the same time a recombination center.Depending on publication, SRH recombination can be considered to
be extrinsic, as defects themselvesare external to the perfect crystal and as such not part of the intrinsic
behavior of a semiconductor.

To the group of inherent intrinsic recombination mechanisms, thedirect reverse process to generation,
radiant recombination of spontaneous descenaf electrons to the valence band emitting a photon (two
particle process)can be added. In case of Si as an indirect semiconductor, it & very unlikely process,
considering the necessity of a third particle ite, phonon) to take part.

Far more likely, yet dwe to its nature occurring only at high injection levels thus high (excess) carrier
concentration, is Auger recombinationEssentially this three particle processwhere energy is transferred
from one electron to another to allow the first to descend the band gap and the other to be excited and
subsequently rela in thermal or radiative*® form, is the governing recombination channelat high injection
levels MCD>10"-10% depending on doping) Sincetwo involved charge carriers are electrons, Coulomb
force has to be taken into account in form of a Coulomb enhanaeent (CEAuger)[27].

Extrinsic/surface recombination

Extrinsic recombination is generally consideredesulting from sources outside of the semicaductor crystal,
with the surface region aghe main contributor. The surface is defined as the region of the end of the crystal
being governed by the effects of the adjacent environment, leading to the surfacexpanding within a few
nm or even um into the crystal. Essentially, a completely porous semiconductamaterial might consist
solely of surface area. In case of Si, as the chosen example of a semiconductor, surface recombinaiticam
amal gamati on of open bonds (igguatiesydtraimagd other engrgysliével
providing effects leading to aquasicontinuous energyzone across the band gapSurface recombination is
thus dependent on the interfacestate. In case of an interface with a metallic solid,QFLs will bend to the
centered Fermi level in the metallic solid, changing therecombination of the charge carrier pair from the
former descend along quasicontinuous states to simple entry of both carriers into the metal and
subsequent recombination, making the recombination raténfinite in theory. Nevertheless, in all cases of
surface recombination types, effective recombination rate depends on possibility of charge carrigxsreach
the surface, thus depending on overall carrier concentration and bulk recombination.

Charge carier lifetime

The dharacteristic time constant of excess charge carriers recombining after excitation or injection into
semiconductor substrate to reach equilibrium determined byxponential law is identified as the (effective)
lifetime t e of the charge carriers It is reciprocally dependent on the recombination rateR~1j _. With the

sum of all recombination channels to contribute to the overall recombination rate R, effective lifetime of

43 |ess likely in intrinsic Si, due to indirect semiconductor natus
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Generation and Recombination

minority charge carriers carsubsequentlybe calculated by the sum of allinverselifetimes of the concerning
recombination channelg*

-1 - -1 -1 -1 -1
-ef'f—SRI—T-ral‘I-CEAug-e"r-sur*—fI- (5)

The traveled average distance of the carrier during thigluration is defined as the mean free patiMFP) or
diffusion length L

L= D(np) ©)

with diffusion coefficient Dy dependent in first order on carrier polarity, substrate doping level and
polarity.

Lifetime is accordingly dependent on excess carrier density (injection leveDn. Fig. 1.7 depicts the various
contributions of recombination channelsactive in a SiN:H passivated® 2 § ¢ m-type Si substrate resulting
in the effective lifetime. For low injection levels lifetime is limited by the bulk (volume) of the sample
mostly due to deep SRH defectt srn9. Shallower SRH defectst sris) have nosignificant influence, as does
recombination due to direct band to band transition (radiationwith tg). In high injection (Dn >10') the
surface limitation sets in, mostly due toAuger recombination at high carrier density(t ceauge). Admittedly,
depending on active or rather
occurring recombination channels,

_ ! S A MPP

material properties and surface - - N

passivation type, injection e B .
deperdent lifetime curve shape ‘
may vary significantly from the TCE-Auger - ) .

shown curve, being only .
exemplary. Given a crystalline Si 1
based solar cell (refer to sectiord)
of industrial state of art, maximum
power point (MPP) is found & a
MCD of~10*® with not necessarily
the maximum lifetime achievable
(Fig.1.7). While certain minimum
lifetime and thus diffusion length
values are to be reached for a

semiconductor material and Si in | Figure1.7: Injection dependent of SiNcH pas#vated 29 ¢ m-type Si
particular to be considered for Schematically depicted are the four relevant contributing
lifetimes resulting in the effective lifetime . Bulk and surfice
limiting regions border the high lifetime range with MPP for
an industrial solar cell being displayed at MCD of ~16

Surface limited
- —_—

| | | | | .
10* 10 10  An[ecm]

solar cell application, these limits

depend highly on solar cell type
and structure, discussed in detail in
following sections.

Experimentally, lifetime is determined by measurement of generation G and recombination R derived from
the minority carrier continuity equation. Gven the change of charge carrier concertration over time, by

4 The first three channels are commonly combined into a bulk lifetime & =_dr ¢ a4 -Cea g-eWith CEAuger and
radiative contributions being increasingly influential in high injection (higher MCD)
45 For passivation, refer to sectiorl.3
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diffusion and difference in G and Rwith incident light perpendiaular to the surface (along zaxis), the
continuity equation can be written as

In | In
in_ 1 pin ] 7
It 1z Pz 67 R )

The solution in dependence ofDn is an expression foreffective lifetime

Yn,

Vodt

@)

with average generation G, over the substrate bulkand Dn., similarly the averaged excess carrier density
over substrate thickness w.

In case ofa symmetrical substrate hoth surfaceshave the sameeffective surface recombination velocity
Si), surface limited lifetime can be approximated [28]

w 1 w?2
sufise Tt — T ©)
21t D ni )
The thereby identified effective lifetime is accordingly associated with bulk lifetime t,* in case of low
surface recombination(D, , L pl)

1 1 2A
N 5ef.f

eff -b w (10)
1.2.3Recombinationdependent quantities and their measurement
Recombination dependent quantities and parameters arenanifold. While measurement techniques are
surprisingly simple in nature, the mechanics and technalgical level is increasingly more complex. Both to
reduce signal interference for accuracy of measurement, as well as distinction between different
influences”. Comparison between different techniques including calibration has begun earlj29] and is
ongoing [30], due to the necessity to verifiably compare results in a field close to production, with fast turn
over rates in case ofinnovation. Nevertheless, the basic physics theory needs to evolve in similar pace and
thus fundamental research is the basis of characterization of charge carrier recombination in crystalline Si
physics.

PCD- Photo-conductance decay method

Effective (minority carrier) lifetime is measured using a photeconductance decay (PCD) setéfp Consisting
of a broad spectral lamp on top of the Si substrate and an oscillating circuit underneath, it measures the
induced eddy current inductively(Fig.1.8B). Since resistivity is dependent on minority carrier density31],
the decay of the current signal dependent on lamp light intensity gives rise to thelearacteristic exponential
coefficient te identified as minority carrier lifetime. The setupis operated in a quasisteady state (QSS) or
transient (TR) mo@ depending on overall effective lifetime level. Both modes measure minority carrier
density (MCD)dependent lifetime to determine various derived quantities. QSSmeasurementemploys a
light flash duration in the order of effective lifetime allowing for a quasi-steady-state measurement of the
current MCD to besolely dependent on generation G of carries (. 15 Yn, j G, ,derived from eq.(8)). TR
measurement relies on the minoritychargecarriers not to recombine as fast as the short flash for generation
takes. This allows for the decay to be considered independent of generation ( ;5 Yn, | -d¥n, jd t,
derived from eq (8)). Lifetime in this case has to be higher than flash duration.

As indicated before, vith the MCD dependent lifetime curve having been measured, several quatiés

46 Driven by intrinsic recombination paths
47j.e.,bulk, highly doped regions and surface
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connected to the lifetime can be
derived. These quantities give
indications to the overall and 3/
specific recombination behaviorof
minority charge carriers. The
guantities are thereby dependent

on the specific sample structure, A . B

commonly chosen specifially

representative of the influence to | Figurel.8: Schematic depiction offétime measurement techniques

be investigated Dependent on A - Photoluminescence setup with red laser light excitation

. L and sample emitting luminescence light to be captured in

limiting recombination channel, CCD camera suspended above

single dependencies an be B - PCD setup with halogen lamp light excitation and sample
identified and quantified: being inductively measured by coil suspended underneath

ter - effective lifetime
Effective lifetime is always measured usinghe PCD methodn this work. Depending on surface passivation,
existence of highly doped layers and/or degradation effects, it indicates the bulk lifetime of the Si substrate.
Standard lifetime samples avoid surface recombination by reducing surface topography effects (planar
sample) and using high-quality surface passivation e, AlQ,) to render the subsequent recombination
channels irrelevant. The effective lifetime can then be identified as the bulk lifetimety,.

S - effective surface recombination velocity

If the Si substrate is chosen to be a symmetrically passivad sample of very high quality®, bulk
recombination can be neglected and at high injection (high MCD) the effective lifetime can be used to
derive the effective surface recombination velocityS, Sy [32] Sinceter is desired to be as high as

possible, consequently, $ should be as lowas possible for hlgheff|C|ency solar cells.

joe - €mitter saturation current density

Recombination can be chaacterized by the current flowing in the substrate. In case of a diodey,j the

current density flowing in back-bias derived from the 1-diode-equation® j (:\'{O)ﬁ\e"J U1 (Shockl eyas
equation [33]) is commonly used for that purpose®. It is the sum of all the previously mentioned
recombination channels and can similarly be reduced to a certain channeytrendering the others irrelevant

similar to the case ofter. Measuring a symmetrically ighly doped and passivated Si saple with a high

base resistance in high injection leads to an inverse lifetime curve from which the slope yieldse the

emitter saturation current density. Whereby lower g values indicate a lower recombination of the doped

A—A;zniz' E’afsf

regions due to the dependency of je) on the general recombination currentdensity jrec: j, <],

2 ( Mgy
w/qun2

well as on S« S, f-—TjOAcA— leading to

_1
N, eff ffb

/}p showing the basis of derivation of j. from the

slope of the ter vs. MCD curveln general, a lower jo leads to higher solar cell efficiency[34].

48 j.e, polished microelectronic grade FZSi with high base resistance

49 With the thermodynamic potential U = kgTj g

50 |t should be remarked, that in case of a real pijunction (refer to section 1.4) this equation is only correct in low
injection, for a SCR smaller than diffusion length (mean free path), for R=G=0 in SCR, for a 1Bymction, for QNR
outside SCR, for Ap-type region homogeneously doped, for infinitethickness of emitter and Boltzmann statistics
applicable. The latter three assumptions, being apparently inconsistent with a real solar cell, can be disregarded in
low injection and in case of a sufficiently high doped emitter[285]
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iVoc - implied open circuit voltage

Solar cells are commoity asymmetrically doped samples with a metallizationprohibiting a standard PCD
measurement. Thereforeprecursors or special samplesuch as the above mentionedy, S« and jo. Samples
are processed. In case of precursors, the solar cell is processed without metallization, but all thermal
process stepsi(e, firing step). Implied open circuit voltage (iVo) measurement on these precursors and
special samples allows for an estimation of impact on or rather optimal order of open circuit voltage @4**

in the final solar cell. iVocis dependent on allrecombination channels if not expliatl y diminished. The wide
use as acomparison quantity is based on the fact, that this value is commonly derived at an illumination

of 1sun (1000W/m2) with i Yc=UA nYn”‘ N:z"ﬂn”' Ls “"Therefore, indications as to the final
i, eff

passivation quality or rather recombination limitation of the solar cell can be derived and investigated.

PL - Photo-luminescence imaging

Photo-luminescence imaging® is based on the effect of selfluminescence of Si based on radiant
recombination of the direct band gap transition[35]. Given that Si is an indirect semiconduor, radiant
recombination is the least probable process of recombination allowing for material quality evaluation.
Probability of luminescence is increased if overall lifetime is highj.e, all other recombination processes,
such as SRH and crystal defécsites are less limiting. Therefore, radiative recombination in form of
luminescence is a sign of highefficiency potential of Si material, due to reduced loss of charge carriers to
defect recombination [36, 37]. As an optical effect, luminescence allows for spatidy resolved evaluation
of lifetime only being limited by light intensity and diffusion length of carriers.

The PL séup consists of a light sourcé? generating carriers by nearinfrared light. Not to influence the
luminescence light, the reflected light is filtered out before it hits the camera mounted above the sample
detecting the incident luminescencelight with a Si basedphoto-chip (Fig.1.8A). The subsequeny detected
intensity image of the sample can be calibrated using PCD lifetime measurements with the assutign that
MCD in the sampleis similar enough for every corresponding pixel measured.

¥na ANp +¥Yn . . . - - N = V.
a&\n+f"‘fv derived from generalized law of mass actiomA =n? &x p%F sn? Bx e%c
., e

with open circuit voltage dependence on Quaskermi level difference (effective band gapVg A :YEQF

51 With VO c= LJTA n

52 LED chuck from below or homogenized laser source from above
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1.3 Passivation

Passivation is used to define the rendering of recombination centersinactive in general. Since
recombination centers carhave a number of different origins, passivation itself is divided into various types
[38]. Different types of passivation thereby can but do nt necessarilyhave to have the same uaderlying
passivation mechanismSimilarly, a single passivation layer mightexhibit multiple passivation mechanisms
at once®. To give a short, butmore fundamental overview of an intricateand facetted topic, the llowing
subsections detail and consolidate the different types of passivation effects, techniques andechanisms.

1.3.1 Annealing/gettering - fundamental mechanism

Thermal treatment has two distinct effects. It supplies the energy for diffusion and for molecular bond
changes. Both effects are governed by temperaturdiffusion by probability or rather diffusion coefficient
and thus a continuous dependencymolecular changes by binding energy and thua quantized dependency.
Considering first the diffusion implications, two mechanisms can be differentiated. lhand out-diffusion.
Both are dependent on the overall
concentration gradient of the diffusor, but
also of lower energy sites, so called

gettering sinks, founde.g, at the surface, in T
crystal defects (1D3D) (Fig.1.10 (J) and
external regions (.e, dielectric layers

(Fig.1.10 (K)). Depending ontype of effect

concerning recombination, in (see H | Figurel.9: Techniques for passivation activation
A- Annealing of dielectric layers/stacks fore.g, H

diffusion and molecular bond rearrangement to

A B

passivation below) or outdiffusion

(impurities) are favorable to reduce activate the passivation quality is carried out in
minority carrier recombination. Internal low-pressure nert gas atmosphere €.g, N2) tube
gettering in defect sites or highly doped furnace at elevated temperatures (156500°C)

depending on passivation layer type and

regions is also considered an owdiffusion .
deposition parameters

from the lattice. Gettering is based on such B - Firing of dielectric layers/stacks is carried out in
out-diffusion effects, some possibly a firing belt furnace at high temperatures (700
1000°C)to activate the passivation qualityin a

temporary (internal) and some more final
(external) in nature.

Nevertheless, impurities/contaminants like metals(Fig.1.10 (H))are best gettered into external gettering
sinks, such asSiO, basedlayers to be removed before further passivation for a final recombination decrease.
Gettering occurs at impurity specific reaction rate, dependent on ambient temperature and elemental state.
It is driven by concentration gradients, as well as solubility levels, allowing for an effective concentration
gradient between two solids in equilibrium. In case of metal impurities comparably high temperatures for
diffusion and thus gettering are needed thus gettering occursi.e, during diffusion of dopants*.

In comparison, anealing includes changes in the molecular structure of the substratéFig. 1.10 (E)) layers

or connecting interfaces by thermal infllence (Fig.1.10 (D)) Since annealingeffect can be attributed to
molecular bond changesgcertain changes occur only above certain temperature thresholdsnd then with

a certain possibility or rather speedrate. Two major annealing types can balistinguished. First are low
temperature effects, when bonds in more loosely bonded regions, such as amorphous layers and interfaces
are changed.In this case, anealing is commonly*® carried out in a tube furnacé® with an inert gas

similar way

53 SiNc¢H, a hydrogenated dielectric layer is a prime example, showing H based, fiekffect and chemical passivation
to varying extent dependent on deposition parameters anddol, as well as substrate propertie§276]

54 1n an diffusion furnace and a dielectric as a gettering sinke, PSG (sectiorl.1.2)

55 Other means: hotplate (no atmosphere contol) or RTP (rapid thermal anneal) oven (atmosphere control) treatment
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atmosphere Fig. 1.9 A). Annealing is typically usedfor activation of passivation in case ofAlQ%® [39] and
sometimes SiN:H*’ layers. Essentially, this process can end up in a diffusion of atom@ig.1.10 (L)) if by
some force, the bond changes result in a directed motion. Common occurrences are found near ifaees,
where atoms are drawn by low energy siteso allow for a stable thermal equilibrium. In case of higher
temperature ranges, more energy can be supplied, reorganizing lattice based defe¢Eg.1.10 (E)) such as
crystal defects byletting them diffuse to a surface or reducing them in size to a stable defect configuration.
Equally, duration of thermal treatmentmay be reduced allowing to use a firing furnace® (Fig. 1.9 B) instead
of a diffusion furnace Cons equ e nt | y ,%®imgafidng fumace is simultaneouslg achieved with
passivation activationi.e, for SiN:H, SiQ(:B/P¥°, AlQ, and anypossible film stacks® consisting thereof.
Laser induced defects are an example of such defectable to be annealed at temperatures above 900°C
(section 4.4 and 4.6). Other examples include crystal defects stemming from crystd growth during
casting/pulling of Si substrate material and are annealed under similar circumstances, sometimes
facilitated by diffusion of impurities or H (section1.7).

1.3.2 Chemical passivation fundamental mechanism

Chemical pasivation is based on saturation of molecular bonds. Either by growth (deposition) of a layer on
the substrates surface(Fig.1.10 (C)) or by internal processesie, H diffusion). For chemical passivationd
be effective for surface passivation, thesubstrates lattice structure has to becontinuous beyond the actual
interface/surface Essentially, the atom pitch of the lattice, dependent on crystal type and orientation, needs
to be matched so not to leave bo many open bonds (dangling bonds(Fig.1.10 (A)). Typical layers with
high chemical passivation include Si@and SiN:H based films.Quantifiable is the surface passivation in
this case by surface recombiation velocity (SRV) derived from lifetime measurementésection1.2.2).

Hydrogen passivation- fundamental mechanism

Hydrogen passivation is a form of chemical passivation. Since H is the smallest element, its diffusion and
subsequent saturationof open bonds(Fig.1.10 (G))capabilities are optimal for passivation purposes. While
not discussed here in detail, theinfluence and subsequent impactof H should be mentioned i.e, in
connection with degradationprocesse$! in various instances Overall, H from external {.e, dielectric layers,
such as SiN:H) or internal (impurities) sourcesdiffuses already at low temperatures in thefew 100°C
range® and consequently,is exponentially faster at typical firing temperatures of ~800°C Drawback is the
out-diffusion of H if the gradient to the atmosphere is respectively in favor(Fig.1.10 (F)) For laboratory
purposes, a H plasma atmosphere alevated temperatures can be applied to artificially supply an external
H source to the sample surface to study H based effects.

Thermal oxidation

Thermal oxidation (TO) is the most common technique tadd a silicon oxide (SiQ) layer to a silicon
substrate. In the process, the silicon substrate is heated in a tube furnace (undoped glass tubg)ring an
initial stabilization step in N, atmosphere, before eitherH,O vapor (pure, generated from @and H,) for a
wet or O, gas for a dry oxidationis added fora certain oxidation duration d, determining the thickness of
the SiQ layer at given temperature, vapor/gas flow and substrate conditions (topography, doping, etchhe

56 Refer to section2.2.4

57 Refer to section2.2.1

%8 Refer to section3.5.1

59 Refer to sections1.6.2 2.2.2and 2.2.3

60 Stacking of (dielectric) films upon each other by subsequent growth on the respective surface forming chemically
bound interfaces

51 Including, but not exclusively, BO degradation, LeTID, LID, etc. Refer {@877] for an overview

62 In comparison, H diffuses as fast as Cu in Si and thus with a diffusion coefficient D of ~1®n?s* (at 400°C) by 8
magnitudes highe than dopants like B and P at 1000°¢299]
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ensuing oxidation, forming near stoichiometric SiQ, can bedescribed by the DealGrose-model [40] for
thicker (~10nm) and empirically for thinner layers. Nevertheless, the fundamental mechanism of growth is
always the same. O interacts with the Si lattice on the advancing $iQ, interface. Resulting in both, a
growth into the Si lattice, consuming the receding Si substrate surface, as well as expanding the sample
surface outward, considering the lower density of amorphous Si@ompared to ¢ Si. While initial growth is
fast, thickerlayers grow slower, being limited by diffusion of O through the growing layer to the interface.
The SiQ film is subsequently tempered for a common 10min duration at the same temperature as
oxidation occurred, to anneal the interfacestatesand reduce defet sites. In terms of chemical passivation,
this leads to very low surface recombination velocityvalues on p and n-type doped regions$2,

1.3.3Field effect passivation- fundamental mechanism

Field effect (FE) passivations induced by surplus charges within aegion in or on the substrate. So either
a deposited layer(Fig. 1.10 (N)) the interface or a doping concentration difference/gradient in he substrate
(Fig.1.10 (M))can lead to such achargeimbalance (electric field). Surplus charges can be fixed or mobile.
The latter able to move and subsequeny able to be annihilated if circumstances allow (traps or other
defects). In case of fixed charges, such as doparites or dipoles forming in molecular bonds, lasting miror-
charges are being induced building a electric field. Again, depending on polarity circumstances, an
inversion or an accumulation layer forms within the substrateln turn, minority carriers are ether attracted
or repelled (Fig.1.10 (O)) FE lass only so long, as no compensation currents arise,e, by shortening both
respective layers.Since FE can stem from positivdi.e, SiN:H or SiQ) or negative (i.e, AlQ.) charges,FE
sources have to be matched to the surface doping for effective accumulation passivatipbeing preferable
Most innovative passivation layers further entail carrierselective properties[34], as they either modify the
relative concentration of charge carriers near the surfacand thus decrease probability of recombination
or allow for increased conductivity through the interface to a contact, similarly decreasing recombinatin
chances.

Figurel.10: Schematic depiction gfassivation mechanisms

Bare Si surfaces exhibit open/dangling bonds (A), necessary to be passivated to reduce recoration
activity. Chemical passivation can be reached by deposition of a dielectric (B) with lattice mismatch a
minimal as possible to form bonds (C) to the Si lattice. Otherwise, annealing (HT step) has to occur !
rearrange the interface bonds (D). Eqlig, crystal defects in the bulk may be annealed (E) by
temperature treatment. Dielectric layers may similarly supplyH to be (in- and out) diffused (F) to
passivate bulk defects by thermal diffusion ofH (G). Similar thermal diffusion can occur for imputies
M in defect state (H) to be either internally gettered to inactive states (J) or externally.e, in the
dielectric layer (K). Higher thermal treatment leads to irdiffusion of dopants - (L), resulting in field
effect passivation (M) due to substrag doping. Similarly, fixed charges Qin dielectric layers can lead
to a field (N) resulting in charge carrier influence (O)

63 Refer to section1.6.2

21



Silicon

1.3.4Types of passivation Surface, bulk and highly doped regions

The various passivation mechaniss are active in different regions of a substrate depending on the
structure and features. In some cases, more than one mechanism is active but notcessarily relevant or
even supporting thedecrease ofrecombination of minority carriers.

Considering the bulk of the substrate, defined as the inner part of the same, passivation generally occurs
by rearranging bonds using annealing in high temperature mvironments, gettering of impurities and/or in-
diffusion of H. Field effect passivation commonly only affects carriers of the bulk near the respectively
charged surface regions. Considering the random mode of movement of charge carriers by diffusion, point
defect passivation of remaining recombination centers is the most limiting effect.

This observation is not changed by considering the same in higher doped regions. The amount of
recombination centers from dopants increase, limiting the lifetime of minoriy carriers even further.
Interface layers, such as pnor high-low junctions described before, add a field effect in a limited region.
The generally most crucial passivation and thus most investigated is that of the surface of a substrate. In
the un-passiated state, the surface is an indefinitely high recombination active region with dangling
bonds, impurities, contaminants and other crystal defects. Surface passivation further depends on the
substrates surface pohrity and doping concentration.

As descibed above, field effect passivation as a highly effective mechanism is dependent on these two
properties. They decide whether accumulation or inversion occurs and to what extent. Nevertheless,
shielding minority carriers from the surface by doing so in acomparably high depth, is most effective.
Chemical passivation, as the second most effective surface passivation type, is only effective right at the
recombination center site. While being similar in nature to all other mechanisms, just as field effect
passivation, it can be degaded by light, heat or humidity.

Therefore, depending on substrate typ& and contamination, process steps leading tagettering/annealing

of the bulk and annealing of passivation layer® are favorable to be implemented in a processequence
before and after passivation of the surfacerespectively.

64i.e, crystal defect density, such as of types >1D
5 These are within broader environmental boundaries more impacting in nature considering degradation
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1.4 The pn-dunction

Crystalline Si based devicesperate on the principle of charge carrier transport by doped regions and metal
terminals (contacts). To understand charge carrier separati, selection and transporto f gctonaar ge .
microscopic levelby doped regions,closerinspection of band structure and similar influenceds necessary

to understand Two approaches of understanding one and the sameffect shall be outlined in the following
subsections to allow for a differentiated view on a complex and still discussed subject.

1.4.1 Charge Carrier Separation and Movement

Consideringa pure Si crystal,the light generated exciton, the electron-hole-pair, or any other injected
charge carrier (pa) are driven by diffusion and thus intrinsic conductivity (sectionl.1.3). Charge carrier
separation is achieved byband gap existenceand movement by random walk baseddiffusion mechanism
independent of charge ortype in terms of fundamental mechanism. Taking recombiation mechanisms into
account bye.qg. doping the solid, diffusion length L determinesseparation and movement of charge carriers
to i.e.,reach specific regions junctions, contacts, etc). Usually a multiple of L is necessary for sufficient
probability to reach the desired destination.Depending on doping and thus polarity type, conduction of
charge carriersis affected depending on their polarity of charge (sectionl.1.3). Essentially charg carrier
movement and thus separation is based on the basic possibility of intrinsic diffusion, recombination
probability due to active recombination centers and charge dependent conductivity

Boundary conditions e.g, surfacegfields (section 1.2.2) or contacts (metal based, sectionl.4.4) are
influencing carrier movement additionally in specific ways, by applying additional forcesNevertheless,
bringing two differently doped (amount and/or polarity) semiconductor regions togetheraffects carrier
movement fundamentally.

1.4.2 The pn-Junction in the Simplified Description

Adjacent p and n-type doped semiconductos, more specifically Si,form a so-called pn-junction between

them, if being in contact with each other. This is independent of origin (diffused, epitaxidgrown, etc.) of
the p- and nrtype Si interface.Since doping leads to a shift in Fermi level Eto the respective band,the

compensation of E alignment in both differently polarized semiconductor regions is bending of bands. In
case of a nonilluminated and/or non-carrier-injected pn-junction, B, and E are offset by the difference in

Fermi level shifts (Fig.1.11, left).
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Figurel.11: Schematic representation ofpa-junction in non and illuminated sate
Left: pn-junction in non-illuminated state with corresponding conduction band (&), valence band
(&) and Fermi level (E). Depicted is the space charge region (SCR) with diffusion current an
drift current inducing electric field (B). Boundary condions are e and h* electrodes.
Right: pn- junction in illuminated state at maximum power point (MPP) with QuasiFermi-Level (QFL)
splitting (Ercand E) and SCR extent decrease. The right axis corresponds to the conductivit
of nand p (e and h*, resp).
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Given the dependence otharge carrier current on the electrachemical potential and the conductivity of
charge carriers (sectiorl.1.3), a charge carriercurrent density jonp can bederived:

io. n7% ;/ Bn s+ ;/ By, CyaRe =t ;/ Hnp, CHE (11)
Apparently, since in the nontilluminated state, neither net currents must exist nor external energy is
supplied, the gradient By, Of charge carrier density (diffusion driven) wilbe compensated by an electric
field E (drift current®) forming in thermal equilibrium a so called spacecharge region (SCR) between the
two differently polarized regions. Extension of the same into each region is dependent omobility and thus
conductivity, as well as doping i.e., charge carrier density. The charge carrier currents balance the
electrochemical potential in thermal equilibrium to minimize internal free energy, resulting in a net zero
voltage across the pnjunction.

lllumination of a pn-junction leads to generation of excess carrier densitypn exceeding the doping and
intrinsic concentrations and thus reducing gradient By, (section 1.1.3) and SCR extent.Since carrier
concentration remains zero at the electron ad hole contact interfaces, overallelectrochemical potential
in this non-equilibrium state still amounts to the voltage attainable across the pnrjunction, yet now equal
to the difference in QFL energies, cause to their splittingKig. 1.11, right). The external load, powered in
case of a solar cell device, is in this case supplied by the majority carriers at the respective electrodies
form of a drift current. Since thedrift from the electric field in the SCRis even in case of illumination
compensated by diffusion and as such not capable tdeliver the necessary work, another form of current
stemming from free energy minimization has to be accounted fort can be shown, tha due to dielectric
relaxation®, quasi charge neutrality exists outside the SCR with no discernable driffTo enable a net
current, a gradient in the electrochemical potentialhas to be generatedi.e, due to excess arrier diffusion:

o, nTHkeTAL, A( W) (12)

At this point, the property of selection of SCR comes into playSince minority carriers are able to diffuse
through the SCR(smaller in number) while majority carriers are backscattered, the electric field of the
SCRpassively allows for maority carrier build-up in the respective regions.Relaxation of majority carriers
needs to be through the external load, allowing for solar cell operation.In a sense, a net electric field
between electrodes is formed, actually delivering the work necessy to power the solar cell,driven by the
unique architecture of a prijunction and its flooding with excess carriers generated by incident photons.

1.4.3The pn-Junction in the Fundamental Description

Assumptionshave been made in the last section, common to @ablished description of pnjunction and
thus solar cell operation, due togeneralization or specifications based on approximations, restrictions and
weighing of influences/values,| i mi ti ng the given gel ect-junctoalbased ex pl ane
devices and more geneally, to devices,inherently fulfilling the necessary characteristics. Essentially, if a
simplified theory explains a certain effect, it can be applied, yet it might not fully explain or describe the
underlying fundamental mechanism

What is definitely known of an illuminated pn-junction is the fact, that a voltage builds up between the
electrodes and a compensation current can run in short circuit conditions to alleviate this charge carrier
imbalance.So it stands to reason, what exacil separates charge carrierrom exciton generation and what
drives them to flow to the respective terminals?

66 Leaving behind local charge centers of ionized dopants
67 Compensation of local charge imbalances on ps time scale
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Forces, indiscriminately of polarity, pull on charge carriers alikeThe two relevant forcescharge carriers
are exposed to are electric ancchemical force, as introduced before(eq. (11)). As it stands, he first forcing
drift, the latter, due to concentration gradients, diffusion. Noteworthy at this point is that although
mathematically both force contributions can be calclated separately, only the resulting sum of
contributions is physical However, what can bedistinguished is not the forces on one particle, but the
resulting force specific to each individually based on their dependency on the respective QFL (sectibr2.1):

jQynf%'&EFC/FV (13)
Equation (13) can be interpreted as the aforementioned minimization of free energy.e., effectively the
electrochemical potential (with T=V=c o n),squal to QFL (sectionl.2.1). Given this fact, directed charge
carrier current, necessary for separation o& and h* and their transport to the desired electrodes, can only
be achieved by proper QFL gradient§ and/or equivalent conductivity differences for the two carrier types
in certain regions. At this point, no electric field is needed for separation and transport, nor explicitly
generated/originating. Carrier selectivity to and at the electrodes while possible with electric fields
(compare secion 1.3), is not necessarily neededo be put into effect by such As a matter of fact, given the
aforementioned pnjunction in Fig. 1.11, the selectivity at the electrodes is solelybased on the doping of
the p- and ntype areas bordering the electrodes and itsimbalance of majority/minority carrier
concentrations. The SCR can be seas a mere result of bringing the two regions together.One could
imagine and even simulate a structue [41], that entails no such SCR and still workas a solar cell, simply
by allowing for selective carrier transport[42, 43, 44, 45] to and through the terminals and nothing but
diffusion of charge carriersin between®®. The higher the selectivity, the higher the efficiency of the device.

To resolvethe seeming discrepancy between this and the former sectiors few assumptions might need to
be reassessed. While an electric field in equilibrium is builelp and exists, its effect is compensated in this
state by diffusion. The field componentcannot unilaterally and moreoverin a different state of illumination
suddenlydrive the device.lt might appear that with excess carrier generation the field suddenly acts as the
selecting force for them, howeverthe same would be true for the opposed diffusion driing component.
The field only exists for particles that experience both forces at the same time. The extent of each
component might vary for each particle, however in average the forcdike in equilibrium needs to be zero.
Net current can thus not exist fa any charge carrierAt this point, it stands to reasonhow the excess carriers
are separated and transported. Going back to the basic equatidfh3) and taking now both, the QFLs and
conductivity sqp curves in Fig.1.11 into account, two conclusions can be dawn. Concentrating on the p
type region bordering the hole contact, majority carriers (B are driven by a small QFL gradient and constant
conductivity s,. Minority carriers (€) experience a higher QFL gradient, yet an even highedecrease in
conductivity s,. Effectively, selectivity and transport to the hole contact formajority carriers istherefore
slightly higher. The reverse analogue applies to the electron contact.

In case ofthis common pnjunction, selectivity right at the contact is small, resulting in recombination of
minority carriers if no other measures(mobility change by e.g, high-low junctions, selective/passivated
contacts) are taken.

58 Not necessarily inherent to a prjunction
®The establ i shed c osarigmaltsensefis carenyycundertsauting4d, 42, 43] i t
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1.4.4Metal Contact =A

The terminals of semiconductor devices, E )

referred to as contacts or electrodes, semiconductor Metal
commonly arein the form of a direct metal- | _______

semiconductor junction. The properties of -‘"\\

this junction are favored to be of perfect Ec ——ﬁ --------------
charge carrier transport with no or negligible 5 [ A S,
recombination of majority carriers or even

depletion of the same in the adjoining E, —ﬁ

semiconductor region. Two necessities arise

from this requirement. The junction needs

not to repel majority carriers, desiredto be
transported/conducted, but do so in case of | Figurel.12: Schematic depiction of etal-semiconductor contact
minority carriers. Thenature of the contact is Depicted is the band diagram of the junction
commonly categorized inohmic or Schottky between a S.emiconducu.)r with Won.( function i
and metal with pem, forming an ohmic contactfor
like type, when in reality (as can be seen in e and a Schottkylike contact for h*
section 3.5.2 a mixture of the types due to
3D microscopicinfluences governs the contact behavioi.e. resistivity. In that regard, depending on actual
contact formation technique and type, interfacial layers, such as oxides, glasses or conduction layers (doped
dielectrics, etc.), are used or generated, further influencing the metademiconductor contact plysics.
To gain an insight into the basicprinciple, an idealized junction of direct metal-semiconductor interface
shall be shown and any additional influences discussed-ig.1.12 shows the band diagram of bhe ideal
junction in direct contact of both solids. Indicated are the chemical potential 4 s of the semiconductor and
Hem Of the metal, also known as work function, due to itsvalue determining the type of contact for the
respective charge carriersAlignment of Fermi levels results in band bending of the semiconductor towards
the interface. The potential originating from the metals surface charge leads to an accumulation of
electrons in the semiconductor at the interface, showing ohmic contact behavioin turn, due to the lower
work function of the metal, compared to the semiconductor, e&chottky-like contact with a barrier in the
valence band is observedHigher surface doping of the semiconductor can thin the barrier for a tunneling
contact, allowing for low resistivity transport of holes. Typical example is an Al contact on a Al-doped p
region on a ptype Si base (AIBBSF formation), allowing for additional hole selectivity (compare section
1.4.3.
As indicated before, seveal influences need to be considered for a real contaciThe effect of an interfacial
oxide layer is a common occurrence, since Si oxidizes almost instantanedysn an oxidizing environment
(section 1.6.2). If an oxide, a few nmthin, is dividing metal and semiconductor, recombination decreases
due to prevention of the formerly introduced surface charges in the metal. Effective surface recombination
velocity (section 1.3) is reduced.Depending on semicondictor doping, the thus additional formed barrier
(dielectric; fixed chargeg needs to be tunneled.
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1.5 Crystallization and Wafering

As the basis for any investigationinto Si, the (sufficiently) pure material has to be obtained.The
fundamental stepsof the various techniquego produce Siin its crystalline form and the subsequenprocess
to manufacture the necessary substratefor microelectronics and photovoltaicsare detailed in two separate
subsections.

1.5.1 Crystallization

Siis the second mostcommoneament i n eart hes o u.Sieceitdoes motnaturadynotcars
in its elemental state, the energy and cost iriensive production of pure Si hasthe largest part on the
industrial production amount of semiconductor material on earth. Since theurification of Si material needs
high temperatures andhigh purity conditions, produced Si material is divided in several grade classeshe
highest being electronic grade Si having passed a multitude of purification steps. The final step for all Si
grades is acrystallization step, in which Si is melted one last time, to bring it into a sawablé’, if not final
wafer form [46]. Czochralskigrown CzSi ingots are crystallized by beingpulled from the Si melt by a seed
crystal (Fig.1.13C) being the most common technique to grow €Si ingots.In contrast, so called FloatZone
grown FZSi material i.e, used for computer chip productionas well as high-efficiency solar cells is the
purest form of Si used on a large scalelt is made from high-purity poly-Si rods beingcontinuously re-
melted along their length using eddy currents induced by magnetic fieldsto form the FZ-Si ingot
(Fig.1.13D). Similar to the melt in case of CzSi pulling, contaminantssuch as metal impurities,C and O
precipitates and dopants are gettered in themoving melt front during FZ-Si production, equally due to
higher solubility in the liquid Si part. If the standard choice ofpoly-Si rodsis supplemented with CzSi
ingots as the FZSi ingot source material crystal defects induced during CZ&i crystallization can be
removed|[5]. Giventhe costs and energy consumptiono treat Si abovel1000°C and even up tathe melting
point of 1414°C during the complete process cycle to end up withpure, mona-crystalline ingots, many
alternative techniques were developed. While some set out to directlgrystallize wafers for the PV market,

_EIE

Figurel.13: Si crystallization techniques
A - mc-Si casting. Melted Si is slowly and temperature controlled cooled in a coated crucible resultinc

A

in a typical grain boundary interspersed pattern between differently oriented crystals

B - QM:Si casting. Melted Si is slowly and temperature controlled cooled in a coated crucible laid out
on the bottom with monocrystalline seed wafers resulting in typical graded crystiedefect lines

C- CzSi growth. By pulling the cooling Si from the melt using a seed crystal with controlled thermal
processing (incl. rotation) a monocrystalline G&i ingot is grown

D - FZSi growth. A poly-Si rod or CzSi ingot is remelted by a moving magnetic field inducing eddy
currents to reduce crystal defects by recrystallization and allows impurity gettering by the moving
melt front

0 So called gvaferingestep (section1.5.2)
"t e.g, ribbon growth on substrate RGS [296], edge-defined film-fed growth (EFQ [297] and epitaxial (EP) growth
[298] of Si substrates
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others optimized existing processes, such as crucible castingith subsequent wafering (section 1.5.2) of
the ingots. Casting of multi-crystalline mc-Si by controlled cooling inside of a didectric-lined crucible is a
comparably established technique (Fig.1.13A). To optimize the processto cast mono-crystalline Si in a
similar way, in form of so-called quasimono (QM-)Si or defectreduced mono-cast Si, is since an ongoing
endeavor (Fig.1.13B). Among those optimizations is a pure lining of the crucible to reduce the influence
of in-diffusion of impurities (e.g, O, C, N) andontrolled movement of the cooling front for homogeneous
solidification of the melt. In some casesa lining of the crucible bottom with mono-crystalline seed wafers
(CzSi)to predetermine the crystal growth directionat an early age of the solidificationprocessis utilized.
Mono-cast Si can appear irhigher-grade quality nearlyindistinguishable from mono-crystalline CzSi, with
the only difference being the crystal orientation in the wafer plane. While C&i substrates crystal <110>
orientation inthe s u b s t plane i® 47 Sangled to the wafer edge after wafering, mono-cast Si wafers
exhibit a 90° angle of the same crystal orientation to the sawingedges The reason is the choice to saw
along the casting direction and thus wafered similar to the comparably casted meSi. Mono-cast Si ingots
display generally three different grades of wafer gality, with grade 3 being the lowestin quality. Wafers
of this part of the ingot are nearly completely meSi like. They show the common pattern of grain
boundaries and grains with dfferently oriented crystal directions. These wafers are from the ingot part
closest to the corners of the crucible and the uppelingot part where the melting front solidified last,
freezing the lesscontrollable surface with regardto temperature stability. Grade 2 wafers have ong¢hird-
to-two-thirds of mc-Si like area due to grain boundary seeding from the crucible walls and bottom. While
the grain boundaries growing from thebottom, i.e. from the gap between two seed wafers, are largely
forced to disappear in the moving melting front by controlling the outer crystallization parameters, such as
heating and cooling rates, the grain boundaries from the sidewalls form fresh with the movig
crystallization front. These outer grain boundaries curvingrom the sides to the top creating the outer me
Silike zones of grade 2 and 3 monacast Si material. Grade 1 material can subsequently only be found in
the innermost part of the final ingot with CzSi like quality.

1.5.2 Wafering
Most Si ingots are sawn into slab® and subsequentyintot hi n sl i ces call edslgesafer sac.
have a thickness of 80180 um if used in solar cell production (me, QM, CzSi) and thusfar thinner than
wafers used in microelectronics (FZSi) with generally 250-750 um thickness Sawing is carried out with a
slurry or diamond wire saw, consisting of a long wire continuously being moved perpendicullr to the
ingot on the whole length, cutting in between wafers to simultaneous produce all wafers at once
(Fig.1.14A). While FZSi wafers are cut directly from the pulled ingot and subsequenthedge-abraded, Cz
Si ingots aresquared? first and wafered afterwards, with no final edgeabrasion.In both cases, thewafers
are cutvertically to the pulling/ingot axis (Fig. 1.14A&B). In case of QM and mc Si, the casted blocks are
sawn into smaller cuboids/ingots from which the wafers are subsequently wirecut, again with no final
edge-abrasion Due to reasons detailed in further sections, QM&i is cutvertically from the block and thus
parallel to the casting direction (Fig.1.14C), while mc- Si is cut horizontally from the block (Fig.1.14D).
Cutting results in saw damage, consisting of a thin 8.0 um thin surface layer on top of each wafer side
with significant impurity and crystal defect density. The surface of sltry sawn wafers is homogeneously
damaged with no significant height difference, while diamond wire sawn substrates display a more
polished, yet rippled topography resulting from the wire skipping from time to time during sawing. Saw
damage is removed by wetchemical or mechanical polishing/etching steps(section 1.6.1). Wet-chemical

2 1n case of FZSi, ingots are (nearly) preserved in the round shape, resulting in round wafers (possibly small phase to
mark crystal orientation). CzSi ingots are squared by cutting of the four ingot sides along théngot to result in either
semisquare (ssq; missing corners of wafer area due to phase/diagonal of ingot <2&@m) or full-square (fsq;
quadratic wafer area) wafers. mSi or QMSi is always wafered into fsq substrates
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processesdiscussed in further sections arethereby influenced by saw damage depth and surface
topography. Subsequent to the wafering, nicroelectronic grade FZS is (chemically) polished and cleaned
by the manufacturer, while all Cz-Si, meSi and QMSi substrates used in this work areprocessedas
sawn/as-cut right after wafering.

pe
+ ‘ - -
B C D

Figurel.14: Wafering of differently crystallized Si ingots

A - FZSi wafering. A continuous wiresaw process is used to cut the ingot into wafers vertically to the
ingot axis (schematically detailed)

B - CzSi wafering. The ingot is squared before a continuous wirsaw process is used to cut the ingot
into wafers vetrtically to the ingot axis (schematically detailed)

C- QM-Si wafering. A continuous wire-saw process is used to cut the ingot into wafers parallel to the
casting direction and thus vertically from the block (schematically detailed)

D - mc-Si wafering. A continuous wire-saw process is used to cut the ingot into wafers vertically to the
casting direction and thus parallel from the block (schematically detailed)

A
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1.6 Processing

Processing entails multiple process steps to treat &i substrate inthe form of a wafer by various methods
in different processtools to form samples for specific measurements odevices, such as complete solar
cell. The majority of process steps, such as weathemical and deposition stepsto be detailed in this
subsectbn, are targeted to treat the surface of the wafer. Some steps are (higitemperature (HT)steps to
diffuse atoms™ or change molecular structure$* right up to induction of complex processes, such as
alloying™ or melting. An overlapping process, done by wechemical and HT steps, is oxidation and
subsequent formation of an (interface) Si oxide layer, to be discussed in the second subsection.

While somehow to be seenseparate for it does not necessarily change or influence the sample in a lasting
way, chaacterization for (final) measurement of physical properties and values isereto be counted among
the processing steps. Characterizatioand its methodsare alwaysdetailed in the concerning sections.

1.6.1Wet-Chemical Processing

Standard processing ofSi substrates commonly begins with wetchemical bath® stepsi.e, etching. The
reason is the remainder of a 312 um thick layer of saw damage on both sides of the wafer resulting in
highly recombination active zonesin the porous surface layer (Figl.15A). Etching of the saw damagecan
occur in (an)isotropic ways by acidic or alkaline etching. Removal of Si atonsrealized by basic chemical
reactions, such as a redox reaction fooxidizing and subsequent removal of the oxidized Si based bond.
While semiconductor processing mostly entad planarization (both chemically and mechanically), solar cell
processing builds commonly upon textured surfaces. Texturization is done to increase the chance of
reflection of light between the entities of the microscopic patterri” and not to be reflected from the surface
all together, allowing for subsequent increase of chance for the incoming light to enter theSi substrate.

A B C D

Figurel.15: Techniques for wet chemical prosegy
Circles show schematicrosssection of wafer surface

A - Assawn wafer: Substrate after wafering by wire saw. The surface is rough/porous (saw damag
contaminated (impurities) and coated with a nativeSi oxide

B - Textured wafer: Texturization of maocrystalline Si using alkaline solution with alcohol additive.
The resulting pyramids areformed by anisotropic etch, leaving <111splanes due to lower etch
rate in this direction (relative atom density)

C- Chemically polished wafer: Chemical polish (alidine or acidic) by (semit) anisotropic etch

D - Cleaned wafer: Cleaning of (etched) wafers to remove contaminants and native/chemilgagirown
oxide layers. After oxidation step €.g, H:02/H.SQO;) SiQ is removed usingHF

73 Refer to sectionsl.1.2and 3.2

4 j.e.,passivation. See sectiori.3

5 j.e.,contact formation in sections3.5.3 4.5and 4.6
6 j.e.,laser treatment in sections4.4 and 4.6
7j.e.,random pyramids in case of acidic texturization
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Etching

Planarization a texturization is governed by general chemical composition ofthe solution. In case of a
KOH based solution, isotropic etchingpccurs due to the difference in etching rate dong the various crystal
planes. Addition of alcohol can enhance the effect, forrmg an alkaline texture of slightly overlapping
pyramidswith a 2-4 um wide base (Fig.1.15B). Without alcohol, based on KOH concentration and etching
temperature, usually a neasplanar surface with 40100 um wide, rhombusshaped terrace structure
emerges in the upper 26 um of the surface(Fig.1.15C)

Using a mixture of HF, deionized (DIH.O and an oxidant (e.g, HNG;), acid etching occurs. Depending on
concentration of the three ingredients, the etching behavior can vary from mere anisotropic, local etch pits
forming a porous lattice like structure(section4.1.1) to isotropic polishing of the Si surface. Chemical polish
solutions based on these three chemicals are widely used to achieve the best possible chemically pehed
surfaces to be nearly as planaas mechanically polished surfaces can be. Porous etching on the other hand,
is used for various process steps, such as bactcking of highly doped areas

Cleaning

While etching not only changes topography and removes material from the Si surface, it removes potential
impurities within the removed material as well. Especially surface gettered impuritiesi.e, Cu and Feare
removed in significant amount by Si etching. Still adhering impurities (elemental and molecular) fromthe
etching process sequencer any other process stefare removed by subsequent cleaning process sequences
[47] based on a similar redoxreaction. While not necessary in case of cleaning steps, oxidation and
reduction are temporaly and spatialy separated in two solutionson laboratory scale(Fig.1.15D) for better
control of processing Common oxidation sources are D, based mixtures,i.e, piranha etch (HO. and
H,SQ in a 1:3 ratio), RCA clean (two step sequence involvingC1 with HCI and SC2 with NH; based
solutions added by HO;,) or ozone based solubns (liquid O; and HCI).All are followed by a pure HF bath
step to remove the wet-chemically grown SiQ layer of a few nm up to a few100 nm thickness dependent
on oxidation time and temperature Native SiQ is in comparison grown slower either inH,O or air. Industrial
adaptations might join the oxidizer with the HF, losing some of the cleaning effect by not ending up with
an Fterminated surface(section4.1.2).

Cleaning can remove organic, as well as inorganic impurities antbntaminants, dependent on the oxidation
agent. It is therefore imperative to use highpurity (VLSI grade) chemicals an®! H,O for all wet-chemical
processes, so not to (recontaminate the Si surface or introduce such a contaminamight before a diffusion
step. Nevertheless, # surface cleaning processes are incapable of removing bulk impurities. Gettering
and/or passivation of these recombination sites has to be employed to reductheir impact on carrier
lifetime in the bulk.

HF acid is widely used inSi semiconductor processing due to its SiCetching nature. The chemical process
itself is discussedin detail in section 4.1.2 HF is principally a strong etchant for glass based structures,
allowing for removal of thin glass layers (dielectrics or glass frij even under metal fingers(section 3.5.3),
common to screenprinted solar cells. Removal of metal, such as Ag or Al is either carried out by HCI etch
in combination with HF or by aqua regia (HCI an¢HNG; in a ratio of 3:1).

1.6.2 Interface Slicon Oxides

Passivationoccursin different ways as discussed earlier. In this particular section, the focus lies on the
interface between the Si substrate surface and the respective passivation layer. Wheiis depacsited with

a dielectric layer of any kind, it is usually done with a very thinSi oxide (SiQ.) layer already on top of the
substrate. This layer can be naturally grown in air oH,O and be about 22 nm in thickness.In this case, it
is close to its stoichiometric molecular composition of SiQ. Growth occurs very quickly ifO or H,O is near
the surface in suffcient amount. In other cases thisinterfacial oxide layer is grown by means of wet
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chemical, (wet/dry) thermal oxidatior’® [40] or other treatment of the Sisurface. In such instances, the layer
target thicknessis usually in the range of 20 nm, depending on technique and processing parameters.
Yet in some cases, the native oxide layer is removed iand/or prevented by an inert/vacuum atmosphere
to grow (again) before deposition of the desired dielectric layer. Again, the subsequent deposition step can
lead to a newly formedSiQ layer at the interface during or after deposition, byi.e, aHT step reforming the
molecular structure at the interface. In any case, the interface oxide influences the passivation quality of
the dielectric layer above, as well as other properties, such as diffusion into th&i substrate. Therefore,
knowing the influence in degree and type is crucial for evaluation of different passivation layers concerning
their comparability depending on the actual oxide layercomposition on the interface.

To study theeffects of an oxide layer FZSi samples (ptype, 1.8 ¢ m a-type, 289y c m) wer e proces s
in different sequences. The FZ&Si samples, as procured fronthe manufacturerSiltronic AG, are coated with
a chemically grown SiQ, (CO) by wetchemical oxidation. The hydrophilic CO can simply be removed by a
dip in a hydrofluoric solution (HF) in about 25 s, until the surface is hydrophobic Some samples are treated
in a high-temperature (HT) step in a tube furnace in inert (N) atmosphere at 900°C for 50min (total of
70 min in tube including ramp up from and down to 800°C) Hydrogenated Si nitride (SilH)was deposited
in different CVD reactor$®. A single wafer direct plasmaparallel plate reactor d-PECVD system (SiN:H 1),
a remote plasma r-PECVD system (SiMH2) or a multiple wafer direct plasma parallel plate reactor
d-PECVDI system (SiN:H 3) wasutilized to deposit the dielectric layer on top of the symmetrically, but in
varying sequence processedamples. The samples in Fidl.16 differ further in the fact, that they are (F) or
are not (nF) fired in a belt furnace at 855°C set peak firing temperature after SifH deposition. After the
final displayed processing step, all sample coatings are etched ba@k HF and the samples are repassivated
using ALD® AIO, and annealed for 30min in 450°C N, atmosphere

Beginning on the left hand side of Fig.1.16, the references of HF dipped and (no)fired samples are sown

to have an effective lifetime (LT) of little more than 90-200 ps. There is a difference in nand p-type FZSi
behavior. The overall LT level shows no significant change among groups and therefore no such influence
by the history of the sample up to te final HF dip before SiN:H deposition and subsequent firing in the
later three groups. Neither HT nor CO during HT has an influence ontgpe and only margindly on the n-
type FZSi (surface)passivation. It seems that the interface layer is a limitingfactor especially considering
the possible high LT of 3.1 and 6.5ms (p and n-type, resp.) of the bulk material (ALD A, passivation).
The question therefore arises, whethetthe SiNi:H has any influence at all or ratherwhether the native
oxide underneath the SiN:H, that has grown after HF dip during rinsing in DH,O (1-2 nm) allows for any.
To answer this question, FZSi samples with the remaining CO were coated with Si\H (CO(nF)) and half
of them fired (CO(F)). A distinct increase in LT can alregtbe observed for the nonfired sample up to 350
and 800 us (p and n-type, resp.). The mere deposition of SiNH already has an influence on the interface
oxide behavior and subsequent passivation quality. The molecular structure (chemical passivation) or
probably the change of the same in the SiNH deposition step gives rise to higher LT values. Al@eference
measurements (open symbols) show no change compared to the HF dipped groups and therefore no change
in bulk lifetime. Considering the nature of the SiN:H 1 reactor to be a parallel plated-PECVD reactor with

a direct-plasma, highly dense SiN:H can be deposited due to ion bombardment of the substrate surface by
the reactants’®. Any layer on top of the substratej.e, an interface oxide, would also be exposed in the very
same way. A chemicallygrown oxide, depending on molecular structure and thickness, would densify or
even be damaged in the processAn additional effect of H etching® can also lead to such changes,sadoes

8 Refer to sectionl.3.2for detailed thermal oxidation (TO) process overview

™ For details refer to section2.1.1

80 For details refer to section2.1.3and/or 2.2.4

81 Reactants from dissociation of Nkland SiH: precursors during Sizé:H deposition
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Figurel.16: Effective lifetime of interface Si oxides
Effective lifetime depending on different process sequences (refer to text for details) for thre8iN:H
types and ALD AlQ@references of bulk lifetime for n- and p-type FZSi substraes. Nonfired (nF) and
fired (F) samples denoted accordingly

the 400°C deposition temperature. In combination H irdiffusion can allow for higher passivation quality.

If such a densification leads to an improvement in LTit stands to reasonthat a HT step reforming the wet
chemically grown oxide into a kind of thermal oxide should lead to even higher LT values.

The next four groups show the respective combinations of CO and HF dipped samples HT treated before
SiN:H depostion and possible firing step. Lhexpectedly, the LT before firing drops to less than lefore. It

is important to keep in mind, that the passivation of the sole oxides are not displayed, because they are
below the scale. So any sufficient passivation can only be reached kadditional SiNc:H deposition in this
case. HF etching tests of these on-SiN:H-coated samples reveal a higher etching time from the former
5-10 s for the untreated CO and native oxide after first HF dip toow 10-20 s for both after HT treatment
as typical for thermal oxide layers. The HT treated oxide layers therefore shoan expectantly higher film
density, resulting in a negative effect during SiN:H deposition in the first d-PECVD reactor. The ion
bombardment now either damages the oxide passivation quy, or the oxide simply does na allow for
the H in-diffusion and annealing at 400°C as seen before in the noHT treated state of the COlt is also
possible, that too much H indiffuses into the Si substrate, reducing LT by reducing surface passivation
(SRD)48]. Itis notable at this point that th e slightly thinner DI H,O grown native oxide allows for higher
LT values, supporting this reasoning. A firing step does not change the kar fact, yet increases theoverall
LT level above 2 ms (p and n-type, resp.). A three aspects of passivation, molecular restructuring, H
diffusion and annealing, come together at 855°C peak set firing temperature. The difference in base doping
and dopant type is less distinct. The bulk lifetime (AlQreference) has not been affectd for all groupsthat
have beenconsideredup to this point.

To investigate the unexpected drop in LT on rtype FZSi in both cases (C@F) and CGHT (nF)) and a
possible influence of the SiN:H 1 on the HT treated samples, twadditional, different SiN,:H reactors where
tested on chosen groups. Starting with a broader comparison over the six chosen groups of 3H\1-3 the
decrease in bulk LT (AlQreference) between the SilNH types is significant and suggesta negative effect
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on the Si substrate duringSiN¢:H deposition or influence thereof on subsequent processing, it being the
only difference. Matterof-factly, the duration of deposition at 400°C in all reactors increases from 10 to 15
and 20 min for SiN:H 1-3, respectively.

SiN(:H 3 reactor is a mdtiple -wafer direct-plasma parallelplate d-PECVDOI tool similar to the first reactor.
The deposition behavior and characteristics should be similar save concerning the duration in 400°C
atmosphere during and after deposition. Comparing the CO samples loeé and after firing for the two
direct-plasma SiN:Hreactors 1 and 3 a similar result can be observed with delta of 300 us higher LT for
the SiN:H 3 reactor. SiN:H 2 deposited by a remoteplasma reactor on the other hand shows a more
expected resultof a low LT before and a high LT after firing. Again, the sole passivation quality of the CO
oxide can be observed to be lowThe remote plasmaof reactor 2 exhibits no ion bombardment of reactants
and is thus not capable of densifying the CO during depasbn. The amount of Hintroduced into the
interface seemsalso to be rather low.

An annealing effect can be observed nevertheless for the HT treated samples with an increase in LT from
the non-fired CO-HT to the fired HRHT sample for both FZSi sample tyges from 0.21.0 ms. The continuous
increase in LT from anon-fired and not HT treated sample to the fired and HT treated sampléall SiN:H
passivated)is the commonly expected result, even with a drop in bulk lifetime(AlO, passivated samples)
along the same process sequence probably due to idiffusion of contaminants during deposition. The
missing drop in LT compared to SiNH 1 for the HT treated nonfired samples is to be expected due to the
same reasoning. Simildy, SiN:H 3 exhibits no such extent in decreaseif any at all for the HT treated
samples. Again, the longer duration in the deposition chamber at 400°C has an annealing and Hdiffusion
effect resulting in such a constant LT level for all concerning samples.

Excluding obvious reasons fothe outlier of the n-type FZSi sample of group CQF), such as delamination
or blistering having been observed on ptype as well, a field effect in the oxide?? and/or Si could be the
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Figurel.17: Interface Si oxides grown by wehemical or thermal processes
Effective lifetime depending on different process sequences (refeottext for details) for SiNc:H and
ALD AIQ passivated i and p-type FZSi substrates

8 Due toi.e, fixed charges
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source of the LT degradation after firing. Since both dielectrics exhibitusually positive fixed charges
suitable for n-type doped regions a not explicity measured negative charge accumulation had to have
happened. A contamination source only affecting ftype substrates, thatadditionally only affects the
interface given the high bulk lifetime after firing, can also be excluded Thisnot only because ntype tends
to be less affected by contaminantg34, 49], common to theseapplied processes. A hypothesisas to the
causecould be the densification and subsequent molecular change in the interface oxide during firing to
be affected by the base doping after direciplasma treatment. Since SiNH 2 on the same group and HF
dipped not HT treated samples in general only reach a similar LT level, a global limitation cannot be
excluded either.

Having established the fundamental passivation behavior of interface oxideand their behavior with
different SiN«:H layers,the influence and impact of different oxide sources, such as wethemical solutions
and thermal oxidation processes shall be investigated. In Fid..17 similar processes to the ones in the
previous section are employed on respective FBi material. In the two farthest right columns, the formety
shown oxide groups are depicted. For SiH deposition on all samples the first directplasmad-PECVD
reactor was used and all SiNH coated samples were fired subsequentlySince SiNi:H 1 had reached the
overall highest LT with keeping the highest bulk lifetime (AIO, reference)in the former experiment, this
SiNc:H was chosen for all further samples of Figl.17. To compare CO and HF dipped samplethiree wet-
chemical and three thermal oxidation processes were chosen to be investigated. The contents and/or
parameters are listed in Tabl.2. Before all of these processesvere applied, the FZSi substraks were
dipped in HF to remove the CO. Comparing the redting thickness dox® of the grown oxide®* different
growth rates can be identified. In case of boiling HN®the rate is highest, while a RCA SC1 step only
marginally affects the thickness. All wetchemical processes are also cleaning solutions intended to remove
or at least bind impurities from/on the surface by oxidation. The growth of oxide on the Si substrate
neverthelessoccursunderneath the native oxide into the FZSi bulk. Similar effects can beseen in case of
the thermal oxidation® (TO) processes. TQ is a standard dry oxidation step at 900°C to grow the oxide
beneath the native oxide using Q. TO2 is a variation on that, with a preclean before oxidation to prepare
the surface by etching thenative oxide and any that might have grown up to that point beforehand. TG
is a further optimization on that, to grow an oxide with DCE flow to constantly remove part of the grown
oxide and thereby allowing for a more regular molecular structure during growth, as well as a reduced
impurity integration.

Table1.2: Wet-chemical or thermal oxidation processes for interface oxide growth

Wet-chemical solutions

Denotation Contents Ratio Temp.T[°C] Duration d; [min] Oxide thicknessdox
[nm]

Piranha H20;z - bSO 1:3 80 10 ~2

RCA SC2 HCl : HO: : HO 1:1:8 50 10 <1

HNO3 HNG 1 100 10 ~3

Thermal oxidation processes

Denotation Gases Temp.T[°C] Duration d: [min] Duration d: [min] Oxide thicknessdox
(DCE preclean)  (Oxidation, gas flow) [nm]

TO1 07} 900 0 1.4 ~3

TO 2 DCE/Q 900 5 1.4 ~2

TO 3 DCE & Q 900 0 1.4 ~2

83 Measured using ellipsometry®
84 Native oxide from DI water rinse after initial HF dip not included
8 Done in oxidizing atmosphere in a tube furnac®
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Beginning on the left of Fig. 1.17, the LT values for all three wetchemically grown oxides are in the range
of 200-300 pus for p- and ntype FZSi alike. An HT step to reform the oxides into thermal oxides similar to
the one in the previous section leads to a distinction in passivation quality. While thetype FZSi for SiN:H
as well asAlO passivation show an increase in LT value to levels comparable to the COHT and HF+ HT
groups levels, the ptype FZSi substrate LT differs. Prone to degradation due to impurity kdiffusion, the
p-type bulk lifetime of the Piranha+HT group recedes ¢ values below 300us. A HT step of 900°C for
50 min is sufficient to in-diffuse many of the respectively highimpact degrading metal impurities.
Apparently, not all are impacting the ntype material. The cleanest oxide can be grown with HN§) as
expected.

Moving on to the thermal oxides, the high LT level of thermally reformed oxides can instantly be reached.
Comparing the TO groups, the oxide grown with DCE flow during oxidation reaches the highest LT values.
Applying a DCE preclean on the other handhasan undesired effect. In that aspect, pand n-type FZSi are
similarly affected in the O-rich 900°C atmosphere considering the drop in bulk lifetime. The desired
difference in molecular structure, given the overall LT level, cannot be seen. All TO processlead to more
or less the same thermal oxide, as did the thermally reformed wethemicaly grown oxides after HT step.
To use the same HT step on TO groups simply leads to additional thermal load, not improving, but also not
damaging the LT level. Therebre all previously shown results of HT treated groups are expected to also
show the final and stable€® LT value, even or already after 5Gnin of 900°C atmosphere. The HT step can
probably be reduced to mere minutes to reach the maximum potential anyway, iflone in a clean
atmosphere.

In conclusion the processing history of oxide growth ca®’, but may not play a role in final passivation
quality. In some cases, the passivation can even degrade during common activation step®, firing.
Thermaly grown or thermally reformed oxides povide a high and most stable effective minority charge
carrier lifetime concerning surface and bulk passivation. Depending on process sequence and final process
step, PECVD reactorfor layer deposition of passivation stacls shoud be selected accordingly, due to
differences in deposition technique.This section showed he impact of chemical passivation ofsilicon
oxides asan interfacial layer to be one of the main influences in surface passivation of Si substratesext

to H and field effect passivation. While the latter two are lesser effective in silicon oxides, capping layers
from CVD reactors will provide those properties in dielectric stacks and therefore need not himpacted by
the interfacial silicon oxide, as will be discussed in sections2.2 and 3 in further detail.

8 g St abl e e e of nofurtheeprosessrsteps of standard solar cell production may affect this value. Not included
are influences of degradation due to exposure to light, temperature or other environmental influences during solar
cell operation and lifetime (e.g.,LeTID[277])

87 0On a side note, the ALD AlQlayer (as later discussed in detail in sectior2.2.4) exhibits a significantly thick interfacial
oxide layer, thicker than grown native oxde after HF dip in DI water applied before AlQ deposition. This has no
influence on the LT comparison between samples, since the field effect passivation of ALD AIB the significant
passivation effect for the samples in this case
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1.7 Thermal Treatment

Thermal treatment of Si substrates can entail a variety of means and properties, depending @nocess?.
Impact depends on process hisry®®, molecular compositions and thermal treatmentparameters®. Si
substrates are imperatively exposed to at least one thermal treatmenthe one used duringcrystallization®,
subsequently being the most crucial of all. With Si beingprimarily used in miaoelectronics, such as
microchip industry, Si crystallization and its influence onthe lattice was fundamentally investigated over
the last 80 years.Concentrating on the relevant findings concerning further sectins, a brief overview is
given.

Essentialto Si crystallization is control of temperature gradients to grow a monocrystalline phase over the
whole ingot. Easier said than donecertain influences and subsequent defects arénevitable. As such,
thermal stresses and thermal flows on the solieto-liquid interface during ingot pulling lead to ring-shaped
defects, 1D and 2D in nature centered on the middle of the ingot, in case of CzSi*2. Mold casted Si, such
as me and QMSi, are limited less by suchlD and 2D defects, since8D defects, such as graiboundaries
are much more likelyand have a higher impact Consequently, crystalline defectimitations depend on
crystallization technique. Similarly, incorporation of foreign elements, such as impuritiesand dopants, is
temperature dependent. Not only theplain amount/concentration in-diffused/incorporatedis determined,
but the final molecular state i.e, as interstitial, substitutional or clustered atom(s). In this context, O as a
versatile element, being able todiffuse and change state at comparalyl low temperatures is concerning in
Si substrates for semiconductor processindzarly investigations[50] have shown O to be responsible for
major property changes, both electrical and optical in nature, ofSi, due to its donor behavior in certain
molecular states as detailed in this section Especially in combination with preexisting crystal defect
centers, O can act )d59), ita dogor dbiity depehdend enrthemmal tre@timdnt in
contrast to donor behavior of dopants, such as B and Being in active state after diffusion/crystallization.
O can then occur as O clusters, O precipitates, O induced stacking faults and O based vacancysjpair, 52,
50]. Microscopic evidence thereof is based on magnetic resonance measuremef8] and FTIR[54]. It is
further established, that such TD occurrencebegins at temperatures above 450°J55]. As there exist
multiple TD types®, eachwithad i st i nct activation energy aresidtivifgubseque
behavior of Si may change accordingly dependent on thermal treatment and subsequeteémperature
history. In case of O based TOnterstitial O concentration® O is decreased, due to O precipitation in defect
sites [50] and minority carrier lifetime (LT, tes) accordingly influenced [51]. Photo-luminescence (PL)
imaging shows typically resulting/emerging ring-shaped low lifetime regions[51, 52]. TD formationis more
prominent in n-type Si, due to a typicaly higher O conent incorporated during P doped Si material growth
yet also found in p-type Si[56]. TD formation is restricted to a temperature window of ~450950°C in total.
In that window, different TD types® basedon O might grow, be annihilated and regrow, divided into old
and new TD species, based on thermal behavi¢b7]. Furthermore, TD growth is time dependent due to
being diffusion driven [51]. Therefore,a variety of solutions are available to prevent TD occurrence and/or
influence. The first is to reduce Q in the grown crystalP®. Secondly, with additional/optimized thermal
control and/or magnetic field stabilization, defects can be prevented/outgrown during crystallization,
limiting precipitation sites [58]. If the ingot is already crystallized with defect concentration and Q

88 j.e, diffusion, annealing, gettering, contact formation, etc.

8 Process steps already performed, essentiallyeginning with Si ingot crystallization and its material composition
% Temperature, duration and environment.e, atmosphere, coatings and contaminants

9 Includes by definition epitaxial grown Si layers, considering the necessary process temperature of >900[45]
92 Comparable influences of thermal treatment can be found in FBi[275]

9 Not necessarily based on O as the donor elemenBome sources name N in a similar fashiob2]

% O is commonly found on interstitial sites in the lattice after Si crystallizadion

% More than 20 found up to date

% Inert atmosphere duringcrystallization and reduced O content in melt and crucible coating
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restrictively high, HT step temperatures in the range of TD growth” should be avoided or be exceededThe

|l atter being introducadaid52%5% €0 dhere Sijs treated ta~1@00°€@ fonal a
short time and then cooled down at a high rate, to surpass the TD growth zone as fast as possibltereby,

two things happen. First, O and any of its precipitates alreadyaving been grown, disolve and are
reintroduced as Qin the lattice. Secondy, defects are possibly rearranged to not be able to allow for TD
growth. ThisHT step is supposed toallow for subsequent thermal processing/treatment in the TD growth
temperature range without the re-emergence of TD behavior in the Si material.

1.7.1Impact of Thermal
Treatment on Si
Bulk Lifetime
Depending on base doping p-type Cz-Si
. . O 1.0ms
polarity (p- or n-type), Si
materials show fundamental

differences concerning

thermal treatment. To

visualize distinct local and n-type Cz-Si
. O 10ms

broader influences

determining carrier

recombination and subsequent

effective lifetime (dependent

on injection level), PLimaging n-type Cz-Si HP
is applied. The graphs in g 8= 1% e
Fig.1.18 show PL images of J:ommmE 7.0 ms |
the full substrate area only

passivated byan annealedALD

AlO, layer before/after n-type QM-Si
temperature treatment M 1.0ms
dependent on group(details in

Tab.1.3). Essentially the three

columns show the

corresponding substrate type | n-type QM-Si HP
(rows) in the passiated @gs- M 1.0/ms
etchedec and therefore non

temperature treated state G1

(nearly right after ingot

pulling\casting and wafering), | p-type QM-Si HP
followed by the state G2 after I
standardP diffusion (POGI gas

in tube furnace) and state G in

the last column after standard | Figure1.18: PL imaging of Si substrates under various temperature treatment
P diffusion and subsequent dry 156x156 mm? area size Si substrate typesyorow with effective
lifetime scaling of corresponding PL images depending on
temperature treatment G1, G2 and G7 (columns, for details refe
shown materials are from to Tab.1.3). Arrows and dashed boundaries refer to certain area:
described in detail in the corresponding part of the text

oxidation in tube furnace. All

97 Dependent on actual TD type
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experimental ingots and processed fromthere on in the same processe¥ to allow for direct comparison.

Beginning with p-type CzSi, Fig.1.18A shows a homogenous PL image od ssq wafer without distinct
features from the bulk. Thischanges inFig. 1.18B with the formation of the aforementioned ring-structures
(darker centered rig-shaped areas)are depending on thermal donor precipitatior?®. In the asgrown and
subsequenty as-etched state G1, the thermal donors.e, interstitial O atoms, are still distributed over the
whole substrate area. Precipitation and subsequent increase necombination activity only begins withHT
treatment at existing crystal defect sites [51]. They usually show ring shaps considering the thermal flow
of a round CzSi ingot during pulling from the melt. Despiteadditional gettering mechanisnms by PSG growth
during diffusion?® [61], effective lifetime on the whole wafer declines.By increasingthe temperature and
duration during heattreatment, intensity and area of recombination centers increase depending on thermal
donor amount and cefect density, aslong as a critical temperature is not reached and/or the cooling rate
is not too high. Fig. 1.18C further shows the result of a subsequent oxidation step. Under O atmosphere
influence, the effect of ring-formation can be increased leading to a heightened recombination activity and
a subsequentcentered black PL area of nearly the whole waferNevertheless,as a by-product of thermal
donor diffusion from areaswith lower defect density (outer ingot area and therefore wafer corners) to the
substrate center, the corners of the wafer can show increased effective carrier lifetimg¢mdicated by arrow
in Fig.1.18C)even above initial levels. Applying the same processes to &q n-type CzSi material with a
comparably lower initial average lifetime (Fig.1.18D), themal donor dpehaviorccan even be seen in the
corners of the wafer (black areas indicated by arrow). In case oftgpe material a subsequent P diffusion
and gettering step leads to an overall increase in lifetime with the aforementioned clearing of the
outermost areas of the wafer from thermal donors and impurities. The forming ring structure is barely
visible after a standard P diffusion step inFig.1.18E. Far more prominent (and only as an example of
detrimental effect to PL imaging of bulk samples) is the remaining savdamage (dashed area on the left of
Fig. 1.18E) overshadowing the underlying bulk by optical and electric influence on the measurement,
limiting the lifetime and thus the view of the bulk. Accordingly, ron-bulk dependent artefacts need to be
distinguished from the relevant data. WithFig. 1.18F, the influence of the additional thermal oxidation step
is again fully visible, supporting again the strengthening of the ringformation due to O, gas flow and curing
of the wafer corners (white arrow inFig.1.18F). Nevertheless, overall the impact of themal oxidation on
n-type CzSi is (at least in average over the majority of wafer area) by far less severe compared tetype
CzSi. It even slightly improves with the third temperature step.

Table1.3: Tempeature process step parameters for groupsGslL

Group  1s'temp.step 2" temp. step 3 temp. step
HT annealing P diffusion Thermal dry oxidation
N2 flow O + POC} flow O: flow
Gl - - -
G2 - 60 min / 850°C -
G3 20 min / 900°C 60 min / 850°C -
G4 100 min / 900°C 60 min / 850°C -
G5 20 min / 930°C 60 min / 850°C -
G6 100 min / 930°C 60 min / 850°C -
G7 20 min / 930°C 60 min / 850°C 30 min / 900°C
G8 100 min / 930°C 60 min / 850°C 30 min / 900°C

% Sawing, etching, cleaning and passivation
9 Effect dependent on CzSi ingot growth and thus wder position along the ingot height. Affected ingot part may vary
100 p diffusion gettering (PDG)
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To improve the | ower edhpdarf omaima oipm 6aS{ wihdgpoamby meagsh i ¢
of altered methods during pulling!®t. In comparison of Fig.1.18D and G an apparent improvement of
lifetime in the as-etched state can be obtained. Furthethermal treatment only improves on this lifetime
level up to 7 ms in the oxidized state inFig.1.18J. Neither ringstructures, nor any detrimental corners are
visible. Shown here in comparison only, the aase of the improvement of HP material during HT step will
be discussed in further sections.

Moving on to n-type mono-cast/quasimono Si (QMSI) casted with CzSi seed wafers on the bottom of the
casting crucible Fig. 1.18K shows the distinct bamboaclike shadedgrain-boundaries. Since QIBi is casted
similar to mc-Sit%2, a certain amount of grain boundariess expected. The amount determines the grade of
QM Si material as mentioned above. In this casegrade 2 material is shown.The upper edgeof the wafer
is closer to the top of the casted blocR®. The reason of grain boundaries displayed in stripe structure is the
way the material was sawn. While m¢Si is usually sawn (wafered) verticdy to the growth direction to
allow for at least some average lifetime areas even on wafers from corner columns, @®l, being sorted in
grades 13 in any case is waferedalong the former cooling front direction and subsequent grain boundary
growth. As can be seen, the recombirion active grain boundaries even vanish in the upper parts of the
wafers, due to annihilation or other forms of overlap.The decision to cut the wafers accordingly is due to
the use in solar cell$®, where charge carriers have to move vertically and horizdally in the wafer from
point of emergence to the metal contacts (in plane and up and down seen from wieers point, respectively).
Thus, with the grain boundaries running parallel to the edge, in the wafer plane, the recombination of
charge carriers durimg solar cell operation can be minimized by printing of the fingers perpendicular to the
grain boundaries This minimizes te chance of charge carriers to recombine on the defect sites during
transition to the metal contacts.

To inactivate some of the recanbination active grain boundaries from the asetched state, gettering leads
to a significant increase in effective lifetime, as seen irFFig. 1.18L. Precipitation of impurities mainly occurs
near grain boundaries, but also on defects, stemming from ingot casting. Comparing the beoVine-shaped
defect in Fig. 1.18K and L (white arrows), formerly distributed impurities between grain boundaries now
form a nearly dawn through line of lesser recombination activity. The upper part of the wafer displays a
higher lifetime increase due to gettering, compared to the rest of the wafer. Impurities in the upper part
stem from the solidification of the final bit of liquid Si in the casting process, containing the majority of
impurities due to segregation coefficients usually being higher in the liquid phase of SiOxidation steps
however, are detrimental to QM material. Quite homogeneoug the effective lifetime declines by up to 2
magnitudes. Theory here is the growth of either mechanical stress related defects or redistribution of
impurities from the grain boundaries. Thermal donors are commonly not expected to occusince QMSi
shows comparably and typically lower interstitial O density!®®. Nevertheless,easy to detect ring-shaped
defects cannot occur, making arevaluation by PL imaging similar tothe case of CzSi not possible

Adding CzSi as seed wafers to grown-type HP QMSi, significant changes occurThe overall densty of
grain boundaries diminishes. Except for a few more prominent lines, the material resembles &t Grade 1
material of that kind has nearly no grain boundaries. It can only be distinguished by thevay the wafer
breaks parallel to the wafer edges compeed to the 47° angle common for wafered CZSi. Since the casting
process of the HP QMSi is still a cooling process in a crucible, the final solidification in the upper ingot
part leads to the expected degraded area in the top part of the waferHjg. 1.18N), which can be gettered

101 Not detailed due to non-disclosure agreement being into effect

102 Fig, 1.13A&B

108 Fig. 1.14C

104 Refer to section4 for further details

105 Generally, due to the Bridgmartype casting of meSi and QMSi, an up to one magnitude lower ©content of 0.5
4.0-107 cm® [301, 302] can be achieved compared to standard crystallized €3i with 0.5-1.0-10® cm® [300, 301]
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(Fig.1.180) to reach high lifetime values even in his area. Since theliquid region near the curved
solidification line acts as agettering sink, sudden temperature variations can lead taltered recombination
activity regions. In this case, aregion with increasing recombination activity due to precipitation of
impurities during HT stephas grown (greying of area indicated by whitearrow from Fig. 1.18N to O). One
artefact (only now visible, but also occurring inFig. 1.18K) in QM-Si are low lifetime sites visible as short
dashes in gowth direction (dashed area inFig. 1.18N). Since they do not accumulate any precipitations,
such as impurities, during temperature treatment, they behave like some of the similar no longer visible
grain boundaries. Yet since they only appear in short streaks, they are not expected to be actual grain
boundaries. Considering their vanishing behavior afterHT processing (dashed area irFig.1.180), two
options for their origin remain. Eitherthey are indicative of precipitated impurities on a crystal defect site
being dissolved and gettered during the HT step or they are due tonon-decorated crystal defecs being
geordereds or moved towards

an existing grain boundary to ® n-type Cz-Si
dissolve itself. The oxidation 104f| T n-type Cz-SiHP 410t

. . .. @ p-type Cz-Si - =y
step, whose impact is similarly .0
not visible in Fig.1.18P does _ :

accordingly not lead to a
reemergence of this kind of
defect. Otherwise, the thermal
oxidation impact on HP QMSi
is quite similar to the normal
QMSi in degeneration of
effective lifetime to values
below 100 ps.

The last row of Fig.1.18
depicts the experimental p
type HP QMSi material. On a
lower average effective
lifetime level the same effects

103 10°

Effective lifetime 74 [us]

1 10?

as describa for the n-type HP Figurel.19: Effective lifetime dependent on thermal treatment of$zypes
) Effective lifetime of 156x156 mm?2 area size CzSi substrate types

QM-Si occur The upper part of with corresponding PL images depending on temperature
the wafer can be gettered, treatment (Groups GiG8, refer to Tabl.3). Dashed lines are
typical HP defects (white guides-to-the-eye. Arrows indicate the corresponding data point.

- PL images are not scaled thesame due to emphasize certain
dashed areas in Fig.1.18Q) structures in the bulk material otherwise not visible, leading to
occur and can ke annealed different shaded areas of same effective lifetime among different
(white dashed areas in images. Dotted lines are guidego-the-eye

Fig.1.18R), while thermal

oxidation leads to a significant decrease in overall lifetime. Due to a slight difference in solubility
coefficients for p-type Si (B dopant) corpared to n-type S (P dopant), thecurveddefect region known from
Fig. 1.18N does not occur.Further optimization of temperature budget management during solidification
and previous seeding with CZSi wafers leads to a fairly low grain boundary density.

To better understand and compare the different influences and their extent oHT process step parameters
(especially on CzSi), three materials were exposed to a variation of the three processes aforementied in
Tab.1.3 as indicated on the xaxis in Fig.1.19. Displayed in the same figure are the resulting average
effective lifetimes with the corresponding PLimage to show the distribution of the same. Thestandard n-
type CzSi (filled black squares) anch new HP n-type CzSi (open black squares) materials are compared to
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the standard p-type CzSi (filled black circles).If no changes occurred compared to thedrmer column in
Fig. 1.19, the data point and PL image is omitted due to visibility reasons.

Considering the lifetime degradation of ptype CzSi with increasing temperature budget- both in amount
and duration - the kinetics of ring formation and its extent become visible. Beginning with a fixed duration
of 20 min at increasing temperature, lifetime dropsfrom the as-etched state of 800us to below 50 us. The
ring formation starts in the middle of the wafer and moves seemingly outwards, while impurities and
thermal donors precipitate on the crystal defects, being the root causg51]. Thermal gradients drive
mechanical stresses and in turn induce the outard growth of the lifetime degraded area. Since this process
is mainly dependent on the diffusion coefficient of the impurities, increased duration has the same effect
on ring growth. Adding an oxidation step is solely an extension of the temperature budge The O, flow
does not affect the ring structure significantly either way in ptype CzSi. The growth of the lifetime
degraded region starts locally with the formation of various distanced rings from the centerSimply speed
and therefore extent of lifetime degradation is higher closer to the center. Microscopically, the rings extent
each their width, until they unite with another to fill the space in between them. They do not move in
position during HT step variation proving the root cause of a previous} existing and localizedcrystal defect
with its origin stemming from the crystallization process

The aforementioned behavior of ntype CzSi is different in so far, as the temperature budget either only
marginally affects the wafer in a negative way oreven improves the effective lifetime. While in standard n
type CzSi substrates ringlike structures appear, they do not show significant degradation. Gettering
impurities - those that actually are detrimental to this kind of material - has a far higher inpact. Oftenthe
lifetime in previously lower lifetime areas improves and vice versa (compare Fig.19 first and last PL image
of n-type CzSi). Therefore, a similar internal gettering of impurities in crytal defect zones can beattested.
This gettering effect seems to start at higher temperatures and durations (compare start of ring formation
of p- and n-type CzSiin Fig. 1.19), compared to ptype CzSi. xidation steps are if at all positive in nature
concerning lifetime improvement up to 1 ms.

With the knowledge of ring formation, a high-performance ntype CzSi ingot was pulled and wafered. The
HP CzSi shows similar behavior compared to standard-type CzSi up to about 900°C for 100min or 930°C
for 60 min (not displayed). While the standard ftype material starts forming rings stagnating the lifetime
improvement, the HP material increases the lifetime improvement rate to reach up to s after oxidation.
No bulk defect of any kindis visible in PL imaging.To understand the changes made in case of HP X to
omit the ring formation and subsequent precipitation of impurities and/or thermal donors, additional
measurements were performed.

1.7.2 Interstitial Oxygen as aThermal Donor Indicator
To understand and explain the behavior of Si materialunder thermal treatment and O atmosphere
presented in former sections the interstitial O was measured by means of Fourietransform infrared
spectroscopy® (FTIR section2.2.4). The corresponding density of interstitialoxygen O can be derived from
the peak height of the S+O bond at 1107cm™ by calculating the corresponding absorption coefficientl
[62]:

O =KA,, 14)

with constantK=2 . A®‘ajc (DIN 50438/1 and ASTMF 121-83). By determining the value of O in
this specific way, additional sources, sth as the native oxide layer on each side of the wafer, as well as
any O, atmosphere impacts are added to that value. Concerning the native oxide layer, it can be assumed,
that it is identical on all samples, considering the final HF treatment was simultarously and measurement
occurred within a negligible time frame. O, atmosphere effects will be shown to contribute with a similar
offset to the data. The Qwill be compared to base resistivity R measurements by4PP. R,, as a common
guantity in semiconductor physics, is here plotted on the respective axis in reverse to reflect a curve of
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conductivity due to intuitive reasons. The effective lifetime can be interpreted as the pure bulk lifetime,
considering the surfacepassivation not to be the limiting factor in this case and is shown in logarithmic
scale. Dimension of lifetime axis is not changed between materials, yet due to visibility reasons, Bnd Q
are adjusted to field of vision, so change in axis boundaries are to be notedhe relative spacingis kept
the same, to allow for direct comparison of relative changes between materials independent of overall
guantity level. All values are averaged oveithe whole substrate area. Additionally,all quantities are in
some graphsgiven for the center of the wafer symbolized by black and grey crosses, respectively.

Recalling the p-type CzSi impact during the thermal treatments G2G8, the ringformation started even

with a standard P diffusion G2. Figl.20 shows a corresponding increase in (by 1207 cm2. Base resistivity
decreases accordingly by 1.§ ¢ m, showi ng t hetialnCaas @& thermab donolisouttcee Bys t i
releasing O from a bound state into the interstiial space, charge carriers are injectedincreasing
conductivity. Lifetime decreases simultaneously, either by the O acting as impurity to increase SRH
recombination or the corelease of other impurities, not gettered during the P diffusion acting as a gettering
step. Additional thermal treatmert at 900°C or 930°C for 20100 min (G3G6) hasa further detrimental
effect on lifetime due to ring formation (refer Fig. 1.19). The Qvalue decreases further to about half the
initial difference of G1 andG2 and stagnates for further treatment. While the correlation to lifetimecannot
clearly be seen in the averaged values, the center of thsubstrate (crosses) correlakecomparably well,
showing the highest G; values for the lowest lifetime values, as expcted from PL imaging inFig.1.19.
Interestingly enough, R does
not follow that trend. If the
drop in O is due to re
precipitation increasing 8.0 q10°

recombination and loss in £ -
L . 5 % =
lifetime of charge carriers, a S » P
w
strong increase in B would be o ? L X . X “5105 é
. . - T X 1 —
expected, with the loss in § 7O xR * 1 %
= / ' I
thermal donors. Apparently, -] \T;;\_. I v
. - L lIreidree - 410 5
decoration of crystal defects of = £ & i I :ik i 5
. . - - . - ﬁ‘-;__“ : t
the emerging ring structure gﬁo " 3 2-] w

8 eol

| =

does not significantly diminish

410!
the thermal donor effect of O. ]
A final oxidation of the ! ! ! ! ! L ! .
G1 G2 G3 G4 G5 G6 G7 G8
samples (G7 and G8) lead®s a R, -~ ® -7y ™ O,: averaged over wafer p-type Cz-Si

rise in Q due to diffusion of X T4 %X O
external O atoms and a slight

decrease in base resistivity. Figurel.20: Interstitial O impact of gype CzSi

Since ring formation has Interstitial O, effective lifetime and base resistivity of ptype CzSi
) ) substrate depending on temperature treatment (Groups GGE8,

already begun in the first two refer to Tab.1.3). Da$ed lines are guidesto-the-eye

HT steps, the O furthers the

drop in lifetime.

,  center of wafer

Moving on to n-type CzSi material, the lifetime impact in Fig. 1.19 from ring formation is rather limiting,
than detrimental. Lifetime improves by gettering in P diffusion (G2G8) with only the corners of the wafer
being significantly affected. Fig.1.21 shows the corresponding changes in Gand R,. While Qis in a similar
range of 50" cm??, base resistance is higher intherange of$9 ¢ m, ¢ o mp-type €&Si. The inifal
increase of Q by thermal treatment (G1 to G2) is not registered in Ras a thermal doping effect. Base
resistivity drops nearly lineaty with temperature and duration from G2 to G6 with a correlation to the
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simultaneous decrease in ©

Apparently O in ntype CzSi is ' ' ' ' ' ' ' '
released and precipitates J10¢
similar to p-type CzSi, even “g _
considering the slight rise in Q N 6.0 X 5
with oxidation (G7 and G8) = y + i S
correlated with a drop in R. % %;aiﬁ St E
Yet, tes is not affected and > Tx j T £
even rises by applying an %5'0 ~ ) W- 4102 %
oxidation step. The center of % g
the wafer (crosses) is also not E

negatively affected by the ol 410%
correlated maximum in Q . . . . . . . .
concerning lifetime  (also 61 62 63 G4 G5 G667 G8

averaged over wafer n-type Cz-5Si

X T X 0;: center of wafer

R, ~- 8- Toq-%- O;:

compare PL images in
Fig.1.19). O in ntype CzSi

seems only to be a limiting Figurel.21: Interstitial O impact of rtype CzSi

factor as an impurity but not a Interstitial O, effective lifetime and base resistivity of n-type CzSi
strong thermal donor, as is substrate depending on temperature treatment (Groas G1G8,
evidenced by the lack of base refer to Tab.1.3). Dashed lines are guidego-the-eye

resistivity decrease with the

initial rise in O; from G1 to G2.Therefore, the decrease in conductity could simply stem from mobility
restrictions of charge carriers, not decrease in numbers. Similar tafype CzSi before, R might not change

if only precipitation of O is considered. Nevertheless, precipitation is only limiting, not detrimental tct .

Improving the standard ntype CzSi ingot by growth of an experimental HP ntype CzSi ingot, the limiting
factor of a high O content in the as-grown state was aimed to be reducedFig.1.19 showed no ring
formation  during  930°C
thermal treatment steps. To

have a complete picture, all

thermal treatment steps are _ 410*
now displayed in Fig.1.22. The H’g i'i R Q-
overall behavior of the HP n & 50F ‘T E'E
type CzSi can be described as ;ﬂ ¥§§ S EL é
similar to the standard n-type g y i « ¥ 3
CzSi material. Yet, a few % +# o + <
characteristics ~make the = Z sor ' . ) j10° §
difference. The achieved aim E m KT
to reduce the average O =

content can be seen in the 5ol i
reduced Q values of 4.2 I L . L . ! ! !

G1 G2 G3 G4 G5 Gé6 G7 G8

: averaged over wafer n-type Cz-Si
HP

compared to the former
5Q0' cm?. The change of © %
mirrors that of before as well.

Ry, on a similar resistivity level | Figurel.22: Interstitial O impact of rrype CzSi HP

of 429 ¢ m, mirror Interstitial O, effective lifetime and base resistivity of HP ntype
CzSi substrate depending on temperature treatment (Groups G1
G8, refer to Tab1.3). Dashed lines are guideso-the-eye

T X 0;: center of wafer

of the standard ntype CzSi as
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well, except for the formerly expected slight increase for the initial thermal treatment. Comparing the
maximum and minimum values of @and R,, a high correlation can be found. Essentially the conductivity
of HP ntype CzSi is now governed by the ©concentration as thermal donor. $ice O is no longer
precipitating in ring shaped crystal defect zones, it can apparently act as thermal donor. This gives rise to
a difference in influence of effective lifetime. While the initial release of O during P diffusion has no
negative influence, it is also not accompanied by significant gettering effects. The HP material seems to be
rather impurity reduced in the asgrown state. At 900°C (PL images added ifig. 1.22 to illustrate the lack

of ring formation despite the decrease in lifetime), a drop in lifetime sets in. The degradation is
homogeneously distributed over the wholewafer and shows a precipitation of Cto a significant extent in
similar homogeneously distributedcrystal defect zone. However, this type of precipitation is not the same
as with ring shaped defects. At 930°C processing, this precipitation never occurgaling interstitial O to
be reduced without precipitation. Between 900 and 930°C lies apparently a threshold for distribution of O
in such a way, as it is no longer detrimental to lifetime if reduced. This even allows for the increase of
lifetime during additional oxidation despite simultaneous increase in @ and thus reduction of base
resistivity. Lifetime increase by over one magnitude is significant. The increase by thermal treatment typical
in solar cell processing even more. Curing of Si material durgqhprocessing is an important step to increase
solar cell efficiency at low cost approaches.

To further that agenda of simple Si material production and high quality materiabutcome, at least after
processing, QMSi processis one attempt to achieve thatgoal. One significant advantage of QM casting,
besides the faster and easier casting process, is the ability to reduce i@ the final wafer due to the inherent
nature of the casting process. Since QMi is not pulled from the melt with subsequent expositon to O
sources, such as atmosphereincoated and as suclexposed crucible materials melt surface and others, as
can be the case forCzSi, the overall O content is lower. Figl1.23 shows the by a factor ¢ 4-5 reduced Q
level of n-type QM Si compared to ntype CzSi. Base resistivity ranges atabout§ cm wi t h a | i
of about 100-300 us. Shown is the standard ftype QMSi to illustrate the fundamental differences
compared to CzSi. HP ntype QM Si ranges in a similar Qlevel. The HP is limitedor rather dependent on
the growth of grain boundaries
and not, compared to CzSi,

dependent on precipitation of 30k

@) on formerly non — 10*
recombination active crystal N‘g ] -
defects, such as ring :5’ -5:-5
structures. Basically, QMSi at g 2T . I ?105 !,Ej
such a low Q level is not g P R R ) ) =
limited by thermal donors. To = & ‘}T i ‘!\"’i\'\"'—\f’iii“"wi‘_,_' =
verify  that  assumption, | E * *‘g 10? %
reviewing Fig. 123 shows % Hor KT
certain correlations between E

the three depicted curves. © —5101
follows the typical trend I L I L . ! ! !

f v ob dof i 61 62 63 G4 G5 G6 G7 G8
ormerly observed o mcref';\se R, --®-- 1% - 0;: averaged over wafer n-type QM-5i
due to thermal treatment with R, X

additional O injected by an

oxidation step. At 930°C the | Figurel.23: Interstitial O impact of rtype QMSi

temporary drop in Qleads to a Interstitial O, effective lifetime and base resistivity of ntype
QM Si substrate depending on temperature treatment (Groups
G1-G8, refer to Tab1.3). Dashedines are guidesto-the-eye

T < 0;: center of wafer

slight increase in lifetime,
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showing a slight dependence on O as an impurity in 1iype QMSi. Since the first thermal treatment step
of P diffusion is rather a pure gettering step for major metal impurities, for vaich QM-Si just as meSi is
prone to, the increase in @did not affect the lifetime in its overall rise due to gettering. Base resistivity
averaged overthe wafer areg showing an already higherror bar due to inhomogeneous distribution of
dopants and infuences from grain boundaries (dopant clustering and recombination), is no indication of
conductivity change due to Q Tracking only the values of the quantities in the center of the wafer (crosses
in Fig. 1.23), no correlation of O and R, can be found. Essentially, Chas limited influence on lifetime and
none on R. Thermal donor behavior of O in Atype QM Si can therefore be excluded.

1.7.3Ingot Height Influence on Thermal Treatment

Crystallizing a CzSi ingot usually leads to a variation of doping, impurities and crystal defects laterato
and vertically along the ingot axis due to segregation and thermal gradients alike As described before,
multiple measures are taken, depending on desired ingot and subgaent wafer quality, to prevent or
remove or level the variations. While defects and impurities are tried to be removed or prevented
completely, doping is to beas homogeneous as possible. The l&r can be influenced either by recharging
of primary doping element, dilution of the melt%® or by compensation with another. In case of a
compensated ntype CzSi ingot, the primary dopant is P being accumulated in the melbover time during
pulling due to a low solubility in the crystallizing /solid ingot part. To compensate the ensuing accumulation
of P in the lower part of the ingot due to a rising solubility depending on concentration, B canbe added to
the melt in form of pure B powder. With B having a comparabt higher solubility in the solidifying ingot,
the net doping effect is reduced and the resistivity along the ingot can be leveled and controlled.
Nevertheless,(such) a recharging of the melt disrupts the equilibrium heat flows and results in possible
crystal defects due to thermal gradients not desiredAn as suchcompensated ingot also shows the common
impurity rich bottom part, having accumulated all the impurities gettered in the liquid part of the melt.
Given the fact that O has a solubility coefficient equal in the liquid and the solid phase of Si, itis
incorporated rather constantly. Itssegregation into the ingot during pulling is primarily determined by the
influx of O from the atmospheré®, the recharging material (usually degassedand the crucible coating
(commonly SiQ or SiN:H). In the ingot to be considered next, the O gradient is determined by the influx
of O from the inner crucible wall coating and thereforereceding over time due tothe resorption of already
resolved O in the melt at the beginning of the pulling, the receding melt level (andthus coveredcrucible
area), and the reservoir of O in the waltoating overall. Thus, a nearly linear decreasing O gradient in the
ingot from top (highest concentration) to bottom is formed. Depending on concentration, O will be
incorporated into the lattice in different ways, forming clusters at higher concentration and single defect
sites at lower concentration. Given the addition of Bas a dopant, even BO complexes as beingcommon to
p-type CzSi are expectable.

The influence of thermal treatment depending on the ingot height of an experimental, by recharging of B

in such a waycompensated ntype CzSi ingot is displayed in Fig.1.24 regarding changes in effective

lifetime (left y -axis) and base resistiity (right y-axis) for a variety of process step sequenceSince sufficient

passivation of the Si surface is necessary, even th@py convention called)g acsut ¢ sampl-es ar e
chemically etched, cleaned and passivatedpeing exposed to a certain amountand duration of thermal

treatment. The gHT st eplTtreatethimladube flamaee step for 100min at 930°C in N

atmosphere, after etching and cleaning. Both sample groups atealved for either an ALD AlQ passivation

annealed at 450°C for 30min or an ALD/PECVD Alg5iN«:H passivation stack fired in a belt furnace at

106 g g.,undoped Si chunks/pellets
107 Commonly prevented by an inert gas.e, Ar lid
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Figurel.24: Thermal impact dependent on ingot height
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the bottom part of the

ingot using B leveled the base resistance curveomparably well. Neverthelessthe influence of TD are only

seen after a high temperat ur esgcavextphe sirfGilarn shape tndenat hr ee o
comparable level within the deviation, the change of resistivity due to a thermal budgetibove 450°C is of

same origin. Before going into details as to how and why, it is worthy to note the difference in thermal

budget leading to the same change in R Even the comparably fast her mal t r e atcnuetn tf iofe dtch ¢
group of <10s at 850°C issufficient to change R in the top part of the ingot. A longer treatment even at

930°C for up to 100min does not result in a different behavior, nor does then a subsequent firing step.

The net decrease inbase resistivity in the top part of the ingot, gadually receding towards the middle of

the ingot length is consistent with the aforementioned linear distribution of averaged G concentration.

Therefore, the dop in resistivity in the ingots top part after HT stepis coinciding with the highest O and

subsequent TD concentration. Any sufficiently high temperature step leads to dissolution of the TD

precipitates. The underlying resistivity (after thermal treatment) is the actual net doping oB and P ranging

from1to 4y c nkffective lifetimeisdifferent | y af fected. Begicuni mgg n@&@diemd cwigtr

compensation of P
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the LT curve follows the resistivity curve. For higher doping (lower base resistivity), LT is lower due to
increasedrecombination centers from dopantsDespite having a higher resistivity conpared to the top, the

bottom part exhibits a lower LT level, both due to the additional B doping to compensate the higher P
concentration and the higher impurity concentration due to gettering of the melt during pulling. The same

effect can be seenforte f i r ed gcruotusp soaf mpg aess . However, the differ.e
part should impact the LT. As seen before, TD resolve can, but does not necessatiad to a degradation

of LT. If the typical ring structure formation does not emergeL T might not be affected.Seeing both, the

PL images(50 x 50 mm? corner pieces in lower part of Fig.1.24)of t wautgagroups for the v
length, as well as the effective lifetime curves, neitler ring formation, nor LT impact can be seerA higher

LT value for the fired samplesin the top part can be explained by the Hricher passivation usingSiN:H

with the dissolved O precipitates.

LT changes more drasti cal | ySincatherma seatmantfis IdndeeandyaHal st ep 6
higher temperature, dissolved O results in ring formation in the &ich top part. PL images of both

passivation groups show similar results with increasing degeneration closer to the top. The LT drdp

below 100 us from1.5ms i n -d thte fgiarsedec st ate accompanies the i mag
Unexpectedly, LT increases in the bottom partupto3nsf or t he gHT step anneal edec ¢
f or t-dhiet g agfricharpassivatibn (fired samples)is less effective to reach maximum lifetime,

maybe showing signs of a degenerated state involving # degradation mechanismsNevertheless, the

increase in lifetime occurs in a nearly TBfree ingot zone (no resistivity change or ring formation) and is

only seenci s aghbydnashe enpurity richer bottom of the ingot, LT is still higher, than in

t he-cgas rposailgesexplanation can be found in the annealing of crystal defects originating

during ingot growth. As mentioned before, compensated C3i is prone to such defects during
crystallization. High thermal budget allows for rearrangement and diffusion of such point and line defects

to the surface or each otherA less recombination active material is the result.

In conclusion depending on duration and amount of thermal treatment, parts of a CzSi ingot can behave
differently, resulting in resistivity and LT variations due to compensation doping, TD, crystal defects and
ring formation. Aiming to utilize a whole ingot for solar cell production, either the process has to be
adaptable/unaffected to/by such influences of the ingot parts or those influencesieed to be avoidedto be
generatedduring ingot casting/pulling. In this section, interstitial O was found to impact the bulk lifetime
due to accumulation and precipitation as thermal donorsalong crystal defect sitesoriginating from ingot
growth/pulling. A material property dependent thermal behavior of ring formation as the visiblesvidence
of the increased recombination at such precipitation sitesand thus O diffusion was shown to be
compensable byhigh-temperature treatment to a certain extent. The effectiveness of latter, so called tabula
rasa step, again dependent on material propertiesDue to these known issues,a new Si material
crystallization process was tried and investigated. While thus Qi still lacks certain properties and
qualities of the CzSi, such as no grairboundary occurrencethermal impact is far lower due to reduced ©
concentration in the QM-Si material. Nevertheless, G&i coud be replaced by the cheaper QNMSi process,
if certain technological advances will be made.

1.7.41mpact of Thermal Treatment from APCVDProcessingon SiBulk Lifetime

Temperature impact on CZSi material is not limited to processes above 800°C common to diffuen steps
in tube furnaces. While degradation effects due to thermal donors are widely seen and therefore
investigated in such settings, a variety of publications describe similar effects down to 4005Gs detailed
in section 1.7. At fairly lower HT processing, heating and cooling rates, as well as temperature gradients
within the wafer play an important role. This is obviously due to the fact, that mere diffusion driven factors,
such as diffusion coefficient increase with temperatre or the duration of a process is less important at
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overall lower temperatures. Nevertheless, examples show the significance of temperature budget on a
wafer during processing even at temperatures in the range of 46800°C.

Processing in a CVD reactogespecially an APCVE reactor, can lead to temperatures of up to 700°C for a
short while of a few minutes. While mere minutes are barely enough to diffuse thermal donors or other
impurities over long distances, precipitation in a local area is always possib. Necessary are only crystal
defects to allow for seeding of these precipitates.Therefore, the possibility for the APCVD reactor to
influence bulk lifetime by thermal donor activation has to be considered.

To evaluate the possibility and subsequent extet of the influence, n-type CzSi wafers, prone to thermal
donor based degradation were processed to reflect the stages of the material after different process steps.
The results shownhere are based on[63]. Fig. 1.25 depicts the average effective lifetime of the ntype Cz

Si wafers depending on process sequence step (grey text next to data points, referring to Td4) and
corresponding PL images of wafer corners for three samples (dashed box connects PL image with data
point). The dashed line divides the samples wittfired SiN¢:H (filled symbols) andfired SiQJ/SiN«H (open
symbols) passivation.Conditional to the process,samples are passivated withtwo different passivation
layer/stacks, which arenot limiting or relevantly influencing the overall lifetime on this lifetime level,
allowing for direct comparison of all samples.

As-etched lifetime of n-type CzSi startsat 750 us in Fig. 1.25 with a homogeneous, no defects showing
bulk substrate. A subsequentT step (preHT), at the beginning of possible further processing steps, was
performed in N, atmosphere for about 60min at 1000°C to omit possible occurrence of thermal donor
based degradation of lifetime during further processing. The expected effect would be as aforementioned
to disperse the thermal donors in a way that they cannot precipitate agairat lower temperatures. This
group G2 shows no significant decrease in lifetime with an average of 750s and a similaly homogenous
PL image.

Table1.4: Process sequence of APCVD thermal budget treat&il Cz

SDR & pre-HT step in N flow APCVD temp. step DCE gas Thermal, dry oxidation

Group Cleaning (60 min @ 1000°C) N2 flow clean (30 min @ 900°C)
G1 \% - - - -

G2 \ \ . - -

G3 \ - 500°C - -

G4 \ - 710°C - -

G5 \% - 710°C - standard

G6 \ - 710°C - optimized

G7 \ - 710°C \ optimized

G8 \ \ 710°C \ optimized

If this pre-HT step is not performed, substrates exposed to temperatures below 1000°C are being degraded.
In this case, the asetched wafers were temperature treated in an APCVD tool at 500°C and 700°G3 &
G4). To omit any influences stemming from deposition, only Ngas was flowing to simulate a possible
cooling effect beneath the injectors, where the peak temperature is applied. The bulk lifetime drops to 400
and 250 s, respectively. Again, a tempetare dependence on the extent of lifetime degradation can be
observed. The higher the process temperature, the lower the resulting lifetim&he effect is a homogenous
decrease in lifetime, observable by the darker grey in the lifetime calibrated PL imagshowing the similary
homogeneous distribution of newly formed recombination centersSince the duration of temperature
exposure is inthe mere minute range,multiple ring-structure occurrenceseen in earlier sectionsis not
observed. Nevertheless, in soe cases the time span is sufficierly long to decorate highly stressed areas,

108 For details refer to section2.1.2
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thermal oxidation concerning gas flow at fixed temperature and duration can lead to slightly elevated
lifetimes of 300 us.

Changes during theoxygen, temperature and duration dependent process steps, are occurring solely in the
bulk. To exclude any aternal impurity sources, the wafers were always simultaneously wethemically
cleaned in a HO, based solution between process steps. To additionally exclude an influence during
diffusion by impurities from the native oxide grown during wet-chemical clearing, a gas-based cleaning
step was added (DCE clean) beforinermal oxide growth. The resulting lifetime of group G7 shows no
change to G6. A surfaceelated cause can therefore be ruled out.

Consequently, the asetched state has to be treated to preventhermal donor activation and subsequent
lifetime decrease in the Si bulk. Since the preHT step had no negative impact on initial lifetime, it is
performed on group G8 with all the detrimental process steps of G7 thereafter. The final lifetime of this
group reaches 650us nearly recovering the 750us of the initial value. The correspondingPL image in
Fig.1.25 shows slight shadows near the corners of the 1type CzSi wafer, but neither rings nor fully
degraded areas.

In conclusion,thermal donors obviously behave at lower hightemperature processing even at very short
process times in the minute rangenot detailed in literature before - similar to the thermal donor activation
known from tube diffusion processesln using suchmoderate temperature processing steps, as are needed
to deposit the CVD layersthermal donor impact hasobviously to be accounted for.The prevention via a
pre-HT step to dissociate any seeding of thermal donor precipitates duringrocessing above 400°GAPCVD)
seemsan effective way. Otherwise, optimization of Si material, seen in the sections before, to reduce O
content within the crystallized material, is a necessity to prevent the possible impact during subsequent
moderate tempeaature processing.

109 Cold gas flow from above, cold wall reactor, open exhaust, IR heating from below
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2 Deposition

Deposition in general describes the attachment of a material on a given substrate. Growth itself can be in
a variety of aggregate states, atmospheres, pressures, temperatures, etc. Attachment can thereby be
facilitated by growth of mere adhering films. Detachability is therefore not necessarily excluded. While
deposition techniques consequently are numerous, only one larger field substantial to semiconductor
physics shall be discussed furthemn the following subsections.

2.1 Chemical Vapor Deposition

Chemical Vapor deposition (CVD$ a field of physics dealing with the growth of layers (mostly dielectric in

nature) from the chemical gas phase reacting as radical¥he process can be separated in three basic steps

of generationofd eposi ti on material, transport to the substra
film growth, as detailed in[64] and [65]. Consequently, pecursors for the process can be either gases,

vapors, N-picked-up liquids, vaporized liquids or final plasma reatants, all generally in molecularform. A

common example is the growth of amorphous Si i) from gaseous (g)silane (SiH), where a solid (s)

hydrogenated amorphous Si (&5i:H) structure is grown, since some of the dissociated H is incorporated in

the growing film:

SH, g YSis +2A,( g) a5)

Activation energy for the dissociation of the precursors to release reactants or bond parts of the precursor
molecules to the reaction surfaceds externally given by temperature, plasma generation ointernally by
choosing instable or volatile substances. Dissociation and growth by chemical reaction on the reaction
surfaces is the common process among the different effects and methods of C\i&tailed in these
subsections

Essentially, growth can be sen as the minimization of free energyG= B;n; i, dependent on moles n of
the chemical components forming the film on the substrate surfaceand t hei r ¢ hepnitcanal pot e
further be shownt h a;ts dgpendent ontemperature T and activity a of the reactants, while the latter is
essentialy dependent on total pressure p inside the gas zoneCalculations lead to CVD phase diagrams,
providing the conditions of deposition depending on those quantities for a specific deposition gas mixture

It further provides points of stable depositionconditions, necessary for continuous and homogeneous film
growth.

The reactantsaccumulation is broadly understood as the vapor that in the chemical reaction leads to the
deposition of the generally amorphous layersSince someCVDtechniques useprocesseghat are sequenced
rather than continuous'?, an initial layer of different molecular composition might be grown from the initial
gas phase. Nevertheless, due to surface variations, as detailed latany CVD process might grow such an
initial layer. If equilibrium is reached only a boundary layer exists with slightly different gas composition
and temperature in comparison to the inlet gas stream into the CVD reactor. Thereforfdm properties may
vary among CVD tools at same set parameters. Essentiallye boundary layer composition determines any
rate-limited processes!! during film growth independent of overall gas flow.

In some cases the three reaction steps mentioned before are spatially or temmaly separated*?. In most
CVD reactors, the threesteps aretaking place in close proximity and at the same timé'®. These layers are
commonly dielectrics, such as glasses, nitrides or ceramics. In some cases, epitaxial growth occurs or any

110 Process starts for every substta again. Substrates are not entered into the running process

111 e.g. transport (convection) and adsorption of reactants to the surface, chemical reactions in the gas zone and on the
substrate, nucleation and desorption of reactants and reaction productsgspectively

112j.e.,by remote plasma generation GPECVD) osubsequent reaction (ALD), respectively

113 They are essentially superimpose64]
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far or near ordered/structured layerimaginable in between these classes oflayers. A high dependency on
the substrates properties, such as surface states, doping, topography and layers is influencing the CVD
process and subsequently the growing filmTherefore, fims of the same material might grow in different
forms!!* depending on surface properties. Similarly affecting the process are process parametersuch as
temperature, pressure, gas flow(s) and pow&#f.

Characteristically, CVD processes, while being versatile film property adjustment, allow for comparably
laterally homogeneous film growth and thus thickness, as wells high film density and thus low pin-hole
count. Coating is rather isotropic compared t@hysical vapor deposition PVD processes, allowing for rough
and even cavedsurfacetopographiesto be fully coated. This is disadvantageous, ifa wrap-around of the
filmis notdesiredi.e.,i n case of a.substratecs edge

A further property of CVD films, importantfor use in microelectronics, isfilm stress!’®. Its management
concerning type and strength might determineimpact on/of further processing stepsSimilarly, parasitic
processes, such as homogenous nucleatiéf or pin-hole generation might occur, preventinginfluencing
a stable and homogenous deposition.

Figure2.1: Techniques for CVD deposition

A - Direct plasma enhaned chemical vapor deposition (PECVD) method using a parallel plate reactor
setup in a vacuum chamber togenerate a plasmain the enclosed precursorgas cloud by applying
an electric field between the plate electrodes The lower electrode is heated to allow for chemical
reaction on the thus temperate substrate surface

B - Inductively coupled plasma- plasma enhanced chemical vapor deposition (IGPECVD) method using
rf-coils to inductively induce a plasma of precursor gasesfor deposition from below. Samples are
heated up to deposition temperature before

C- Atmospheric plasma chemical vapor deposition (APCVD) method using the reactivity of the proce:
gasesand substrate heating from the moving ollers at atmosphericpressureto allow for deposition
on the substrate moving seadily underneath the injector head

D - Atomic layer deposition (ALD) method to grow dielectrics atomic layer by layeby alternating
reaction gas flow to the vacuum chamber ad generation of a remote plasma

2.1.1 PECVD Plasma Enhanced CVD

As mentioned above, CVD needsergy supply for the process of dissociation of gas molecules to be able
to react on the sample surface growing a dielectric layer. Plasmgeneration of the reaction gas cloud
allows for the necessary energy supply in a directed and controllable manneenhancing the natural
reaction of the partly volatile precursors To achieve a plasmaeneration, the process is commonlyealized

in a low pressured environment. In case of PECVD, a vacuum of a few hundred mbar is sufficient.
Nevertheless, leakageate needsto be around 1 mbar/min so not to disrupt or contaminate the depgition
process.

Plasma generationcan be done in a variety of ways, such as capacitive or inductivelin case of capacitive

114 Amorphous,columnar, crystalline, poly-crystalline, etc.

115 If plasma-enhancement is applied

116 Introduced during growth and/or any further HTprocessing step. Either compressive or tensile stress dominates
117 Flaking or powder generation on the surface, due to supersaturation @fas zoneor power (.e.,PECVD)
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generation, parallel-plate reactors are commoras adirect PECVd-PECVDtool*. Essentially the substrate
lies in between two electrodes, the upper being perforated to allow for gas showering the enclosed space
(Fig.2.1A). Applying a vdtage to the two electrodes with an optimal frequency[66] of 13.56 MHz reduces
ion bombardment of the surfacefor a plasmageneratedright above the substrate[67, 68]. Layers deposited
in this manner are usually rich in H, fairly dense (film density), yet prone to columnar growth and pinholes
(remaining or falling contaminants).

Another technological version of PEVD is the remoteplasma source implementation. Remote plasma
generation is commonly done by inductivecoupling of eddy currents in the gas and the feedback in the
generation coils. The aim of remote generation of plasma in general, is thespatial separation of ion
bombardment and depositionregions, by placing the sample outside the direct plasma regionwhile the
resulting layers are less dense by decoupling the generation and deposition stages, surface damage due to
radiation and ion bombardment is drasically reduced. Most remote plasma tools are built as an PECVE?,
with the remote plasma source sufficientlyhigh above the sampleand thus the latter similarly out of reach
of the direct plasma region

A third option is to compromise for a middle coursePlacing the remote source closer to the substrate leads
again to higher film densities and richer H content in the films, yet still missing the directing field {.e, of
a parallel plate reactor) the isotropic deposition lacks the detrimental ion bombardment effect.Such an
Inductively-Coupled Plasma (ICBPECVD systerf69, 70, 71, 72, 73] allows for the high deposition rates of
d-PECVDreactors with the low surface damage of +PECVD toolsEmploying the plasma source beneath
the substrate byfor example using such anlCRPECVEP system(Fig.2.1B), pin-hole growth is reduceddue
to lack of falling contaminants possibly shadowing substrate areas from depositiarT he machineused here
is a single-chamber reactor wth a four 6 y s gvafer trag/ positioned above the main reaction chamber
for isotropic, semiremote deposition from below. Plasma generation is realized by inductively coupling an
externally generated magnetic field into the reaction gas zone in thevacuum chamber at 13.56MHz.

2.1.2 APCVD Atmospheric PressureCVD

Vacuum systems are complex and expensive in upscaling and upkeep. Througlit, an important aspect of
industrial production, needs to be increasing with costreduction. A veritable alternative is Amospheric
Pressure (APCVD. It represents the far end of the pressure scale after Low Pressure-jk% D and operates
at normal pressure. While safety is taken into accouiby local exhausts and N curtains, the missing vacuum
no longer allows for controlled plasma generation. In case oAPCVE, the reaction of gases/precursors has
to be driven or rather facilitated by temperature of the substrate surfac€Fig.2.1C) Gases arelirected onto
the heated Si substrate in such way, as to let them interact right on the surface. Dissociation and deposition
are done at a temperature dependent rate simultaneouslyDeposition is prone to inhomogeneity of layer
thickness, molecular structire and film density. Temperaturs of the regions of the substrate govern the
process. Gas flow and ratios merely change the ratio of atomic density in the layers.

2.1.3ALD- Atomic Layer Deposition

Atomic Layer Deposition ALD®) is a very controlled process technology for highly reproducible results. The
reaction of precursors ie, trimethyl-aluminum, TMA) and gas radicalsi.e, O) in a selflimiting process
resulting in growth of near-single atomic layers is achieved by dkrnating the intake of the two layer
formers (Fig.2.1D). Essentially, the Si substrate (as well as the whole vacuum reaction chamber) is coated
by the resulting dielectric. In case of AIQ, TMA as a volatileprecursor adds to the ®i-terminated Si surface

a first layer of Akmethyl groups. These are reduced in the second steyf remote-plasmainduced Oradicals

to an Al-OH layer again terminated by GH. Depending on deposition temperature and precursor/gas tyse
films with various densities can be deposited nearly stoichiometric and with atomic layer thickness
precision.
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2.2 Dielectrics from CVD

Dielectrics are isolating materials commonly used in capacitors. In case of CVD deposited, amorphous
layers''®, dielectrics are in the thickness range of a few A toum. Applications range from thin
passivation/isolation layers to substratedetachable films. CVD thereby allows for wide range of parameter
control and thus cortrol of film characteristics. If limited by the choice of tool technology, surface pre
conditioning and film after-processing further increase the parameter range. Fundamental understanding
of physical and thus chemical effects and governing laws are necessary not only to optimize upon an
existing process, lut to determine new methods and uses of CVD layerBetailed in further subsections are
four of the most prominent layers usedto some degreein microelectronics but primarily in photovoltaics.

A current overview of dielectrics used in photovoltaicsgspedally concerning surface passivation (refer to
section 1.3), can be found in[32].

As detailed before,surfaces of a semiconductori.e.,Siform the end of the ordered band structure with the
emergence of a semicontinuum of energy statesin the band gap due to danglingbond occurrenceat the
surface The semicontinuum states adhere to an extended ShockleyReadHall recombination theory [74,
75] for surface statesallowing for approximation in form of interface defect density*'® Dy with an energy in
the middle of the band gap[76, 77, 78]. It can be shown, thatS, ;¥ D; A& pis valid [79]. Again, reducing
recombination therefore can be achieved by r@ucing surface defect statesand/or at leastone of the charge
carrier densities'?®®. Consequently, dielectric layers from CVD should allow for chemical passivation to
saturate dangling-bonds'?! and field effect passivatiornt?? to repel*?® charge carriers and subsegent reduce
recombination probability near the surface.

Important to note is the occurrence and thereforecapability of dielectric films to change during
temperature treatment'?*, allowing for a change in properties and outdiffusion of H to increase passiation
quality and similar desired film properties. The change in properties stems from molecular bond
rearrangement due to activation energy supplied by heaat HT steps given the binding energyof single
bonds to be in the few eV range Especially bondson the interface of substrate and film areweaker and
easier to rearrange.

A typical example is silicon nitride (SiN), with a refractive index of 2 to match desired ARC properties, a
commonly rich H concentration, a highpositive fixed charge density inthe range of~10'? e/cn? [80], a slow
surface capture rate (chemical passivation) andither an & Si like structure for Sirich films or a high field
effect for N-rich films. The latter characterized byso called K centerd® responsible for the positive fixed
charges[81]. Similarly, silicon oxide (SiQ) either as athermally grown?¢ or CVD layer shovwhigh chemical
and lower field effect passivation prerties. Since Si@ grows natively on Si, a thin silicon oxynitride
(SiIQN,) interfacial film might grow by sacrificing the native SiQ film during SiNc CVD procesg67],
combining both layerssproperties. Accordingly, optimized SiGN, films show high passivation qualities[32].
Nevertheless, mext to a-Si with maximal chemical passivation quality of amorphousCVD layers [32],
aluminum oxide (AlQ) shows the highest field effect passivatiordue to negative fixed chargedensity [82].

118 Strictly distinguished are not all shown CVD layers glasses and not all dielectrics, but for reasons of understanding
generalized under these terms, if generalization is valid by applying laws of physics

119 Measureable using CV measurements, similar to Qefer to section 2.2.4)

120 preferably the minority charge carrier density

121 Either by molecular bonds with close matchinctamorphous structure to the crystal Si lattice and/or hydrogen supply

22 Due to fixed charges Qin the CVD fim near the interface

123 Again it should be pointed out, that since the surface is in equilibrium, no such field actually exists but thearrier
concentration is shifted (accumulation or inversion in extremes) due to a thus compensated field, reducing
recomhination probability [42]

124j.e.,HT firing step for metal contact formation, annealing atmedium temperatures and diffusions at HT

125j.e.,a Si atom bonded to three N atoms along the interfacg67]

126 Refer to section1.6.2
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2.2.1 Silicon Nitride (ICRPECVD)

PECVDechnology is nowadays commony used and has established advantages despite the higher costs
compared to nonvacuum toolsto deposit hydrogenated Si nitride (SilH) [67]. ICRPECVD reactor$83,
73,84, 71, 72] for example are used in microelectronics due to tle wide range of film stresses[71] to be
adjusted and the H-free deposition of Si nitride [84]. Yet in case of solar cell production the PECVD reactor
needs to deposit a film with a high amount of H (SiN:H) for surface passivation. FurthermoreICP
technology creates a dense plasmé&w in directional ion bombardment compared to parallel phte reactor
PECVDreducing the surface damage while retaining the possibility to incorporate @& content of >20%.
ICP technology includes several further advantages of both direct and indirect plasma sources, such as high
deposition rates (>7 nm/s), uniform depth molecular bond density profiles and mtitlayer deposition
possibility.

This subsection isbased on results of[85]. To investigate the different properties of ICPPECV deposited
SiN¢H, a-/symmetrical samples were prepared for barrier and passivation studies. Sedamage etched
2 ¥ cm CzSisubstrates were used for the barrier tests. Asymmetrically SifM was depositedon the samples
using ICRPECVD before a standard PQGliffusion in a tube furnace or an alkaline texture wet etch step.
As symmetrical sampleschemically polished 29 cm FZ-S substrates were deposited on both sides with
SiN:H before firing in a belt furnace at a set firing temperature of 900°C and a belt velocity of 600@nm/s.
The FZSi wafers wereweighed'?” before each step and measured by ellipsomet®y to determine the film
density or change thereof. The bond density an#l content measurements were done by TIRand evaluated
according to[86]. The wet etch tests were performed using a bdéred hydrofluoric acid (BHF) solution (1:5
of 50% HF and 40% NkF) and a diluted hydrofluoric acid (DHF) solution (2% HF).

Barrier layer

Sinitride layers are often used in microelectronics as well as in photovoltaics as a sacrificial layer. Barrier
capaltlities, to stop a diffusion of dopants or impurities into or etching of the underlying substrate, are
achieved by low pinhole density, high mass density and highl content. Direct PECVD tools generate high
mass density films, yet with a high pinhole dendy for low film thickness. Therefore SiN:H single-layer
films deposited with a direct plasma tool (parallel plate d-PECVID needed to be at least ~7Chm thick to
avoid in-diffusion of P or local etching of the substratein the texturization solution. Similarly, an r-PECVD
tool used in optimized configuration for surface passivatiof® did not yield the necessary mass density to
prevent parasitic diffusion for film thicknesses of at least 200nm.

In comparison,ICRPECVD films reach high mass densities andhagh N content to form a barrier against
() standard and high temperature PO@Idiffusions as well as (ii) alkaline texture wet etching for SiN:H
thicknesses of below 20nm (i) and 70nm (ii) on various surface topographies (textured and planar),
respecively. The barrier function for POGHdiffusion was tested and accomplished for high (H&) and low
(LTGF) total gas flow (SiH + NH; gas flow) recipes with a N/Si ratio of about 1.2 and a mass density of
2.3-2.5g/cm3. The corresponding pinhole density?® can be reduced to less than 100nm2 for planar and
textured Sisubstrate surfaces. Due to the norirectional deposition of the film, the pinhole density of the
layer depends solely on the cleanliness of the substrate surfacf84] making even pinhde-free films
possible, if clean enough

27 Using micro scale®
128 No optimization of the layer has been done due to the known fact of lower film density being comwon to r-PECVD
129 Measured using optical microscopy by evaluating the number of piholes on a representative area
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Properties investigation
ICRPECVD tools allowfor a wide range of molecular bond density variation to change optical and
passivation properties. Deposition rates rang from 2-7 nm/s for HTGF and LTG, depending on the SiH

and total gas flow (SiH/NH; gas flow ratio aslower x-axis in Fig. 2.2 and 2.3), making them highe than

common PECVD tools with deposition rates below Bm/s. The deposition rates increase with the refraction
index n (Fig.2.2 and 2.3, top left axis). In case of HTGF SiN:H, a refraction index of about 2.2 marks a
significant change in layer properties(region Il). Below 2.2 the SiN:H layer isN rich. Yet with an increase
in SiH, gas fow the mass
density increases already in
this region | and subsequetly

the BHF (and DHP etch rate E ol o | oerfiing "o kalerfiing -, E
. . n as-deposited O- -k as-deposited =1
decreases (Fig2.2, middle left a " I 1o é
axis) due to a higher amount of ® -
SN (and SiH) bonds (Fig. 2.2, = 2er 198 2
middle right axis), a behavior B 24p 1os §
common for PECVD sources § 22 L o "g
[87, 88]. Yet ICPPECVD shows E 20l §
an overall lower etch rate E 402 :’é
compared to direct or remote L8r - o
PECVD deposition§s3]. o fr ater g —e—byyafterfiing ] 0
Layers above a refractive index E' 160 | four SEAPTES_e T banasdeposited Y 14 f
of 2.2i.e,inregionlll displaya = € 150 110 &
£ =
significant change in ,_§ 1os &
properties after firing. Due to g 100 g
an N/Si ratio (upper xaxis in f:; 70 - 08 §
both figures) below 1.1, the é’ 0 lo7 E
layer becomes more and more, © z
amorphousSi(a-Si) rich, as can 10 1%¢ @
be seen in an increasein R Ty after firing —e—c, after firing
optical absorption (Fig.2.2, 7% 7 as-deposited 70" "Gy - deposited I
upper right axis) for fired and T N 3
as-deposited layers. E 500 | %
Specifically for fired layers, a E 110 .EI
decrease in SiN bond density g 300 | ;
as well as higheretching rates E E
show a change in behavior for | ™ 100 L 110
layers of regionlll. Changesin

the fired samples are due to
the  amorphous  structure

rearranging during the firing ) ] o
. Figure2.2: SiN:H with high total gas flow (HTGF)
process denoted by a shift of Refractive index n and extinction coefficient k (top graph),
the SiN (and SiH) peak in the buffered HF (BHF) etch rate and S\l bond density (middle gaph),
FTIR spectrum to lower as well as effective minority carrier lifetime ter and H
concentration in the SiNcH layer (bottom graph) dependent on
] o SiH/NHs ratio in total gas flow (lower axis) and N/Si ratio of SiN:H
increase inSi-Sibonds [86]. layer (upper axis). All physical quantities depicted in theg a <
depositedsec and gaft el marked intgps
graph. Lines are guidego-the-eye. Basedon [85]

wavenumberscommon for an
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LTGF SiN:H layers(Fig. 2.3) show similar overall characteristics as HGF layersbut on a different SiH/NH;
ratio scale due to higher deposition rates. The transition to &5i rich SiN:H is at 60% SiH/NH; gas flow
ratio (region I1), which correspondsto a N/Si ratio of 1.1 similar to LTGF. The changes in case of LGF are
stretched over a hrger scale and adlow for a wider range of deposition parameters for layers with similar
properties.

A comparison of HTGF (Fig.2.2, lower left axis) and LTGF (Fig.2.3, lower left axis) on 2§ cm FZSisamples
show lifetime values up to 800us and 500ps, respectively This corresponds to an effective surface
recombination velocity in the
range of 1525cm/s. Both,
HTGF and LTGF SiNcH
furthermore display the same
increase of carrier lifetime

—Mm— n after firing —&— k after firing
- - -0- - n as-deposited - -0- -k as-deposited - 1.0

w
=]

£
E 8
M =+

M
) ) ) © 28} ®
with increasing H content ® 108 —
(lower right axis, each) While = 6T e &

- 0.6

LTGF  fims reach the ¥ 24t S
maximum lifetime near the S5l {04 8
_ . . > -
stoichiometric state of an N/Si b 20 5
ratio of 1.33, the HTGF layers E - 1% B
18| %
w

reach their optimal lifetime
near the aSi rich layer range 90 |-
slightly above a refraction
index of 2.2 at an N/Si ratio of
1.1. Beyond the maximumthe
lifetime drops suddenly for
both  HTGF and LTG-. A
degrading passivation abovea
refractive index of 2.2 is
common for SiN:H layers[87,

—B— 1y, after firing —e— b, after firing 4 1.1
- -O- -rgye as-deposited - -0~ - by, , as-deposited

BHF etch rate rgy; [nm/min]
Si-N bond density b, , [10%* em™]

88]. Although, the H 600 |- ™ Tenr after firing —e— ¢, after firing
) ) - -0- - 14 as-deposited - -0- - ¢y as-deposited
concentration in the as T 500 J40
= 3 =
deposited layer increases| ¢ &
& -
below a certain N/Si ratio = @ *°F >
(regimelll), H in the layer is | £ 30| £
probably released in too great g Y
. £ 200t £
amount to sustain the & S
==
passivating effect expected " 100}

from the increasing difference

in H concentration before and
after firing. The decrease in H

out-diffusion temperature and ) ) )
Figure2.3: SiN:H with low total gas flow (LTGF)

Refractive index n and extinction coefficient k (top graph),
diffusion rate with decreased buffered HF (BHF) etch rate and Sil bond density (middle graph),
N/Si ratio is common to SiN:H as well as effective minority carrier lifetime t e and H
concentration in the SiNcH layer (bottom grag) dependent on
SiH/NHs ratio in total gas flow (lower axis) and N/Si ratio of SiN:H

subsequent increase in H out

layers This concerns the

negative impact of H in | ayer (upper axis). Al l phy-s
diffusion into the Si at too a depositede and gaft ed-llmarked imtgps
high amount [48], as well as graph. Lines are guidego-the-eye.Basedon [85]
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out-diffusion into the atmosphere. The main contributor to the H content of the SiN:H layer is the SiH
bond density, which shows the same behaviofor both HTGF and LTGHmvith increasing SiH, gas flow. H
concentration depends strongly on the total gas flow, allowing for a range of films fromH saturated (>20%)
to H-free/depleted using ICP technology.

In conclusion ICRPECYV depositedinitride films can display all the properties of SiN:H layers known from
other established PECVD sourcesn particular, the propertiesare comparable to the results achieved with
r-PECVD toolg[89]. Furthermore, these properties for primary (passivation and optics) and secondary
purposes (barrier) can be achieved within one layer due to the possibility of varying properties in a wide
range. Commonly used passivation (muHjlayers with a high H content (>20%) and hjh carrier lifetime
(>800us) can also be used as very thin<R0 nm) multi-purpose barrier layers to reduceprocess cost
(>7nm/s deposition rate) and increase solar cell process optiong (g, structured passivating barrier layers).

2.2.2Boron Silicate Glasse$APCVL& ICP-PECVID

Boron silicate glasses (BSG or SiB'%) consist ofan amorphousSiQ, base with B incorporated mainly in
substitutional form on Si or O sites within the lattice-like structure. The content of B is shown to have
significant impact on various dielectric film properties, such as optical, electric and interfacial. To the latter
one can count diffusion, passivation and topography. Theroperty range thereby depends mainly on growth
mechanism. Two main ones can balistinguished. Growth into the Si substrate by oxidation of the Si
material i.e, tube diffusions by BBg or BCE, or deposition with or without HT treatment. CVD layers are
commonly deposited by growth on top of the Ssubstrateusing SiH, as the Si precursor, whilenks or other
glass based compounds can be heated to form the BSG glass on the Si substr@ensequently BSG layers
can be deposited by various techniques, such as gas tube diffusioire(, BBg [90, 91] or BCk [92] sources),
spin-on coating [93], printing [94] or sputtering [95].

As an example of(unexpected) properties of a BSG layeoccurring from specific deposition circumstances
conductivity of an ICRPECVD BS@yer was investigated In this context, ICROES?* measuremens show
a measureableB content remaining in the layer after diffusion, yet electrometer® measurements show a
high resistivity in the 1-10'® § cm range common for perfect insulators. This value even exceeds thatof
common passivationlayers, such as pure SiQand SiN:H.B, as may be expected, does not necessarily lead
to a doping property in a SiQ structure, in context of conductivity of the layer. Furthermore, the thus
measured IV-curves show an ohmic behavior followed bywhat is assumed to be space charge limited
current (SCLC) related behavior due to a large distribution of defect states within the bandgag the BSG
[96].

In case of(PE)CVD deposition of BSG, SiHO, and B,Hs:H, can beutilized in a gas injector system to react
on the surface of the heatedSi substrate. While the Q/SiH, ratio determines the overall SiQ-like structure
(between oxide- or a-Sirich), H from the BHg:H, gas mixture (up to 3% BHs content in H;) determines
additional H content and growth rate (H etching).In case ofutilizing B.Hs:N, (with up to 5% B:Hs content
in N,) instead to allow for APCVD technique in a safe waythe additional H effect is drastically reduced B
from B;Hs is the dopant in the SiQ:H structure, being mostly norelectrically active (perfect dielectric
insulator with a resistivity of 1-10 Bcm [14]) incorporated in the layer. While novel approaches are
utilizing BSG layers for evermore applications and purposes, doping source and passivation layer are the
most established ones. Combining the twdunctions in one film as well aswith other functions creates
multi-functional BSG layers.

130 While BSG can be based on a variety of amorphous materials, such as,S#dd SiQNy, the notation BSGis
henceforward used for SiQB layers.Any other base is accordingly gecified and not denoted as BSG
1! Inductively-coupled plasmay optical emission spectroscopy, refer to sectior.2
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ICRPECVD facitated BSG ifms will be detailed in section3. This section focuses on APCVD BSG
application.

APCVD BSG films were deposited on both sides of 28&m, n-type FZ-Si substrates varying the deposition
parameters in Q/hydride ratio (where BHgs:N, and SiH, are the combined hydride gases) and total B1s:N;
flow. Variation of inherent B concentration in the film ranged from 46%. A thin SiQ film acting as a
5-10 nm capping layer was deposited on top of the BSG layers. This layer prevents ediffusion of B, as
well as in-diffusion of H,O into the BSG for sufficiently long time"?, otherwise potentially forming B based
acids. Diffusion of sampleswvas carried out in a standard tube furnace for POGIdiffusions without dopant
gas flow, but N, and Q.. Diffusion temperature was set to 910°C for a duration of 40nin. This allows for
comparable testing for cediffusion circumstances. A variation of process temperate and Q flow was
done, resulting in three diffusions of 60 min duration each To measurethe resulting doping layer (emitter)
formation, samples were measured by PCD to determine sheet resistance valuasd effective minority
carrier lifetime (LT). Diffusion parameters werevaried from previous experiments to result in an average of
1009 / s §ubsequent SiNH deposition as a third dielectric layer by two CVD reactors at different
deposition temperatures and subsequent firing of the samples were performed. After additional PCD
measurement, the dielectric film stacks on chosen @amples were etched back and 4PRs well as ECV
measurement was performedo determine the sheet resistance in twoindependent ways.

The resulting sheet resistance data is depicted in Fig2.4 in a double logarithmically scaled graph. The
open symbols show the various different layers after the various diffusions depending on symbol type by
PCD measurement. Beginning with the diffusions D1 and D2, independent @&, flow, at the same
temperature, the dependence of resulting doping in the Si substrate (sheet resistanceh B concentration
in the BSG is fitted by an allometric curve. Since resulting sheet resistance can only be calculated from
corresponding diffusion equations by numeric means, allometric curve fitting parameters cannot directly
be linked to specific layer or

diffusion parameters. T - T . . . —
i i Diffusion: Temp. T[°C]:  fy, [scem]: Layer: Diffusion:
Nevertheless, diffusion D1 920 900 o BSG D1
. : . 120 | D2 920 600 A BSG D2 |
depends highly on diffusion 03 010 600 o BsesiN My, D1
coefficient and that in turn on v BSGASINHe, D2

BSG/SiN,Hyp, D3
BSG/SIN,Hpp,,

solubility of B in Si and SiQ,
espechlly in the area at the
interface of both. Alometric fit

100 |

Measurement  Sample

Sheet resistance R, [Q/sq]

. . type: side:
curves are only verifiably valid 83 - 4pp s
within the depicted range. In :‘25 Eg
particular, for higher B 70 L ECV RS .

Allometric Fit curves:

concentrations sheet Diffusion DI/D2  fix}= 1200
resistance will stagnate by Diffusion D3 flx- 13277 .
reaching the  maximum $ r%’ ol R A A S R <

w w w w el bl bl hed L
diffusibility due to i.e, BRL B conc. in BSG cygq [%,]
formation. The same
assumption can bemade to | Figure2.4: B emitters from APCVD BSG layerB kconcentration dependence
explain the seemingly Double logarithmically scaled graph of sheet resistance ofB

discrepancy of lesser doping emitters diffused from BSG layers in dependence of E

concentration in the BSG layer with varying deposition and
for the higher diffusion diffusion parameters measured by PCD. 4PP and EC
temperature, as can be seen by measurements for 4.5% B in BSG. SiN from various PECVD tools

the higher slope of allometric deposited after diffusion before firing step

132 @.g., until next process step. See also sectiodi4.2
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fit for diffusion D3. Diffusion step parameterstherefore have the determining influence, compared to SiNH
deposition and firing. Latter processing steps do not influence measurement or actual doping any further.

While PCD measurement shows low deviation considering the fit of the allometric curve to the data,
measuring by 4PP andECV shows deviations for the 4.5% B in BSG sample at 91013, semi-filled grey
symbols) These divergencesare given for the
variation in measuring tool, as well as the
difference in sample front (FS) and rear side
(RS). Due to deposition a both sides the first
deposited layer (RS) is exposed to the APCVI
heat treatment twice, leading to a change in
the layer'*3, decreasing the doping to increase
sheet resistance. In average both sides
contribute to the average value of the PCD
measurement. Thereby, 4P measurement
leads to an increased sheet resistance value
due to an influence from the Si base and ECV
measurement leads to acomparably higher I T S ST SR Y
sheet resistance due to reduced conductivity 0.0 01 [());)thn[‘:j;] 04 05
based measurement artifacts inherent to the

technique. When compang sheet resistance Figure2.5: B doping profiles comparison: CVD vs. BBr
measurement values of the three different Standard B doping concentration profiles from
techniques, corrections relative to each other APCVD BSG and BEBSG doping sources for a
apparently have to be made. 80§ / s tregin

Nevertheless, the ECV measuredB doping

profile (Fig. 2.5, solid line) of the p* region, diffused from the CVE** BSG doping source showthe Gauss
like curvature expected from theory® of an infinite B doping source. As such, the profile is nearly identical
to the one diffused from standard gasphase diffusione.g.,from common BBg-grown BSG(Fig. 2.5, dotted
line). In this context, similar doped region/layer properties concerning passivation and contact formation
are expected for both diffusion source types.

LT T I T T T T T I T T]
B doped, p* region: 80 Q/sq ]
CVD BSG

ook - - - BBr; BSG i

1019 L

B doping concentration cg [em™@]

1018 |

Given the multi-functional layer approach being made, the resulting triple dielectric layer stack can be used
as a passivation film. Fig2.6 depicts the emitter saturation current density (j) values from the PCD
measurement in a double logarithmically scaled graph in dependence of B concentration within the BSG
film. In the as-diffused state, BSG layers passivate depending on B concentration in the film (before and
after diffusion) (black symbols) as well as doping concetration of the resulting emitter. Both fundamental
dependenciesare in turn based on basic physical effects. An increase in doping of tHg@SGlayer leads to
additional fixed charges®® if the overall doping concentration in the film has not reached a criticd limit to
diminish chemical and other passivation mechanisms attributed to th8SGayer due to recombination sites
in the Si (especially near the inteface). Doping increase of theloped region in the Si, however, leads to an
increase in recombination ekvating joe accordingly.In this case, lack of chemical passivation due to lower
B concentration'®” in the layer overshadows the doping dependency on this high level ofj. Essentially the

133 |n particular, a densification of the film, as well as an outdiffusion of B from the BSG layer (refer to sectio.2)
134 APCVD and IGPECVD doping source layers result in similatoping profiles

135 Refer to section1.1.2

136 Refer to section3

137 Refer to section3.2
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doping in film and Sisubstrate
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enhanced B diffusion by BO 3 o 2 O e L S
pairs[97, 98], as well as higher B conc. in BSG cygq [%,]

O bond censity on the SiBSG

interface®®®, This effect recedes | Figure2.6: B emitters from APCVD BSG layersSiN:H dependence

again for too high gas flows Double logarithmically scaled graph of emitter saturation current
density of B emitters diffused from BSG layers in dependence of E
concentration in the BSG layerwith varying deposition and
interface and even subsequent diffusion parameters measured by PCD. SiiNl from various PECVD
non-formation of an emitter tools deposited after diffusion before firing step

due to overoxidation of the

layer. Significant gain in

passivation quality for B emitters as p layers is only provided by negative fixed chargese(g, AlQ, layers)
or H in-diffusion. To allow for ARC coating, in this case SilH as a high concentration source of elemental
H was chosen. It was deposited using an IEGPECVD reacto(lCP) capable of depositing theSiN:H at room
temperature (indexc) or a& up to 400°C (indexh). The further applied parallel plate reactord-PECVD (PP)
deposits at 400°C only. To understand the resultingos¢ values, the H concentrations in the asdeposited
SiN¢H films have to be considered first. Beginning with the up to 80°C deposition in the ICPPECVD
reactor, the lowest H concentration can be found in the films. Furthermore, there is a high dependency of
passivation quality on the doping level of the substrate. Above a certain sheet resistance, the sample will
not reach the desired equilibrium temperature of 400°C toform a Hrich SiN¢H film by nearinfrared
heating. Applying no heat at all, chemical growth of SiNH in the same reactor changes again to another
H-incorporating favorable regime, showing even higher H cotentration values. However, changing to the
d-PECVDI reactor, the Hrichest film can be deposited independent of doping concentration at 400°C.
Taking a look now atFig. 2.6, the dependency on H concenttion of the SiN:H films can be seen. The
lowest H concentration samples (diamoneshapedsymbols) with the dependence on doping density of the
p* layer, show adecrease in je up to 4.75% B concentration in the BSG, corresponding to about 90/ s q
before H concentration declines again, increasingo¢ again for 4.5% B in BSGThe average §. value lies
above 140fA/cm? and thus far above the other, Hricher SiN:H layer samplesin comparison, an allometric
curve can be fitted to the BSG/SiNHzr hnsamples showing jee Values below 50fA/cm? in case of 1009 / s g
B emitters. Similaty low values have only been reported for AlQ passivation of similarly doped g layers.
The dependence of doping concentration and passivation limit can now be seen. Loweg yalues can be
reached for lower substrate doping values.

In conclusion, aside from C\Adeposition parameter influence, diffusion propertiesduring HT treatment
determine doping profile and resulting sheet resistance ofloped regions formed bydopant diffusion from

138 No thermal oxide growth in the formal way

61



Deposition

(AR)C\D BSG layers. Yet, far more prominent is the impadif diffusion properties of CVD layerson

passivation properties.In this section, B concentration, investigated in more detail in further sections, is
identified as the limiting factor in this regard. SiN:H, deemed essential foH supply,needs evidentlyto be

adapted to the BSG properties to allow for high passivatiomuality, resulting in the end in a passivation

level not yet reached before for such layerstacks. Due to the controllability of B content in CVD BSG
glasses, doping profiles are variable in a wide range, showing thexpected forms derived from theory.

2.2.3Phosphorous Silicate GlasseAPCVD)

Similar to BSG, novel approaches are utilizing$G(SiQ::P)layers for evermore @plications and purposs,
with doping source and passivation layer beinghe most established ones. Combining the two applications
in one film, creating multi-purpose PSG layers, is the logic conclusion of the approaches done so f&ven
combinations with BSG are thinkable, dabwing for co-diffusion of two or more CVD layers within one
diffusion step. Thelatter even without dopant gas.

APCVIPSG films were deposited on both sides of 209 ¢ pp-type FZSi substrates varying the deposition
parameters in Q/hydride ratio (where PH;:N, and SiH, are the combined hydride gases) and totaPH;:N,

flow. Variation of inherent P concentration in the film ranged from 510%. A thin SiQ film as a 510 nm

capping was deposited on top of the B5G layers. Thisdyer prevents outdiffusion of P, as well as indiffusion

of H,O into the PSGin significant amount, omitting **° to potentially form P based acidsin humid air.

Diffusions of samples were carried out in a standard tube furnace for PO{iffusions without dopant gas
flow, but N> and Q.. Diffusion temperature was set to 910°C fora duration of 40 min. This allows for

comparable testing for cadiffusion circumstances. A variation of process temperature and Qdlow was

done for three diffusions of each 60min duration. To measure resulting doping layer (emitter) formation,
samples were measured by

PCD to determine sheet . : . : . ————

resistance values and effective 200 - g‘f““"": ;:;""'T["“: f;éo[s“"‘]: _
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additional PCD measurement,
the dielectric film stack on

chosen samples s etched Figure2.7: P emitters from APCVD PSG layerB toncentriion dependence

back and 4PP, as well as EC\ Double logarithmically scaled graph of sheet resistance of P

were measured to deternine emitters diffused from PSG layers in dependence of F

concentration in the PSG layer with varying deposition and

) diffusion parameters measured by PCD. 4PP and EC

independent ways. measurements for6.0% P in PSG. SiH from various PECVD tools
deposited after diffusion before firing step

P conc. in PSG ¢y [%,,]

the sheet resistance in two

139 Within a reasonable timeframe after deposition and before diffusion. After HT step, PSG is mestable, yet still
depending on overall P concentration remaining in the glass
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Fig. 2.7 shows resulting sheet esistance values
in dependence of P concentration in the PSG E',\ S 'pd;ped: n* ,;gion':m 'Q,sq'f
film. Apparently, overall sheet resistance level Fo CvD PSG
is higher compared to B emitters formed in the 107 { T Pod,Ps6 E
same diffusion step. This is seemingly in : ]
contrast to the higher diffusion coefficient of P
in Si compared to B in Si giventhe same
temperaturet°, For higher dopant
concentrations in the films, the sheet
resistance actually drops below the one for BSG
diffusions,  supporting the theoretical
assumptions. Nevertheless, for lower dopant i
concentrations, P enitter formation is slower. 1 . :

_ ) 0.0 0.1 0.2 0.3 0.4 0.5
The discrepancy can be resolved by looking at Depth D [um]
the PSG itself. P, unlike B, is being incorporated
in the SiQ; structure in such a way, that it does | Figure2.8: P doping profiles comparison: CVD vs. POCI
not diffuse so readily to the interface. Although Standard P doping concentration profiles from
B has a higher solubility in SO, it diffuses only APCVD PSGrel POCY PSG doping sources for

. . . ab0y / s gregion

by one diffusion mechanism. P needs to reach
a critical concentration in the Si substrate to effectively diffuse with a higher diffusion coefficient. The
resulting allometric curve exponent is thus higher by a factor of 2.53. Similarto B, the lower diffusion
temperature shows a higher sheet resistance drop with P concentration in the PS& similar explanation
can be found in deadlayer formation for P based diffusions. 4PP and ECV measurements show a lesser
influence of the second het treatment step of the first deposited layer (RS), but still a differencen sheet
resistance.An overall independence of sheet resistance on Oflow variation during diffusion is given as
well.
The ECV measuredP doping profile (Fig.2.8, solid line) of the n* region, diffused from the CVP}** PSG
doping source shows a decreased and stretchedink-tail curvature expected from theory*! of an infinite
P doping source. As suchthe profile is only in shapeidentical to the one diffused from standard gasphase
diffusion e.g.,from common POCi-grown PSG (Fig2.8, dotted line). In this context, different doped
region/layer properties concerning passivation and contact formation are expected fothe two diffusion
source types.The doped region diffused from CVD PS@isplays a lower recombination activity due to a
lower surface doping concentration Ny, due to the higher temperature ad diffusion duration, but reduced
P concentration within the PSGTherefore, ezen with similar Rehof 50y / s q, t he CVDre§d®®dG di f f u
will furhtermore contain less inactive P atoms, if any, resulting in less recombination activity from such
defect sites. In turn, contact formation might be reduced lacking the contact formation supporting
precipitates!*?. The overall doping profile might be possible to be formed by adjusting the standard POgI
diffusion parameters, yet reaching such low inactive P carentration is rather complex, given the physics
governing gasphase diffusions. In that case, separating both steps, CVD PSgowth (P content and
distribution in the PSG)and diffusion (P profilein Si substraté, leads to better process control, extended
glass property range and lowered recombination activity of the doped region.

1019 -

P doping concentration ¢, [em™@]

10 |

140 valid for CVD doping sources not limiting diffusion (infinite source) and comparable dopant concentration in the
glass

141 Refer to section1.1.2

142 Refer to section3.5.2
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Moving on to emitter

i i T T T T T T T T T T T
saturation current  density U S P

results in Fig.2.9 of these PSG 200 - D1 920 900 1
D2 920 600

films, significant differences

compared to the BSG samples
emerge. In the range of higher
P concentration of the PSG,
passivation of pure, as well as

D3 910 600

140

100

80

Emitter saturation current density j,, [fA/em?]

63 [ Layer: Diffusion: Allometric -
. . i fit curves:
additionally  SiN«<H  coated 5ol o psc o1 ]
samples increase in g sl 4 PsG 02 --- |
ind d . | O PSG/SiN,:H,cp, DL —
independent of coating layer | T PSG/SINHep, 2 - -
stack. Still, Hricher layers lead PSG/SiN,Hicp D3
. 25 F PSG/SIN, Hpp., D3 1
to lower joe values overall, . . ! . ! ! L
demonstraing the H o o e ¢ NN TS
dependent passivation P conc. in PSG cpg¢ [%,,]

mechanism. For the higher

doping concentrations in the | Figure2.9: Pemitters from APCVD PSG layersSiN:H dependence
substrate, the selfpassivating Double logarithmically scaled graph of emitter saturation current

. density of P emitters diffused from PSG layers in dependence of F
effect of P in PSG and hlayer concentration in the PSG layer with varying deposition and
cannot compensate for the diffusion parameters measured by PCD. SiiNl from various PECVD
recombination increase due to tools deposited after diffusion before firing step

doping increase in the

substrate. Neverthelessabove 30y / sq (9% P in PSG) pure PSG |l ayers pas
BSG layers, with comparable sheet resistances. They actually get better for lower doped Si layers, as

expected. SiN:H layers can reduce the level by an offset in§ (SiN::Hcpg. Or for atleastupto 90y / s q as

before in case of the B emitters (SiNHcpn). However, SilHep, leads to a change in slope, allowing again

for joe values of below 50fA/cm2 above 100y / sq doped | ayer s, coming close tc¢
SiN:H or SiQ/SiNy:H passivated similarly doped layers.

PSG and BSG layers (even with additional SiN before or after diffusion) from CVD reactors allow foa
reduction of processing steps, like dielectric layer etching after diffusion, even without cdaliffusion. The
reduction of process steps for cadiffused Si substrates is even higher, considering the possibility to omit
several masking/barrier and etching steps. Development of passivating doping layers matching or even
exceeding established dielectic layers shows not only potential on a commercial scale, but for widening
the processing window of semiconductor science and fabrication.

In conclusion,similar to BSG before APRCVD PSG is governed by the P concentratiovith regards to many
properties of the doped region and interface.Passivation quality even surpasses BSG, despitemmonly
more recombination active behavior of P doped regions, giving rise to thassumption of reduced inactive
P concentration in regions diffused from CVD PS@ comparison to standard POGtbased gasphase
diffusions.
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2.2.4 Alumina

Aluminum oxide (AIQ) or alumina is a dielectric layer
composed of Al and O. The ratio in the amorphaulayer of the
two elements varies depending on deposition technique,
parameters and as might B required, subsequent heat
treatment. Itis commonly near the stoichiometric ratio of AJOs,
comparable to the ceramic or crystalline (corundum)
composition. As an amorphoudayer, its refractive index is near

1.76 with no measurable absorption and its dasity close t0 | Figure2.10: Depiction of AlQlayer on Si
4 g/cms [99]. AlCx layer on top of interfacial

As a functional layer in photovoltaics it is less important as an S'O‘. .Iayer with —schematic
depiction of molecular bonds

ARC layer, but as a passivation layekVhile its first use was near the interfaces resulting in
actually as an inversion layer forming die¢ctric on n-doped negative fixed charges @ in
regions [100], common field of application is on pdoped the AlO. film

regions, such as B doped emitters, or as a diffusion source for

Al. Most of the previously discussed dielectric layers are primrily chemical passivating layers. InsteadAlO,
exhibits a large amount of negative fixed charges[82] in addition to its low defect state density on the
interface to the thin SiO interfacial layer (Fg. 2.10), making its field effect passivation more prominent
than its already high chemical passivation quality. The fixed charges are predominantly negative in nature
allowing for passivation of p-type sufaces of below 1lcm/s in surface recombination velocity [32].
Depending on deposition technique, it can additionally be a H source in the form of AlCH[32]. In case of
n-doped Si material, the passivation is based on inversioayer effect and thus only sufficient atlow base
doping concentrations of the Si substrate The effectdecreases drastically fothigher doped regions(i.e.,n*
and n*). The positive effect additionally subsideswhen the mirror chargesresponsible for the inversion
layer are drainedvia short-circuiting the potential e.g, by a metal contactin a solar cell [101, 102]. As it
turnsout, the SiSiQ; interface of the native or during deposition formed SiQ film [103, 104, 32] underneath
the AlO layer is determining field effect and chemical passivationCausative of the fixed charge gearation
near the interface seemto be point defects in the SiO/AIO, interface, charged by injection from the eSi
[105]. Fixed charge density is further independent of AIQ, film thickness [106] being intrinsic to the
structure, but influenceable by SiO, film composition/growth. The latter due to typical defect type
occurrence on the SiSiQ; interface [32].

Commort*® deposition techniques entail ALDand APCVD. The former is a vacuum chamber based process
to deposit Al and O in an alternathg sequence of Al precursor adhesion and subsequent oxidation by, O
remote-plasma to grow the layer nearly atomic layer by atomic layer. As the most stable and clean process,
the ALD AIQ layers were early on high passivation quality layerd107, 103] and still are among the best
passivation layers utilized today. Yet, certain drawbacks remain, which alternative deposition techniques
can compensateopening up a new field inlow energy andlow cost processing.

In an effort to investigate the potential and the fundamental differences of APCVD AlQn comparison to
the established ALD AIQ, four previously investigated and optimized deposition recipesdeveloped by
B.Gapp[108] were tested and compared to two standard recipes for ALD depositigoreviously published
by T.Luder[99]. The following discussionin this subsection is based on the results published if{63] and
takes a deeper look into the physical causes underlying the pure statistical results published so far.

143 PECVD is similarly common, yet not scope of this comparison
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Table2.1: Deposition and annealing conditions for Al@yers from ALD and APCVD

ALD

Group Deposition set Annealing set Annealing duration Nz annealing atmosphere
temperature Tos[°C] temperature Tas[°C] da[min] pressure p [mbar]

Al 170 450 30 10

A2 300 450 30 10

APCVD

Group TMA-N: flow [sIm] / Annealing set Annealing duration Nz annealing atmosphere

Ox:TMAratio [%)] temperature Tas[°C] da [min] pressure p [mbar]

Gl 0.75/100 470 20 10

G2 0.95/ 95 470 20 10

G3 0.87/ 90 470 20 10

G4 1.00/ 80 470 20 10

FZSi substrates with 200y ¢ m-type base doping and4 y ¢ m-type CzSi wafers werelaser® diced into

5x 5 cmz pieces and surface cleaned or etcleleaned, respectively. Subsequernsymmetrical depositions

with 30 nm AIO, were carried out inthe ALD reactoror APCVD tool. Théirst measurements were performed
on asdeposited and annealed sister samplesSubsequenty, samples where coated additionally with
r-PECVDSIN:H on thinner (10 nm) AlQ, layers before firing in a belt firing furnace. Details on annealing

and deposition parameters are listed in Tab2.1.

Fig.2.11 shows several graphs of the inital characterization. Beginning with graph A, the effective lifetime
(LT)of the minority charge carriers is depicted on a logarithmic scale for all AlQgroups (refer to description
in lower right corner of Fig. 2.11) on both substrates in the asdeposited (asdep.) and annealed (ann.) state.
In the as-deposited state ALD Al@has no significant passivation effecton either substrate In comparison,
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Figure21ll:l nvestigati on on ALD and APCVD techniquesc di
Effective lifetime, Sputtering rate, Al/O ratio, H concentration and refractive index depending on
deposition and annealing parameters (refer to description or text fodetails) for ALD and APCVD AlO
(refer to Tab.2.1) on FZ and CzSi substratesLines are guidesto-the-eye.Based on[63]
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the APCVD samples, having been deposited at 700°C set defion temperature in general, show an initial
lifetime of 1.5 ms independent of deposition parameter set (GG 4)on FZSi substratesA typical annealing
step at 470°C for 20min in N, atmosphere does not change the LT level significantly to slightly abog
2 ms. Since the duration in 700°C air (no controlled atmosphere) after deposition is an additional minute
or two, depending on roller speed of the APCVD, an 4situ kind of annealing is expected to occur.
Nevertheless, the 700°C depositedPCVDAIC film has reached its final structure during/after deposition
and does not change by/during lower temperature annealing processes. The ALD Al@ the other hand
profits from an annealing step reaching LT values of over 4.5 and 10#s for 300°C and 170°C depdsion
temperature on FZSi substrates respectively. Lower deposition temperatures allow for a higher LT if an
annealing step at higher temperature is administered. Both, fixed chags for field effect passivationas
well as structural changes on the inteface to reduce defect sitesoccur during annealing. Yet, inert
atmosphere is necessary for the process to reach the respective LT leveln CzSi the overall behavior in
LT persists, even with the same factor of a five times higher LT for ALD AlQieposited at 170°C in
comparison to the best APCVD parameter G1. A difference can be found in the APCVD groups. They show a
difference in LT depending on gas flow during depositionAgain, samples at lower asdeposited LT surpass
the other groups after annealingprocess.After annealing, the LT values are stacked depending on total O
flow. A lower O, flow leads to a higher LT.

Investigating a difference in film properties to explain the difference in LT for ALD and APCVD layers,
ellipsometry was performed with the result of typical refractive index values of 1.57 for all but one layer
(Fig.2.11 D). The 170°C ALD Al@sample showsan n of 1.64. Due to no change of optical properties during
annealing, all n valuesare given for the annealed state with a similar norexisting change in an absorption
coefficient of O before and after.

GD-OES- Glow discharge optical emission spectroscopy

To determine the atomic composition, GBOES® (Glow discharge optical emissin spectroscopy)109] was
performed. In a vacuum chamber sealed by the sammesurface (Fig.2.12), Ar plasma isgenerated to
remove the samples surface layer by layer using reactive ion sputtering. Given the energy transfer by
scattering of Ar ions with substrate atoms, element specific light is emitted, wavelength dependeht
separated by a spectrometer and intensity quatified detected in photomultipliers. In case of a calibrated
setup [110], atomic concentration depth profiles can be measured and compareds a byproduct, the
sputtering rate can be determined by
taking the film thickness measureal by
ellipsometry into account.

Shown in Fig.2.11B, the sputtering
rate gives an indirect way to compare
the mechanical film density of the AlIQ
layers. ALD layers display a 1:2 nm/s
lower rate, suggesting a higher film
density. Again the rate is independent
of annealing, being the same before
and after. It is an inherent property of
ALD technique being capable of
growing the denser atomic/molecular Figure2.12: Schematic depiction of GOES

structure by layer deposition. In case of The sampl ecs s wsifgaeactve Arsion |

APCVD, a general dependence on,O sputtering. Excited atoms emit characteristic light by
relaxation. The light exits the reaction chamber via a
window into a spectrometer, being wavelength
lower O, flows lead to a lower film dependently detected by photomultipliers

Sample

Grate

flow can be established again. The
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density.

The final graph Cin Fig. 2.11 depicts the Al/O ratio (black symboals; left ais) and the H concentration (grey
symbols; right axis) for both deposition techniques. Concentrating on the Al/O ratiayo distinct difference

in ratio of average 71% can be found in ALD AlQcompared to APCVDA trend can be seen within the
APCVD samplegoupse resul ts. The WithBe sputdr rai i.ed theanereasecim i nci d e
film density. Counterintuitively, the Al/O ratio rises with (absolute) O flow, yet relative O, flow decreases.
Thereby O, flow dependency is depicted here, as bgonvention.

Recalling the lower LT values after annealingof the CzSi samples with higher Q flow, not only the
correlation to a higher film density can be made in case of the APCVD groups. The relative H concentration
shows an inverse progression to AD ratio and O, flow, suggesting a higher H incorporation in lower density
films with fewer Al content and could explain the consequently Hdependent rise in LT after annealing in
CzSiwafers. FZSi, due to the higher bulk lifetime, is not affected by theH in-diffusion at 470°C. Comparing
relative H concentrations for ALD and APVCVD groups, the H content after depositioiirisreased for APCVD
by up to 2.5%. and indicates differences in passivation mechanisnof the two techniques. It correlates
again with the film density comparing the two techniques, allowing lower density films to incorporate more

H.

FTIR} Fouriertransforminfrared spectroscopy

To gain a better understanding of dielectric layers, the molecular structure, especiallyoncerningmolecular
bonds, has influence on many of the passivation effea root causes. Chemical passivation,e, surface
passivation on the interface and field effect passivation due to fixed charges can be attributed to specific
bonding structures,bond density or precisely lack thereof. In case 0ROy, expected bonds are made of Al
and Owith traces of H. Depending on measurement method, additional layers and subate signals might
appear.Fourier-transform infrared spectroscopy® (FTIR)measurements in transmission configuratiore.g,
detects all infrared-active bonds within the whole sample leading to additionaly detected bonds based on
Si, O and possibly H fron&i oxide layers and the Si substrateSioxide films i.e., native ores form whenever
elementary Si is exposed to O or kD in any form. Growth rate on the respective surfaces depends on
temperature and saturation and determines thickness after time. However, the native oxide layers can be
gbuil d upone i nrowsadditidnal fim thickiyess byarsactivedD aggnosphere and/or sufficient
temperature in combination with an O source.

FTIR is based on the Fourier transformation of the interferometry data into a wave numbégk) dependent
spectrum. AsorbanceA=-1  of certain wavelengths from the incident continuous light spectrum due to
infrared-active molecular bonds are determined by acquiring the transmission(T) spectrum for
transformation. Wavelength dependent analysis of the spectrum is thereby performed by aidfielson

interferometer. It yields the wave number dependent extinction/absorption coefficienth ; = m [111].

Analysis of FTIR measurements on the aforementioned Al@roups from ALD and APCVD reactors are
shown in Fig.2.13. In the left graph, normalized (to maximum of sample group)molecular bond density
calculated from FTIR absorbance spectra (weigld area under peaksjlepending on bond type are depicted.
The right upper graph shows one of the FTIR spectra with Gauss peakdurves and identified bond types
in dependence of corresponding wave numbeas an example Five major bond typesof the films before
annealing step contributing to the samples signal in transmission have been identified in the
corresponding wave numbe range.Bond density is given as normalized molecular bond density, allowing
for comparison between samples concerning one bond only, considering the lack of factor to calculate
absolute bond density within the layers. Changes in the depicted bond densityre therefore not
imperatively a sign of significant change within the layer.

Al-O, as a longitudinal optic stretching modeg[112, 113], is considered to be the main lond type influencing
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passivation properties. It will be shown to be indicative of field effect passivation extent. Al-O,, a
transversaloptic bending mode[112, 114], and similarly Al-O,, acondensed tetrahedral modg112, 115],
are proportional to the overall Al content and thus to the Al/O ratio as mairayer builder. A-Os, a condensed
octahedral stretching mode[114, 115] and its connected bond structure occucommonly in absence ofall
others. SO, a transversal optic stretching modeas the fifth peak appearing in the spectrum, originates
from all Si-O bonds present in the sampleSince Si oxidizes instantly in an oxidizing atmosphere or similar
environment, StO bonds are found in a variety of regions of the sample. In this case all samplese
comparable in base substrate oxidation extent, leaving variationgn Si-O bond intensity originating from
the interfacial SiOs layer or Si-O bonds within the AIQ, layer.

Comparison of the various bonds dependent on sample group in Fig.13 shows to begin with a difference
of 20% absolute in normalized SiO molecular bond density by sio between ALD and APCVD groupSince
the difference is significant, a sole origin of the StO bonds within the AIQ, layer is unlikely. Consequently,
SiO bond increase of ALD layers suggest thicker or denserinterfacial SiQ, layer, both culminating in a
higher chemical passivation quality due tointerface saturation of the Si surface statesSiO besides is the
only bond not showing a direct dependence on @ flow fo, for the APCVD groups as may have been
expected. In comparison to the controlled environment of ALD, APCVD parameter changelminates in
seemingly inconsistent results due to multiple dependendes of the parameters as seen before with the
increase of Al content in the layer despite increasedsb. Molecular growth, due to the variety of bonds and
non-layer based technique of APCVD with ahighly influenced local chemical composition on the Si
interface during deposition, can (be) change(d®asier and more extensively by slight changes in deposition
parameters compared to ALDWhile molecular composition in an ALD reactor can be changed layer by layer
if desired, APCVD due to itsoller based system results in avertical molecular homogeneity of the layer
except for initial growth region (few nm on the interface to interfacial SiQ. layer). ALD deposition, while
similarly bound to an initial growth region, results (without change in parameters during deposition in an
even more homogeneous molecular vertical layering. Yet, since ALD does not supply Al and O in the same
step, certain influences
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in by, with a tendency to Figure2.13: Bond density of alumina layefeom FTIR measurement

increase with foo. Normalized molecular bond density derived from FTIR measuremen
of ALD and APCWM layers (refer to Tab2.1). Depicted are the five
major bonds in the AIQ layer. The upper right graph shows the a.u.
scaled FTIR spectrum with the five identified bonds (refer to text for
details). Lines are guidesto-the-eye.Based on[63]
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CV analysis
Capacitance voltagé (CV) measurement is conducted, by contacting the Si substrate directly from one side,
turning it into the first capacitor electrode and the dielectric layer with thickness dox deposited on the Si
substrate by means of an adhering metal layer as the second electrode. Thus, a capacitor with the
measureable dielectric layer in between is fabricateccommonly referred to as a metaloxide/insulator-
semiconductor (MOS or MIS) structureThe secondg g aretakelectrode can be realized by common
metallization techniques not resulting in penetration of the dielectric layer'**. For CV measurements with
a removable metal contact and still sufficient contact poperties for a significant measurement, a liquid Hg
probe setup is chosen. It allows for the removal of the Hg contact after each measurement with (in most
cases) no residual effect or damage. It also allows for reproducible and comparable results, compérte
the other techniques, partly being dependent on the very changes of the dietaric layer to be
investigated®s. A fundamental introduction and mathematical description of CV measurementsind
derivation of its formulae can be found in[116] and [117], from which the following short overview is
derived.
The resulting CV curves, capacitanc€ depending on gate voltageVs, are indicative of various prgerties
of the dielectric film being measured. In case of AlQthe relative change of the curvesin maximum
capacitance G, reached forVg=+rR depending on Si substrate doping polarity and the value of the fixed
charge density Q are of interest. The capacitance £ in case of accumulation of charge carriers in the Si
substrate by applying the required voltage, is defined by

(%c%“o“oﬁ;ﬁzcox: (16)

oX

with eox the relative electric permittivity of the oxide layer (9 in case of AlQ), not to be confused withes
the relative electric permittivity of the semiconductor (1.68 in case of Si)and As the gate contact area.
The oxide capacitanceCox equals G, since the Si substrate capacitance reaches the maximum amount of
charge carriers limited by the very same dielectric layer capacitance.
The ideal CV curve itself can thereby be calculateddm the Poisson equation, as detailedn [117]. Given
the ideal curve, atVg =0 the flat-band capacitance & can be determinedcalculated

1 _ %0%ox

Cps,t%1+ 1 ‘d Lo Jox’ (17)
Cox G, FB ox VI?“S

the Debye length at temperature T andXx the majority carrier density with x being p or

508sBgT

with LD: QZTXO

n depending on Si substrate doping polsty.

Real CV curves are shifted along the axes due to multiple influences, affecting charge offset#xis shift)
and capacitance offset (yaxis shift). A shift along the voltage axis can be caused by mobile lons (from
impurities) or trapped charges due ¢ defect sites in the dielectric layer. Given clean room conditions for
deposition on cleaned Si surfaces and no subsequent harsh radiation to caudefect sites either, the only
charges causing a shift are fixed charge&x in the dielectric layer near the interface to the Si substrate.To
calculate Q, Gesmeo has to be marked off on the shifted, real CV curve to gain the corresponding voltage
Ves,r

Taking into account the slight shift from the difference in work function of the different materials resuts
in a bending of the band diagram and subsequent electric field emergence of

144 @.g, plating, evaporation, lithography, printing
145 @.g, annealing, illumination, film properties, deposition influences
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NpNs 1 E Na, b
Viwe= =—An,- . +— +xkgTD S 18
WF q q N > B T (18)

With f, the work function of the metal gate (4.5eV in case of Hg)to dielectric contact, ¢ the electron
affinity (-1.39eV in case of Si)and E the band gap energy of the semiconductor, Np the doping
concentration of the acceptor/donor semiconductor determining whether it is the positive logarithmic term
in case of p doped or the negative term for n doped semiconductor material, respectively is the
corresponding intrinsic charge carrier concentration at temperaturd of the semiconductor substrate.
Subtracting Myrfrom Ves,leads to

: (19)

from which the fixed charge density Qcan be determinedby either the dielectric layer thickness @x or the
oxide capacitance Gx

Q_VF({NOBOX_VF(’{COX
" Tdol A

(20)

Stretching of the CV curve or hysteresis depending on voltage change direction may come from additional
effects, such as defects near the interface resulting in fixed charges or subsequent reduction in
semiconductor capacitare due to the resulting thinning of the space charge region. lllumination of the
samplesmay result in similar effects.

Two general regimes of CV curves are being distinguished depending on the applied frequency of the
voltage. In case of low frequencies(characteristic/dependent to/on system) thermal equilibrium applies,
leading to a compensation of charges in the inversion layer of the semiconductor electrode near the
semiconductoroxide interface for the increase of charges in the gate electrode. In caof high frequencies,
this system breaks down and the additional charges with increasing voltage need to generated, by
increasing the depletion zone in the semiconductor substrateThe capacitance drops asymptoticdy to a
capacitance value only governedy the C
doping density Nap of the
semiconductor material at the given
temperature. Fig.2.14 depicts all
described curves and  physical
guantities.

Cox
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Fixed charge density of dielectrics is
used to quantify field effect of surface
passivation. In case of AlIQ layers,
negative fixed charges are expected.
Calculating the fixed charge density @
for the ALD and APCVD processed AlO
layers (Fig.2.15, black symbol3,
negative ( values in the range of
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Figure2.14: Schematic depiction of CV curves
Depicted are the theoretical CV curve for an n doped S

1-4Q0% cm common to AIQ, films are
In case of ALD AIQ former
measurement results arethus being
reproduced, showing consistency in
deposition and measurement results.

found.

substrate (grey curve), the shifted curve due to the work
function fm (dashed grey curve) and the measured low
or high frequency curves (solid and dashed black
curves, respectively). e i marked as a dotted
horizontal line, intersecting the fm shifted curve at i
and the low and high frequency curves at M+Mvr
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Lower deposition temperature hereby leadgo higher Q: values.Unexpected are the by a factor of around
1.3 higher charge densities of APCVD AlGilms. Given the poorer lifetime level after annealing, a lower
density would be consistently expected Apparently, field effect is not the determiningmechanism when it
comes to annealed surface passivatiogquality for APCVD layersFurthermore, no discernable dependency
on the formerly determining O; flow is visible. It appears, a different dependency is limiting. Literature
suggests a dependencyf Q: on the amount of Aland O basedbonds at the interface of the AlQ and the
interfacial SiO layers[105]. Considering the bond density to be determined from FTIR analys{Big. 2.15),
particularly the Al-O bonddensity of the AlO layer, suggested by literature to be responsible fonegative
fixed charge occurrence in AlQlayers and the SiO bond density to be mainly an indication of the interfacial
SiQ, layer, the ratio of the both could be indicative of fixed charge density. The ratio is depicted ifrig. 2.15
(grey symbols) alongside the fixed charge densit@: and scaled to show the correlation. Appanatly the
assumption can be supported, that the bond densities of botlbond types are the determining factor for
fixed charge density. It also shows, that FTIR analysis can be used as a fast and +u@structive
measurement, with no long lasting effect on tre sample, to determine atleast relative charge density
differences between sampleglayers. The argument of calibration is dependent on influence of the film on
the FTIR measurement.e, normalization of bond density. In this case, a dependency of {bn the A-O/Si
O bond ratio of 1.15(9§20* cm? can bederived.

CV curves (upper left graph irFig. 2.15) display distinct properties supporting the resultsshown so far. For
both, ALD and APCVD AlQayers each,the CV curves of groups Al and G1 are shown examplary in the-as
deposited and annealed state, respectively. Furthermeorejeasurements were taken in darkness and with
additional illumination (laboratory lighting) to detect possible light influence canmon to AlQ, layers, due
to additional charges generated in the layer due to incident photons

Beginning with the ALD AIQ Al,the CV curve shapgsolid curves)changes significantly during annealing
from a high frequency @f)

behavior to alow frequency T . T a0 e
. 1 {115 1 E
(If) curve at the fixed set 14 | & | —— 7 £
. i | ™ _ £
voltage frequency. While Q - | v W
- ‘ 1 < - g
stays constant during the E | 4 | = 20§
anneal  step, certain R ! {110 & g
. — | - = 10Y
changes in the layer occur. py | b 5
Molecular rearrangement of = £ ! e il
. . c 12+ | o 2 3 4 5
bonds result in a difference g : 105 8 Gate voltage V, [V]
. . . o 1T e
in CV behavior in the = I 1 o
. . j I é dark | illum.
illuminated state (dashed Sl I S g g
| T =] : | o :
curves).The annealedstate £ [e | = Layer: 2 £l% &
. L. w [ - 1.00 ¢ ALD AIO Al ——A------
sample displays a distinct e: | ® ALD AlD, A2
offset in overall capacitance 0 e A APCVD AlO, G1
. . 1 L1 1 1 ¥ APCVDALO, G2
without change in curve AL A2 250 275 3.00 4 APCYDA, 63
location concerning xaxis ALD 0, flow f;, [slm] »  APCVD AlO, G4
(voltage). Excitation of
defect states by Figure2.15: Fixed chargalensity of alumina layerBom CV measurement

Fixed charge density derived from CV measurement of ALD an
APCVD layers (refer tdab.2.1) in correlation with Al-O/SiO bond
measured effect. This type ratio from FTIR measurement (refer to Fig2.13). The upper right
of excitation is reversible in graph shows the CV curves of one ALD and on€&VD Al@layer in
the sense that it subsides if ‘the as-deposited or. anngaled state for cpmparison. They are showr

) in the dark or the illuminated state during measurement (refer to
the sample is brought back description).Based on[63]

illumination cause the
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into darkness, resulting in the former lowered CV curveSince lifetime measurement is conducted by means
of illumination or within the relaxation time of the excitation effect of light, a lifetime change due to
illumination is not detectable by theseways of lifetime measurement.Nevertheless, expeiments show an
increasing passiation quality of AlOx films by repeated illumination similarly quasi-stable. Since( is
constant, differently charged states increasing cagcitance may be cause to an increase in lifetimey
illumination .

In comparison, APCVD AlQayers of group G1 showno change in curveshape during anneal indicating the
aforementioned in-situ anneal during layer deposition/growth. More significantly is he decrease in @due
to the gadditionalce anneal st ep r-axstollowar voljageivalues. he s hi f
The overall Q values (relative position of C minimum)still exceed the ALD layers v a lllumimation
results in a similar overall increasein capacitance as before in case of ALD Al@ayers. The effect of light
is lower in intensity, yet consistent forthe as-deposited and annealed state of the AlQlayer. Furthermore,
it is consistent with a lower overall lifetime in comp arison to ALD AlQafter deposition and anneal steps.

In conclusion asdeposited and annealedsingle AlIQ films from both ALD and APCVD toolshow significant
differences due to varying deposition technique. Most differences can be traced back to moleculghanges
occuring during growth and/or annealing phase. Various means of characterization showettiree distinct
influences on passivation quality} interfacial oxide layer thickness, H concentration and fixed charge
density} responsible for chemical andfield effect passivation, respectively.So far, chemical passivation of
ALD films exceeds the higher H concentration and (¥alues of APCVD filmsgn terms of quality and use as
surface passivation layers at low process temperaturetmplementation into solar cells will be shown in
section 4.3, picking up the same layers to be used in a firing stable SiNH/AIQ, passivation stack.
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3 Multi-Functional Layers

As mentioned before,B doped emitters [118] can not only be diffused from largely used gasphase
diffusions sources, such a8Br; [90, 20] or BCE [92]. CVDdoping layers can be used to form the necessary
diffusion source[119, 120, 12, 13, 15, 121] as well. UsingPECVDJoping layersreduces the number of solar
cell process steps compared to gas phase based processes and increases the flexibility of future indwastri
process flows for advanced cell designs such as-type passivated emitter rear totally diffused (PERT) or
interdigitated back contact (IBC) solar cell§121, 122]. Furthermore, PECVD doping layers allow for a larger
parameter range of doping profilesbased onthe separation of doping source deposition and drivan step.
This approach allows for simultaneous cediffusion of different dopants at a variety of doping levds and
polarities on one Si wafer and within only one hightemperature step.

The film properties and drivein step can be engineered to yield the desired surface doping density, profile
depth and shape. While surface doping density and general shape depktargely on the doping source,
profile depth is mainly, but not exclusively, controlled by drivein step parameters. The properties of the
boron silicate glasses (BSG) or other deposited layers depend largely on the deposition parameters (gas,
flow, etc.) and the kind of CVD deposition method. PECVD tools that commonly use Qiln oxidizing gas
and a doping gas €.9.B:Hs:H: as B source) to form dielectric doping layers such as B containirfgi oxides
(SiQ:B) orSi oxy-nitrides (SiQNy:B)are to be consicered in this case These layers have doping as well as
barrier properties [120, 13, 15, 121] making them dual-functional. If further functionalities, such as
passivation (as seen before), contadbrmation enhancement (following sections) and others are added,
CVD layersstacks become multifunctional (Fig.3.1).

Multi-functionality depends on a deeper understanding of the properties and dependencies of every single
layer and interactions in the stack iie, H diffusibility) as to be detailed in the following subsections
Application and furthermore optimization is only then possible. To show these properties and dependencies
on deposition and thermal treatment processing steps, BSfeom ICRPECVDs chosen as an example layer
with SiNk:H as capping layer.

Generally, &D as well as gagphase grown dopinglayers used as diffusion sources have not commonly
been additionally being used as passivation layersNeither have they been investigated as optical
transparent layers for high-efficient cell performance due to sufficiently low absorption directly after the
diffusion process without further treatment. Inaddition, former investigations on passivation ofBSG layers
did not show sufficiently low jee values for B emitterswith sufficiently low sheet resistancefor screen
printed metal contacts up to now [123, 124]. Therefore, B emitters on ratype Si wafers are commonly
passivated after
removal of the
doping layer using
SiQ/SiN«H or
AIO,/SiNy:H stacks in
additional process
steps [125].
Therefore, nost BSG
layers'*¢ are only
used as doping ht
not as multi-
functional layers.

Figure3.1: Schematic depiction ahulti-functional CVD layers
Multi-functional properties: ARC (A), passivation mechanisms (B), conta
formation enhancement (C) and barrier/doping properties for cdliffusion (D)

146 This primarily includes gasphase diffused (BByand BC}) BSG, being the established means of gloping diffusion.
With new low-pressure diffusion tube furnaces, passivating BSG from gafase diffusions are now obtainabldg171]
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3.1 Anti-Reflective Coating

Based onthe results of [96], this subsection deals with the optical properties ofthe multi-functional layer
(stacks).The optical properties measured by ellipsometry such as absorption and reflection, are less
affected by film thickness but by deposition parameters. Aincrease in B concentration shifts the refractive
index of BSGfrom 1.45 to a maximum of 161 at 633 nm (Fig. 3.2), reachable with given maximum doping
gas flow in the ICRPECVD tool. The extinction coeffignt is <1x10* in the range of 300-1200 nm. Since
pure BSG layersieed to be ~100nm thick to display a necessary ARC property based tme refractive index
range, double ARC layers areommon. In this case . TGFSiN:H as an additional passivation layeras well
asARC layer is applied on top of the BSG. As seen before, with the wide range of SiNlayer properties, a
layer with suitable!* refractive index of ~2 and an equally lowextinction coefficient of <1x10“ in the range
of 350-1200 nm (Fig. 3.2) relevant for solar cell performance can be deposited. It will be shown, that the
deposition can even be done

in-situ with the BSG deposition 26k ' ' '
before diffusion to allow for

additional multi -functionality
and stll sustain the necessary
passivation quality level.

The antireflective coating
quality for random pyramid
texture is evaluatedfrom these
results maximizing the
internal quantum efficiency
and subsequently the
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[126, 127]. In case of a BSG

single layer, the optimal Figure3.2: Optical properties of BSG and LTGKS$IN

Refractive index n (left yaxis) and extinction coefficient k (right y

thickness calculated is 102nm axis) of BSG (upper and lower boundary of investigated laye
with a jsc:of 39.5 mA/c?. In variation) and LTGF SiNH. Marked are the 400nm (grey dashed
line) and 633nm (black dashed line) as points of reference by

comparison, the same cell _
convention. Based on[96]

model results in 39.7mA/cn?
for a single SiN:H layer of
75 nm thickness. Further optimization leads to a double antreflective coating layer with a stack ofBSG
and SiN:H. In case of the aforementioned refactive index of 145 for BSGand 2.0 for SiN:H, an optimal
stack with increased short wavelength response can increasecjito 40.0 mA/cn?. The thicknes®s for the
two films then are 76 and 57nm, respectively. Depending on the optical properties of thaBSG layer, the
SiN(:H layer therefore increases the antireflective properties for an improved ARC layer on cell level.

In conclusion, CVD layer stackingwith BSG or similar doped films does not decrease ARC behavior or
increaseabsorption, bututilizes double ARC properties for improved optical properties.

147 Simple optical calculations based on basic ray interference and Fresnel formulae yield this value for a solar cell in
air. The refractive index value is lower, if the solar cell is encapsulated in a module under EVA foil and glass
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3.2 Doping
The following subsections 3.2.1-3.2.5 deal with doping from BSG based multfunctional layers and are
partly basedon the results publishedin [128].

BSG layerdave been used in a large variety of applications for a long time. As dielectric layers with no to
moderate conductivity, they are used in semiconductor structures as isolator tin conductive layers[129].
Currently, due to their doping source property, they are more commonly used for doped layer diffusion from
solid-state diffusion sources[130, 118, 131, 132]. In semiconductor science, especially in photovoltaics,
BSG films are utilized to form emitter layers on semiconductosubstrates for prjunctions. BSG layers can
thereby be deposited by various techniques. As of late, doped chemical vapor deposited (CVD) films are
more and more used commercially as doping sourcd433, 120, 121, 119, 134] due to the possibility to be
easily structured[120, 121], conveniently controlled, to allow to separate deposition and diffusion12, 13,
14, 15], as well as to serve as a multpurpose layer[96] compared to otherBSG growtechniques While,
e.g, BSG growth during gas tube diffusionife, BBE) is only possibde at higher temperatures and with the
inseparable simultaneous dopant diffusion, doped CVD layers allow for more freedom of parameter control.
The growth of CVD BSG layerdoes not consume the substrate andt can be done at any temperature.
Furthermore, during deposition the molecular bond structure caneasily be adjusted and no diffusion of
dopants into the substrate during depositionis occurring.

Considering the need for an undamaged Si substrate and H to passivate recombination active defects in
the bulk Si, ICRPEC\Adeposited BSG films are advantageous for photovoltaic and other similar applications
as a B doping sourceThereby, ICPPECVD will demonstrate the aforementioned advantages of low ion
bombardment during deposition to allow for such a redeed substrate damageTo determine the influence

of thereby applied CVD parameters and film properties, studies have been carried out on the behavior of
CVD BSG films during deposition and diffusion sted32], as well as on the formed doped layers €, emitter
layers) [134, 13].

In the last years, alternative process steps have been developed to simplify mess stes. One of these are
C\D layers enabling cadiffusion of emitter and FSF (front surface field) or BSF (back surface field) diffusion
in one single step without additional masking stepg[120, 96, 13, 15].

When using BSG as a doping source, the question of emitter properties and interface structure arises. The
presence of a Brich layer (BRL) as a highly doped Si laye130, 135, 136] with high recombination activity

has to be considered for highly doped emitter layers formed from highl¥8 containing BSG layers. Yeg.q,

as applied in photovoltaics, recombination activity should be as low as possible, even with the need for
highly doped emitter layers. Furthermore, due to the high concentration of substitutional B on Si sites in
the BRL, the strain in the layer structure allows for defects and cediffusing of O atoms in high
concentrations. As such the BRL is suspected to influence the emitter formation significant]§35, 97, 98],
being formed earlyduring high temperature (H7) diffusion steps.In situ avoidance or subsequent removal
by, e.g, thermal oxidation [133, 135] or chemical etching [137, 138] is necessary for application of B
emitters in electronics and photovoltaics.

ICROES- ICP Optical Emision Spectroscopy

Inductively-coupled plasma optical emission spectroscopy (ICROES) is based on the spectroscopic
analysis of light emitted in a plasma proces$139]. The inductively generated plasma is fueled by vaporized
liquid to determine the elemental composition by wavelength analysis in a spectrometer. Therefore, the
sample to be analyzed needs to be in liquid form. For that purpose, dielectric layersg, BSGare dissolved
using HF solutions and inserted into the ICFOES process for analysis. Basically, all dissolved media can be
analyzed this way. ICPOES is further capable of multistandard calibration, yet single standard calibration
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with a set of concentraions of (calibration) standard solutions is recommended for most accurate
determination of element concentration in a given sample.

3.2.1 Doping Concentration

For sample preparation(as depicted in Fig.3.3) 200y ¢ m -typa FZSi wafers were laser cut in 5x 5 cm?
pieces. After a short polishetching and subsequent cleaning step to remove the laser damage and native
SiQ, layer, the samples were deposited with BSG films usingn ICRPECVDool. Thereby, the dieledric BSG
layer was formed by reaction of silane (Sikj, carbon dioxide (C@ and H diluted diborane (BHs:H.).
Whereas the Sid and CQ fluxes were kept constant, the diborane flux Qznen2 Was varied from 400 to
1000 sccm. After doublesided deposition,half of the samples were diffused inN, atmosphere using a tube
diffusion furnace at a common B diffusion temperature of~930°C and duration of 100min. Before
deposition, after deposition, and after the diffusion step all samples were weighe@n micro scdes® to
determine the change in film densityr during processing. The BSG on all samples was analyzed regarding
its optical properties'*® and the molecular bond structure'®®. Furthermore, GBOES measurements were
carried out to determine the

concentration profiles for B, Si Laser » Cleaning Weighing » ICP-PECVD Weighing »- Diffusion

and O for all BSG layers of as

and nondiffused samples. c‘“',‘g‘g ICP-OES GD'oﬁs Ellipsometry

Afterwards, the doped layers \
on all samples were removed ALD
using HF. The resulting
solution (yellow arrow in »PECVD P Firing step » PCD - HF-etch » ECV

Fig.3.3) with the dissolved

HF-etch <¢ FTIR <€ Weighing

» 4PP

dielectric layer was processed Figure3.3: Schematic depictionf sample process flow
Schematic depiction of sample process flow illustrating variations

by an ICRPOES tool to in processing for as and non-diffused samples. Refer tdext in this

determine the B concentration section for detailed descripton of process steps

CicroesWithin the layers of non- Based on[128]

and asdiffused samples i.e.,

before and after diffusion step In the following step, the BSG was rmoved from the diffused sample$>®
within a standard cleaning step. Tie surface wassubsequentlyre-passivated by an AD./SiN:H dielectric
stack, depositedat around 300°Cby ALD andat around 400°C byr-PECVD, respectivelyAfterwards, the
samples were firedin a belt furnace at around 850°C sample temperatureto activate the surface
passivation, and the sample emitter saturation current density pe [140] was measured using PCDn the
end, the dielectric layer stack wasremoved by HF etch(as before the BSGJfor sheet resistance R,
measurement by 4PRand ECV measurement. The latter was also used to determine the emitter profile (B
doping concentration G depending on depth D) and the surface doping concgration Ns,+ Thereby, the
firing step and cleaning steps for passivation, deposition and removal had no influence on the subsequent
measurements. Furthermore, no capping layers were used on top of the BSG durithg diffusion step.
Commonly, capping lagrs are used to prevent owdiffusion of B into the furnace atmosphere and iR
diffusion of contaminants, i.e, other dopants. In this case, the capping layer was deliberately omitted
considering the lack of possible indiffusion of other dopants. Common cgping layers would otherwise
include SiQ, SiN:H and SiQN, [85, 141].

148 Refractive index n and thickness dby ellipsometry
149 Absorbance intensity signal | depending on wavenumbebby FTIR
150 Sister samples of ICPand GDOES samples
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The increase of the BHs:H, flux Qgzrs:nzfraction on the total gas flux for different ICP-PEG/-depositions of
BSG layers leads to significant changes in the physical properties of the BSG films. Therefore, three major
sections of BHg:H, flux range are identified and referred toin this section as regimel (400-650 sccm), Il
(650-770 sccm) and 111(770-1000 sccm).They are marked by separating vertical lines in all the relevant
figures in the following sections. A detailed description of the differences in regimed-Ill is provided in
these following sections.

Film properties
FiIm density r (Fig.3.4, dashed lines, open symbolsand thickness d (Fig3.4, dashed lines, filled symbol3
are two important characteristics of BSG layers to determine thenfluence and subsequent change in
molecular structure by variation of deposition or diffusion step parameters. Glass based doping sources are
usually deposited with a film thickness range of 10 to a few hundred nanometers depending on deposition
technigue and material [142]. In case of CWdeposited BSG by the IGRPECVD tool used in this experiment,
the thickness iscontrolled by variation of deposition parameters depending on desired emitter, optical, and
processing properties. As can be seen in Fig.4, the B;Hs:H; flux is one such parameter to vary the film
thickness d and film densityr in a wide range.

In the non-diffused state, the film thickness(squares inFig. 3.4) of the BSG layers is around 20() nm for

all investigated B,Hs:H: flux values. Considering the high dilution of BHs in H, and knowing H to be an
etchant, one would assume the effect ofa decrease in thickness due to a higher etch rate with increasing
B:Hs:H: flux. Yet, in contrast to other techniques,i.e, direct plasmadeposition from d-PECVDeactors, ICP
PECVD reactors show no such influence due to the distance between plasma andstnate and its non-
directional deposition method lacking a directing electric field [69, 70, 71, 72, 73]. A commonly highfilm
density of films deposited by ICRPECVD reactors additionallyhelps to prevent significant etching by H
radicals.However, the film density and thereby the molecular bond structure of the nondiffused dielectric
layers show a distinctive change with an increase in B1s:H; flux for ICP-PECVD tools. The density increases
steadily during regime| & 11, with a further increase in density growth rate in regimelll showing indirectly
the molecular changes & the
BSG during transition from
regimell to IlI.

The drive-in of the B dopants is
carried out in a HT step at
around 930°C in N
atmosphere in a standard tube
diffusion furnace. These as
diffused samples (circles in

Regime | ] ]

T T T H T T T T
--0-- p as-diffused i

--0-- p non-diffused

3.2

~
(-]
T

Fig.3.4) show a thickness
variation from ~150 to
~185nm and an increase in
film density from 2.0 to
2.9gO@m* at maximum during
an increase in BHgH: flux
from 400 to 1000 sccm. The
lower overall values of film
thickness compared to the as
deposited/non-diffused state
are due to the increase in film

Figure3.4: Film densityr and film thickness d
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Film density r (opensymbols, left axis) and film thickness dfflled
symbols, right axis) in dependency on BHs:Hz flux Qsgznerzfor as-
diffused (circles) and nordiffused samples (squares)Lines are

guides-to-the-eye. Based on[128§]
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density during HT treatment and out-diffusion of B from the BSG layer into the shstrate!®! and/or the
furnace atmosphere(section 3.2.4). Thefilm density after the diffusion step follows a characteristic curve

through all three regimesl-Ill. After a moderate increase up to 2.4@m? at around 750sccm, the film
density curve drastically increases in regiméll above 2.85g@m™ and stagnates at the end at 2.8@m?.
The increase in density is mirrored by an apparent

simultaneous increase in film thickness in regimdil.

In conclusion, the BSAilm densifies and its molecular structure is rearranged during thedT step, whie
the emitter is diffused into the substrate. Furthermore, the molecular bond structure changes from films
with the same thickness, but different densities, before high temperature treatment to films with a higher
overall density and lower overall thickness.

Refractive index and B concentration

Quantitative B concentration measurements of thin dielectric films were carried out in an indirect way using
FTIR. Many common direct techniques similarly suited are complex and/or require a long
preparation/measuing time. Those methods include SIMS or ICP/GDES/MS measurementgd143].
Nevertheless, to calibrate FTIR measurements, one of these techniques has to be usgteast once. In this
experiment, ICROES vas used to calibrate the total B concentratiorn(dashed lines, filled symbols inFig. 3.5)

in the BSGlayer, deposited by ICPPECVD and measured by FTIR. The choice for4OBS is advantageous
with respect to calibrated measurements of the total B concentration in dielectrics. Compared to
incremental methods, ICPOES measures larger volumes for higher accuracy in determining total B
concentrations of glasses and directly uses calibration standards for evergmples measurement cycle. To
achieve an accurate value with ICROES, B needs to form a detectable complex with the HF, used to etch
the BSG from the sample, after an incubation periofiL43]. Therefore,any signal from crosscontamination
due to machine components coming in direct contact with the HF has to be avoided/subtracted. A way to
reduce the susceptibility to errors for comparable sample measurements is to determine the B
concentration indirectly by

FTIR. Once calibrated, FTIR Regime I I [

then yields the same o as-diffused

. . 20
information of absolute B ==D- - €, o NON-diffused

1CP-0ES

concentration values.
The determined B
concentration Gcroes Of non-
diffused BSG layers (Fig3.5,
open square§ by ICROES
measurements shows nearly
linear increases in
regimel & Ill, with a gradud
increase of the slope during —®— nas-diffused
. i 05 —&— n non-diffused
regime Il. As will be seen later, I ! ! ! I ! I
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this is due to a change in Diborane flux Q. ,, [scem]

primary B molecular bond type

from  regimelto lll. The | Figure3.5: B concentration eroesandrefractve index n

B concentration acroes (0pen symbols, left axis) and refractive
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squareg follows in regime lll the slope of the B concentration with a coefficient of 1.0(2§20%2 cm3. In
regime |, the refractive index curve declines in contrast to the B concentration due to the higher influence
of the Sioxide on optical properties rather than the lower incorporated B concentration.

As-diffused samples show an unexpected increase in B concentration for lowesiBs:H: fluxes (regimel & 1)
after the HT step. Yet considering the decrease in film thickness and the molecular bond density distribution
among B bond types gection 3.2.5), the increase in absolute B concentration in thas-diffused film can be
explained!®2. Although B is outdiffused from the film into the substrate as an emitter/BRL and oudiffused
into the furnace atmosphere, the increased density of the film still allows more B atoms to form bonds with
Si and Oand thereby creating the seemingly aradox of an increase in B concentration afteHT step The
course of the curve, especially the jump before regimdll, even results in a stagnation of B concentration
with increasing B:Hg:H, flux after the HT step. This only partially explains the stagnaibn of B concentration
in regime Il as will be seen in one of the following graphs.

The refractive index follows the B concentration curve of adiffused samples in the full range of BHs:H;
flux as well. Again, the reason is the reorganization of moledar bond types to a dielectric layer with a
homogeneous molecular bond density distribution proportional to the film B concentration. Considering
the sufficiently long diffusion step duration to reach an equilibrium state, this is to be expectedAs a resll,
the refractive index is above the stoichiometric value of 1.45 for Si@[144] due to incorporated B.

3.2.2 Doping Profile

Emitter formation
BSG layers are multfunctional. In one case,these layers sere as a doping source. If the doped Si layer is
p-type in an ntype crystalline Si substrate, as investigate here, it is denoted as an emitter layer. Since in
B emitters generally almost all dopant atoms are activej.e, are substitutionally incorporated in the Si
lattice due to the
substitutional nature of
diffusion [145], the absolute
amount of diffused B (diffused
B doping profile) can be fully
characterized by ECV
measurement.Based on[128]
Fig. 3.6 shows typically shaped
B profiles from the series of
BxHe:H; fluxes (400
1000sccm). The range of
emitter sheet resistance R 10* ¢
varies between 40 and o
100y /&g, while the emitter i A . : L : - ;
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
depth D lies in between 0.4 to Depth D [um]

0.6 um, respectively. In this

case the observed depth Figure3.6: B doping concentrationsqrofile of emitters diffused from BSG

B doping concentration & profile of emitters diffused from BSG
layers deposited with increased BHs flux Qszrenz (darkening
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dependency on BHs:H: flux Qsznenz in upper right inset.

all samples, but are only Lines are guidesto-the-eye.Basedon [12§]

152 See GDOES measurement on similar samples in sectidh2.4
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dependenton the BSG properties. The depth solely depends on thets:H: flux Qsznenz during deposition
and the resulting type of diffusion source or rather the molecular bond structure of the layer, as well as the
diffusion mechanism in the BSG and at the SBSGsubstrate interface. The emitter depth increases with
B:Hs:H: flux until the trend is reversed at a flux of about 700 sccm to decrease again. This behavior is also
mirrored in the sheet resistance values to be seen in Fi®.7 (dashed lines, open symbolshased on[128].
The surface doping concentration N, considered to have influence on contact formation by metallization
[14, 15, 146], is separately shown in the lower left inset inFig. 3.6. Standard B diffusions from BBrsources
allow mainly for emitter profiles with dopant depletion region on the surface, due to the necessi to
completely remove the BRE®® and thus to achieve a sufficiently low recombination activityin the doped
region [91]. Thereby a dopant depletion region at the surface is formed due to the rdiffusion of B atoms
from the crystalline Si into the newly formed B containing Si oxide layer caused by the higher affinity
(solubility level) of B in the Sioxide layer (pile-down effect). At around 930°C the solubility level for B in
Si ranges from 8.5(500%° cm® [147] up to 1.15(5X20%° cm® [145, 148] depending on measurement
technique used The maximum solubility of B in SiQ at 930°C is >Z0% cm® [149] as commonly derived
from the experimentally accessible, low segregatiorcoefficient of ©0.3 for B[150]. Applying a CVIBSG as
dopant source causes a similar depletion effect, if the B concentration in the CMBSG is too low to generate
a B concentration at the Si surface akigh as the solubility limit of B in Si. This depletion in B concentration
at the surface canthus be seen in the emitter profiles of CVD BSG layers deposited withls:H; fluxes
below 600 sccm. Two factors influence the B depletion at the Si surface: Bity, B can diffuse back into the
oxide, if the change in solubility limit with declining temperature in the cooling phase after the HT step
permits it. This effect is similar to the BBg case. Secondly, the B in the Si bulk can diffuse deeper into the
Sisubstrate. Thereby, the surface is depleted of B, while due to the segregation coefficient the B flux from
the BSG into the Sibulk declines below the minimum flux necessary to maintain the high (nordepleted)
surface concentration. This process lasts fais long as the maximum temperature of the diffusion step is
ongoing. Although highly dependent on diffusion step and deposition parameters, the second effect is
typical for CVD BSG filmand is advantageous to prevenBRL formation at the Si surface. BRLare typically
formed in case of CVD BSG layers deposited with >788cm BHs:H; flux and HT step temperatures above
930°C. A typical increase of doping concentration above the solubility limit in the first 56100 nm of the Si
wafer is evident in these case[130, 135, 136] and reason for an increase irsurfacerecombination activity
[135] as well as a reduced diffusion depth due to a decreased diffusion coefficient97, 98] in the BRL
between BSG and Si substrate. Thereforeceossovermoint of doping depth profiles with increasing B:He:Hz
flux is visible at around 170 nm depth for profiles of regime Il & Ill. Surface depleted profiles from regimel
show no such behavior due to the finite nature of the BSG as B dopant source. The ensuing change in
surfaceconcentration increase of the profiles shows the rapid change of dopant source tyfé from dinite
to gnfinitecwithin a range of only 100 sccm difference in BHe:H; flux Qgzns:vz from 600 to 700 sccm. This
marks the change from depleted surfacestate to BRL formation. For better comparison, in particular to
depict the crossover point marking the formation of BRL, the upper right insetin Fig. 3.6 shows the profile
depth D (left upper insetaxis, star symiwls) and the B doping concentration at the surface N« (right upper
inset axis, triangular symbols) in dependence on the Bls:H; flux. The first increase of the slope of depth D
at around 650sccm marks the lowest concentration for BRL formation at theraéinsition from regime | to 11
With further increase in BRL thickness and density at a diborane flux of around 7%&cm,i.e, regime lll,

the depth D of the profile'®® drops linearly with increasing N and respective Qszne:Ha

D [ 8] BA 0AQ, sl $,C €0n] BO. (21)

153 Commonly done by oxidation at the end of the diffusion step
154 Réefer to section 1.1.2
155 Despite constant diffusion step duration and hidper B concentration in the BSG
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Emitter sheet resistance and passivation dependence

Considering the dependence of the emitter profiles on the Bs:H; flux, the overall course of the sheet
resistance curve determined from PP as well as ECV measurements for increasingH:H; flux is as
predicted for both measurement techniquesKig. 3.7). In regimel the resistance value drops linearly with

a small offset between both techniques due to a higher uncertainty for ECV measurements for lower doped
layers[151]. In regimell, the sheet resistance reaches its minimum to asymptotically increase in regimd

to below 50 § &q. The dight increase in this regime can be explained by the insufficient further increase

in surface concentration forming a BRL compensating the decrease in emitter depth. In case of gas phase
diffusions (e.g, BBE), BSG layers with such high B concentratiorend no significant in-diffusion of B during
BSG growth atHT are impossible to realize[145], making the here depicted behavior of emitter formation

by oversaturated BSG layers unique to prdeposited dffusion sources, such as CVD layers. Aside from the
difference in growth of the BSG into or on the Si substrate, as found for gas phase formed and CVD deposited
BSG layers, respectively, the

200 -

) ) Regime | I 11}
ambient temperature during : - — T T T
BSG growth isa main factor for Z: ::z:; T e 500
the difference in film growth, B =

molecular film composition
and diffusion source behavior

A means to quantitatively
evaluate the recombination
activity of doped regions, such
as the emitter, is to passivate
the surface as perfectly as
possible'®, use lowly doped
substrates (e, 200y ¢ m -
type FZSi) for low base

Sheet resistance Ry, [(2/sq]

- 100

Emitter saturation current density j;, [fA/cmZ]

500 600 700 800 900 1000
Diborane flux Qg,,..., [sccm]

+
o
o

recombination and Figure3.7: Sheet resistancesRand emitter saturabn current densityof
symmetrically diffuse samples Sheet resistance B. (open symbols, left axi§ and emitter
to measure the emitter saturation current density pe (filled symbols, right axis) in

saturation current density je erendency on BHeH flgx Qe2rena  Ron IS .determmed

o independently by fourpoint probe (4PP, circles) and
[140]. The recombination due electrochemical capacitance voltage (ECV, squares) measuremel
to highly doped regions and Lines are guidesto-the-eye. Based on[128]

the overall doping of the

emitter influences this specific value. Therefore,jee continuously increases throughout the increasing
B,Hs:H: flux range (Fig.3.7). Major increase can be observed inagime Il during the rapid increase of surface
and overall doping concentration. In regimelll the BRL formation has less influence on an already highg
value of >400 fA/cm?. Optimal lowest values are to be reached in a narrow window around 506ccm BHs:H,
flux, again considering the specific deposition and diffusion step parameter set. The overall behavior is to
be expected for a broad range of parameters, yet the optimal range is specific to the individual parameter
set. Furthermore, the CVD techniquefdCR-PECV[aids to reach relatively low pe values of below 35fA/cm?
due to lower ion bombardment and film stress management during BSG depositidf9, 70].

156 j.e.,AlOx for p-type emitter
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3.2.3 Calibration of Boron Doping Profile

The question arises how the final B concentration in the BSG film in the nenand asdiffused samples is
correlated to the B concentration in the gas phase during deposition. Since all deposition durations are
identical and the growth of the BSG film bulk is considered constant over time, a direct comparison of the
B concentration is possible. Nevertheless, the absolute,Bs flux Qgzne has to be calculated from the H
diluted B;Hs:H: flux Qganenz depending on the relative BHg concertration Cosons DY

_Cyp. B2
QBZHG 100%82H6:'H2 (22)
The B;H¢ gas flux weighted content ct; can be calculated from Qs as follows:

1

Cd=———.
PN @3)
B2 H6

Further weighting by the atomic mass of B and Si leads to gt

¢4
Cd. mTTMa s (24)
Ma. B

The B content cicroeswas derived from the B concentration groesas follows:

it Y COES. CICPOES: G coeMs 0% 6 coeMsi o2 25
tooes = 34 3AMN,  ° 3AN, (25)

at mo |

For approximation purposes, the molar mass of Si dioxide §.with 60.08(1) g-mol* was used for Mioxs

Based on[128] Fig. 3.8 shows Diborane flux Qg;ys4; [scem]
400 500 600 700 800 900 1000

the dependence of the ICP 31 - - T 31

[mem et = 1.824(ct,- 27.82)

OES measured B content gk %
= == =fyety ) = 0.33-cty 1
oes in the BSG film on cfm. ‘

26 _—fs(ctgm) =ct, .,

26

Fitted to the measured data
points are two linear curves
fi(ctym) (dash-dotted line,
regimell & Ill) and f(Ctym)
(dashed line regime ) for the
non-diffused samples. The two
linear functions differ by a

change in slope of §(ctym) from IcP-0ES

0.33in regimel to around 1.82 9 11 13 15 17 19 21
of fi(ctym) in regimell + III. B cont. ct, , [%,,]

Explainable by an ircreased
incorporation of B in the BSG

21 |- Regime

B cont. ctycp.qps [%6,4]

o

Ctycp_ops as-diffused

ct, non-diffused

Figure3.8: B content atroesin dependencef B cont. Gim

B content cticroesfor non- and asdiffused samples in dependency
film, this slope change can be on the B content cigm (gas flux and atomic mass normalized)
attributed to a difference in including fits fi(ctym) (dash-dotted line) and f(ctym) (dashed line)
to the measured data points. #(ctg.m) (solid line) is the identity

film growth mechanism in )
growt echanis function. Included are the formulee for cticroes (see eq.(25))

addition to a certain amount of dependent on acroes as well as cm (see eq.(24)) dependent on
incorporated B in molecular cty (see eq.(23)), in turn dependent on absolute BHs:H. flux Qszre.
bond structure, changing its Based on[128]
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density as described in the following sectbns of FTIR measurements.

Incontrast,theasd i f f used s ampl egoesclaseytfolow phe identity Sunctioh f s(€tfm) (solid
line, non-fitted curve). The temperature treatment of the asdiffused samples is therefore consideredo
changethe molecular bond structure of the BSG filmin all three regimes from the unstable and unordered
as-deposited and thus non-diffused state to a more homogeneous molecular bond structure afterthe
diffusion step. Hereby the film thickness decrease inB corncentration regimes | & Il leads to an apparent
increase in cicroes However, he change of molecular bond structureduring HT treatment seens to allow
for less variation in SiB-O or SiB-H bonds in the BSG filn#®?, thus reducing the number of different bands
by rearrangement of B incorporated in theamorphous structure of the BSG.

The measured B content Gtroesafter HT treatment is reduced compared to the BSG films before the
diffusion step. Thereby, the intercept point lies near thetransition from regime Il to Ill. Considering the
randomly chosen diffusion temperature and dependency of adiffused film properties thereof, it is not
clear without further experiments if this is only a coincidenceor not. It can be argued that the ciroesvalues
in regime Ill, following the identity function of the expected B content ctyn in the BSG, are independenof
the diffusion temperature in a certain diffusion parameter window,e.g, as a nonrfinite doping source or
even considered to be consisting otemperature stable B bonds. The latter meaning thatbefore the HT
step, a distinct amount of B bondsexists, that are available/capable forof solid-state diffusion, i.e, B
incorporated in the (S#)B-O bond with an FTIR peak wavenumber around 1395m?. Most of the B
stemming from the difference in B content from non and asdiffused films in regime Il is not lost to the
furnace atmosphere, but rather clustered in the forming BRL, showing further proof for the strong BRL
formation above 770sccm at the chosen drivein conditions around 930°C

3.2.4Boron Concentration ComparisonUsing GDOESMethod

GDOES allows for measuring depth profiles similar tahe ECV technique, yet by Ar plasma etching instead
of chemical etching of the Si 200 150 100 s o

substrate. Calibration  of -

T 1 T 1 /
Diborane flux Qg,,,..,,, [sccm]

concentration values can be  § 700
750
done by measurement of g 10" L 250
standards or in this case, by g —950
. . . £
ICROES calibration. Similar 2
o 107k

calibrations as well as a more
fundamental calibration of GD
OES measurements in this

o :

£ =]
context were carried out by 3 5
F.Geml[110]. Depth g I 8
calibration can be done by  ° w*f €o as-diffused ¢ as-diffused 102"

i - ¢, non-diffused = = = ¢g non-diffused
ellipsometry measurement for . . . .
200 150 100 50 0

the BSG layer. Qualitative and
guantitative information can
be derived from these profiles, | Figure3.9: B doping concentrationscalibrated GEOES profiles of BSG

as to how the B doping profile B doping concentration o in upper graph for different absolute

B2Hs:H: flux Qs2rs Values of asdiffused samples. Q(solid lines)and
Si (dashed lines) concentratio profiles in lower graph for aBzHs:Hz

Film thickness d [nm]

changes in accordance with O

and Si concentraion, HT step flux of 950 sccm of as (black lines) and nondiffused (greylines)
temperature and BHs:H; flux. samples. All graphs dependent on BSG film thickness d. ¢
Fig.3.9 depicts in the lower substrate depicted asgrey shaded area on the right hand part of

both graphs Based on[128]

157 Refer to former section3.2.5concerning FTIR results of same BSGylars
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graph Si (dashed lines) and O (solid lines) concentration profiles for a fixedBs:H: flux of 950 sccm. The
interface between BSQayer (left part of graph) and Si substrate grey shaded part on the right) coincides
with the crossing of the O and Si profile lines. The change in the BSG layer from nofgrey) to asdiffused
(black) state duringHT step results in a drop of Si concentrion at the interface. Substitutional O and B
atoms accumulate in the forming layer. While B diffuses further into the Si substrate (light grey adiffused
profile in upper graph), O largely remains in the BSG layer. Since BRL formation depends on the aVieB
content in the non-diffused BSGlayer, as mentioned before, an increase in B content near the interface of
BSG ad Si substrate with increasing BHg:H; flux is to be expected in case of BRL formation. Besides this
accumulation of B near the interfacewith increasing BHs:H: flux, an increased diffusion fran the surface
of the BSG layel®® towards the interface can be seen. A plateau of B concentration of around®? cm?
grows from the surface of the BSG layer into the upper plateau of around0? cm with increasing B:Hs:H.
flux. This increased diffusion of B from the surfaceof the BSG layerto the interface for higher BHs:H;
fluxes, at fixed diffusion temperature, supports the theory of enhanced B diffusion due to @ the BSG
compared to Si[32,33]. Before theHT step all profiles of the non-diffused samples resemble the asliffused
profile for 700 sccm. The plateau height is depending on the B1s:H: flux during deposition, but is otherwise
homogenous throughout the depth of the BSG film. The @nge duringHT treatment and the accumulation
of B atoms at the interface can only be seen for Bis:H; fluxes above 750sccm. Therefore, the peak of B
concentration, the drop of Si concentrationand the increase in O atoms near the interfacare indicative
of BRL formation for layers deposited with a BHs:H, flux above 750 sccm, as mentioned before.

3.2.5Boron Concentration MeasurementUsing FTIRMethod

With CVD optimization focus lies on the molecular composition of BSG films to investigate, monitor, and
control the various properties of BSG and its interaction with the Si substrate/interfacavith regard toi.e,
the emitter layer formation. Commonly,FTIRis applied to characterize the molecular bond densit [152,
153], since ellipsometry only

gives rudimentary information

with too many open variables. Diborane flux Qg gy [sccm] 08k
FTIR is usually measured to 10 400 50 X-0-H
A . . A B 500 06fF . 7
give additional information or 600 1055 Si-H 3405
700 B-O-H

to take a deeper look into a
single part of the experiment.
Asstated before!®, this entails
the molecular bond structure,
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guantitatively and al 4
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content of BSG layers in a fast Wavenumber ¥ [cm™]

and simple way compared to

other common techniques g.g., | Figure3.10: FTIR signal intensity | of nediffused BSG layers

ICROES SIMS etc. [143]) FTIR signal intensity | (absorbance) of nouliffused BSG layers in
’ ) dependency on wavenumbeOdeposited with increased diborane

Lo flux QezneH2 (darkening grayscale) on crystallineSi substrates.

FTIR spectra indicate the Enlarged spectrum in the range of 22068800 cm! in upper right

molecular bond types, bond inset. Based on[12§]

158 j e, far from the interface
159 Refer to section2.2.4
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density and bond distribution within the BSG layer. Typical molecular bonds in CVD BSG include(5B-0O,
SiB-0O, SitH, B-H and SiSi. The evaluated spectrumin this work is deliberately limited to a wavenumber
range of 750-3800 cm?, giving all the relevant information about the BSGlayer as a diffusion source and
optical layer without major influence of SO or StH bonds at smaller wavenumbers.

Based on[128] FTIR spectra for non and asdiffused samples are displayed in Fig3.10 and 3.11,
respectively*®. They show the spectra of a SiQlayer with additional B related peaks. Since the reaction
gases include Sik, CQ and BHg:H,, bonds including C or Hwould be expected.However, brmer studies
show a strangly reduced incorporation of C based bonds into the amorphous lay¢t54] in comparison to,
e.g, N based bonds from BO [155] as an oxidation sour@. The reason is the dissociation of Cn CO and
0[156], whereby CO canat be incorporated in the film [154] during deposition in the used CVD reators.
Therefore, only H bonds do appear in detectable concentrations in this part of the spectrum scaled by the
increase in BHq:H, flux. Far more prominent is the central GSi-O peak at 1055cm? for non-diffused and
1084 cm?! for asdiffused
samples, respectively, from the
symmetric SiO  stretching
mode region [62, 157, 158,
159, 160]. The SiO peak is
slightly shifted to lower
wavenumbers compared to
pure,i.e.,thermally grown SiQ;
films (peak around 1070

1107 cml), and even slightly o s
wider in peak width as 820 A
common to borosilicate A
glasses [160]. The 1180cm? ,
peak on the flank of the main 550 Tobo 50 a0 1500
SiO peak is assumed to be the Wavenumber ¥ [cm™]

asymmetric SiO stretching diffused |

. . Figure3.11: FTIRsignal intensity lof asdiffused BSG layers
mode [§2’ 157, 1.58] Wld?nmg FTIR signal intensity | (absorbance) of adiffused BSG layers in
the main peakmainly to higher dependency on wavenumbedeposited with increased diborane
wavenumbers. The assumption flux Qszrerz (darkening grayscale) on crystalline Si substrates.

is based on the lack of a Enlarged spectrum in the range of 22068800 cm* in upper right

) ) inset. Based on[128]
reliable correlation to the B
content of the layer and the higher anticipated peak intensity of the SIO modewith its expected increase
All other peaks can be safely associated with the influence of theBls:H, flux and are therefore part of the
following argumentation. Intensity change and wavenumber shift in dependency of Bls:H. flux change are
listed in detail in Table A.1%° including molecular bond type.
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Before the diffusion step, BSG layers show $1 bonds at 878cm® [160] and 2253 cmr! [158, 160] for
different vibrational modes. In case of the 225&nr?! peak a BO-H bond[161] might also be possible, given
the strong linear deperdence on the BHg:H, flux. In any case,the increase of bond density is due to the
increased flux of H and B from BHs:H, considering the given constant flux of SiH,. The peak at 2253cm'?
increases thereby in height and area, whe the peaks center of gravity shifts only slightly to lower
wavenumbers in regimed & Il. This behavior of peak change stagnate in regimelll. Therefore, the SiH

160 Gven are always mean peak center values over the whole:Bs:H: flux range, cf. Table A.1 in addendumFTIR mean
peak centers
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or B-O-H bond area stable indicator of the B concentration in the film, given the proportional change in
density with B>Hs:H: flux. It should be noted, that the rehydration after depaosition of the commonly highly
hygroscopic BSG layers forming the4-H bond is also linear withexposuretime and B content of the film
[161], and therefore not influencing the former conclusion. Rather unexpectedly, the prominent ($B-O
bond of the stretching mode at 1364cm declines in this case with increased BHg:H, flux compared to
studies on BSG layers gwn by different methods [159, 160, 161, 162,163]. The shi f tcenef t he p
of gravity to higher wavenumber values issimilarly uncharacteristically. In comparison to adiffused
samples, both the intensity increases and the peak shifts to lower wavenumber values, as expected.
Therefore, B atoms are to be presumed to form different bonds ithe non-diffused layers due to the high
availability of another element. H is suspected to be this bonding partner to B insteadf O. This can be
seen by both the 2253cm? peak as well as the BH bond around 2523cm? [164, 165]. Looking at the
previously mentioned studies, BH bonds rarely seem to formby using these other deposition techniques.
Whether this difference in B incorporation in form of BH bonds instead ofB-O bonds is characteristic for
ICRPECVD and/or due to the high amount of H in the plasmased here is not clear at this point. SuchB-

H bonds can only form prior to the diffusion step considering their weak bonding energy as well as the
availability of elemental H in the plasma. In contrast, BO-H bonds can form whenever the BSG layer is
exposed to HO, e.qg, in air [161].

After the diffusion step, the B bonds rearrange to form stable bonds Igs likely to be B-O-H bonds[161].
Therefore, BO-H peaks vanish after the diffusion step. Instead the common (9B-O peak at around
1395 cm! [159, 160, 161, 162, 163] becomes the major B bond type in the layer. The slight shift to higher
wavenumbersprobably stems from a changen layer strain comnon in diffused glass layerg[166]. Further
change in molecular bond structureafter the diffusion step can be seen in the interdependent SO
(820 cm?) [158, 161, 162] and SiB-O (920 cm?') [160, 161,162,163]b o n d s . Both type of bonc¢
rise and then stagnate again with an increase in Bls:H; flux. The intensity increase of regimel is
maximized in regimell. The intensity value reaches a fixed valuén regime lIll. If the course of the change
of intensity of the peaks at 820 and 920cm? in regime Il and IIl is compared to the course ofg, Rsy, D and
Nsur (refer to Fig. 3.6 and 3.7) at the same diborane flux Qzus:vzrange, it is found to be similarin nature.
The explanation of this behavior is the formation of a BRL at the interface between BSG arbulk Si, as
discussed before.

This layer forms for BHs:H, fluxes above 700sccm, at the same flux value where both bonds reach their
maximum bond density, indicated by theirpeakintensity. B is incorporated in the SiB-O bond at 920cm?
and O shifted to the SiO bond at 820cm? until the B diffusion is hindered by the BRL.resulting in a change
in bonding site for B atoms. Since the peak at 1398m* changes only marginally above a BHs:H; flux of
700 sccm as well, B is suspected to cluster or form B bonds thatin turn form B-O-H bonds after
rehydration.

The broad peak band from 2900 to 360@m! is indicative of incorporation of HO in the BSG film before
and after the HT diffusion step. Some bondse.g.,at around 3416cm?, are XO-H bonds commorty formed
from weak SiB bonds[158, 160, 161, 163]. The cause is possibly a rehydration of the BSG films within
minutes after unloading of the still hot wafers from the diffusion furnace, which then renders those B atoms
in the BSG as part of the newly formed BD-H bonds visible for FTIR measurement. A different or even
additional explanation can be found in the oxidation enhanced diffusion effet of B in the presence of O
[167]. During the HT step diffusion of B, a formation of compounds with O atoms can occun the BSG
enhancing the diffusionin the different layers, including BSG, BRL, and emitter régn. In highly doped Si
layers [167] this effect occurs and can especially lead to changes in B bonding sitese, the resulting
formation of B-O-H bonds
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Bond density change
Fig. 3.12 displays the change in bond density between nonand asdiffused samples. The normalized FTIR
peak area | is thereby proportional to various aforementioned properties of the BS@yer and emitter
structure. In direct canparison it shows the overall decrease in SD bonds at 1084cm (openblack squares
in Fig. 3.12) in accordance with the assumption of both an enhanced diffusionfaB by O in highly doped
Sit® [167] and the rearrangement of B bonds in the BSG layer, both with increase inHi:H, flux.
Simultaneously, he main (S#)B-O bond forming at peak center of 1395cm? is more than doubling in
intensity (open circles in Fig.3.12). Further curve changesnclude the bonds at peak centers 820 and
920 cm? (filled black stars in

Fig.3.12) as an indicator of the Regime : ! .

emitter depth D decrease in 10 ' ' 1 I 1 ' '
region Il in comparison to the
right upper inset in Fig.3.6
(stars, right upper inset). Since
the emitter depth D behaves
reversely to the surface

o
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. . Figure3.12: Normalized FTIRgak aread in dependency onBls:Hz flux
proportionality to the BzHe:H; Normalized FTIR peak areanlin dependency on BHes:H. flux
flux Qeznerz indicated by the B Qeznsz for as-diffused (black symbols) and nondiffused (grey
concentration Geroesas well as symbols) samples for different FTIR peaks (wavenumb@linked
to symbol type). Shift caused by diffusion indicated by arrows.

the sheet resistance R, Lines are guidesto-the-eye. Based on[128§]

respectively.

Scaling these curves (see Fi®.13) leads to a match in the various regimes to Ill. While in regime| & Il

B-O-H/Si-H bonds at peak 2253m? are primarily formed proportionally to ccroes this changes in
regime lll, when the density of this bond reaches a maximum value proportional to &, beginning in
regime Il. The peak aea of the bond with a peak at 2253cm® shows inthis case a proportionality to the B
concentration of the non-diffused samples of

B cogecm= 6. &0k TI R Ajc.r] . (26)

This formula is limited to regime | & Il and only valid under the condition that the hereby calculated B
concentration value is below the one calculated from the peak at 2528m™*. At the point where the SiH/B-
O-H bonds with their peak at 2253cm* branches from the curve of groes the B-H bond at 2523cm* takes
over and follows the B concentration @roes The peak area at 252%m?! showed in this case a
proportionality to the B concentration of the non-diffused samples of

B capcm= 1. B5% T1 R Albddc. ii]. 27)

161 j.e, the BRL and emitter layer
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This formula isagainlimited to
regime Il and only valid under
the condition that the hereby
calculated B concentration
above the one
calculated from the peak at
2253 cmt,

Being able to calculate the B
concentration of non-diffused
samples by FTIR measurement
for predicting the
emitter  properties  before
diffusion. In asdiffused
samples, FTIR measurements
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can similarly be wused to

determine emitter properties, | Figure3.13: B concentration escesof non-diffused samples

that otherwise would be B concentration Gcroes (filled circles) of non-diffused samples
. and sheet resistance & of as-diffused samples (open squarésn
measured by destructive comparison with scaled FTIR peak areas of non-diffused (open
measurements .9, ECV, SIMS, triangles) samples (2253 and 2523cm?) in dependency on
etc.). BoHs:He flux Qsznenz Lines are guidesto-the-eye. Based on[128]

In conclusion ICRPECVD as an alternative CVD technique yields B3&yers for conventional p-type
emitters with unique properties compared to standard gas phase diffusion source3hree regimes of
diborane flux range with different physical behavior depending on B content in the non or as-diffused
state of BSGwere identified. Using ICPOES calibrated FTIR measurements for determining the B
concentration in the BSG layers, the mioscopic changes within the glass filmi.e, the molecular bond
structures, are shown to be the cause for the dependencies of various film and emitter properties. The
overall densification and stabilization of the non-diffused BSQayersduring the HT stepsubsequently being
formed into the as-diffused layer led to a reduced number of B related bonds, formation of an emitter layer,
and in some cases either a depletion layer or BRL on the surface. Most of the former B containingd ®}H
bonds in the asdeposted layers are the source for diffusible B atoms to form the B dopedegions or
rearrange into stable SiO-B bonds. Depending on preor post-diffusion state of the film, different FTIR
peak absorption values can be used to detenine the B content in the film e.g, the B-O bond with its peak
at 2523 cm?* for non-diffused BSG films. However, the FTIR spectra of ITEECVD BSG films differ from
other CVDtechniques and process gas mixtures. The formation of a BRL could baused bythe high B flux

in regime lll and subsequentlead to emitter depth reduction as a corsequence of reduced diffusion through
the SFBSG interface during BRL growtiShown in this section, thecorrelation can be predicted using FTIR
peak measurements on nofdiffused samples. The results an apparent decrease in emitter sheet resistance
and a further increase in recombination of charge carrierat the surface.Using GBDOES, B profiles depicting
the accumulation of B on both sides of the SkBSGinterface forming the BRL support the theoy of an
enhanced B diffusion at higher B concentrations in the BSG film. Understanding the BRL formation, it can
be avoidedduring diffusion or removed during further process steps.
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3.3 Passivation(Stacks)

Passivation quality of multi-functional CVD layershas beendiscussedin section 2.2 using the examples of
BSG, PSG and Al®@ased passivation stacksPassivationquality, as the core function of dielectric layers in
solar cell application, is commonly the primary characterizaton and optimization property of the layer(s).
In context of the so far characterized BSG/SiNH stacks, thissubsection, basedin part on the results
published in [96], addsto section 2.2.2 as well asto in later sections shown results on passivatiorquality
of CVD layers This especially withregard to dependency onsheet resistanceand deposition gas flow

In a standard solar cell processing sequence, independent of actudesign'®?, diffusion of dopantsfrom a
(dielectric) layer to form doped regions and generation of passivation by (dielectric) layer(s) are two
separate steps with two separate layers. Essentially, the doping layer is removétiand the passivation

layer is applied. The reasonis higher passivation quality and thus higher charge carrier lifetime%¥*f or -gnon
d o p ¥°dagers, such as SiNH, SiQ and AlQ, in contrast to commont®® doping layers PSG and BSG.
Nevertheless,glopedclayers are long sinceused to passivatethe doped regions, just after the diffusion of

the doped regions in the Si substrate was done with another since removed doping laydrhis approach of

adding dopants to the gas flow during passivation layer depositiomesults in sufficiently low S values on
n-doped regions[168]. In this context, thickness, as before considering optical properties, also influences
passivationquality.

Not long after CVD based process optimization started in the lastO-20 years,leaving the doping layer on

the diffused region a a passivation layeresulted in limited success.In the most promising case, &80 nm

thick PSGlayer capped with SiN.:P was diffused and. values of 120-160 fA/cm?on 60-90y / sq P doped
emitters were reached[169, 123]. A common thermaly grown SiQ or ALD AIQ layer beneath a SiN:H

capping layer is in the range of 25 nm and allows for <100 fA/cm? on similarly doped regions Nevertheless,

this so call ed gPa s sthi2ogmbinédavithdacal lasprgopiogf’amd layea ablation'©®

to reachan S« of <5 cm/s for the aSiN:P layer onthe baseSi substrate after firing[170]. Therefore, CVD

layers need to be optimized, to allow forsufficient passivation and low film thickness on highly doped

regions, to match optical and passivation properties of nordoped passivation films.Early on, gas-phase

grown and diffused doping layersfrom BB and POC] similarly showed equally poor passivation qudities.

In recent years, CVD and gaghase grown doping layers haveprofited from technological advances and
understanding of deposition plysics as well as pure parameter optimization. Arecent example is
passivating BSG frongas-phaseBB¥; diffusion, that due to a new low-pressure diffusion furnace technology
allows for ~20fA/cm? on 135y / s gtypepregion [171]. In this case, a ~10hm thick oxide layer was
sufficient for doping and passivation.Similarly, PSG from an atmospheric pressured diffusion furna®ecan
be optimized by increased Q flow during film growth and subsequent diffusion of the 80y / snedoped
region to reach83 fA/cm? [172]. In this case, thegas-phase grownPSG was thesole passivation layer and
already such a comparably lovsurface recombination can be reached with optimized &low. A subsequent
SiNcH layer to form a passivation stack and a firing step wouldossibly have lowered the value to

162 ¢ g.,Al-BSF, PhosTop, FERC or PERT (refer to sectiot)

163 Commonly using a HF bathwith subsequent cleaning step

164 In accordance with highe surface passivation indicatedby lower S« values

gDopede in this context does not necessarily mean el ectri
simply refers to the fact, that atoms used as dopants are incorporated in the layers matrix

166 Uncommon non-industrial doping layers include:SiN::P/B, AIQ(:B/P), Si@\,:B/P, SiC:B/P,-&i:B/P, etc.

167 Refer to section4.6.1

168 Refer to section4.4
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~50fA/cm? comparable with an optimized thermal SiQ/SiN«:H stackon a respective f region [173], just
without the additional processing in between.

CVD layers have since matched and even surpassed gasse grown glasses, sincgparameter range is
extended by separation of deposition and diffusion stepMultiple examples of high-quality passivation and
doping layers have since been developedue to solar cell design diversification in recent yearsgdoped a-

Sit%® and subsequent polySit”® based CVD based passivation layers have {yentered the focus of research
[34,32.W t h it , c o%iMDatypgbhseep @/ ayerare applied in similarsolar cell types[34,

32, 122]. Most use SiN:H as a capping and Fsource layer on top of theactual doping film.

SiN:H layers, usedas barrier layerd™ on top of the doping oxide (BSG)are deposited in the same vacuum
step in this experiment as the BSGAIl HT drive-in steps take place in a temperature range of 90.050°C
for 1-2 h in a dopantfree tube of the diffusion furnace under N, atmosphere After removal of the ICP
PECVDBSGdoping layer in agueous HRn case of the reference samples, thewre passivated by a stack
consisting of AlO, using ALDand ICRPECVD SiNH. The samples arefired in a belt furnace under optimized
firing conditions. As a base materiaR50 um thick n-type FZSi substrates witha base resistivity of 200§ ¢ m
are used Sheet resistance is measured usingPP. Theemitter saturation current density . is evaluatedat
a minority carrier density (MCD) of 8.0*® cm® and implied open circuit voltage iVbc at 1 sun illumination
using PCD

Fig. 3.14 shows emitter saturation current density joe and implied open circuit voltage iVoc values of B

emitter samples passivatedwith three different layers/stacks. Processed werancappedBSG(100 nm layer

thickness)coated samplesin the as-diffused/fired state, furthermore, BSGSiN«:H stack passivated samples
as-diffused/fired (40 nm and 60nm layer thickness, respectively; finally, AlO/SiN«:H coated and fired

samples (10 nm and 80nm layer thickness, respectively. Since the reference passivation stackof

AIO,/SiNy:His deposited on the

same emitter samples after

. ) p— T T T T T T T T T
removal of the passivating BSG ~ "g 20 [--=--j :BSG N
. . 2 . . IPSTL A 680 &
layer, a direct comparison of < ~= @ Joo: BSG/SIN,H AT A G
the different passivationstacks 8|7 o AO/SINH P 8
o . Z w0} il o] 2
on an identically doped region a 9 ) - - :"cj,
) ] b g PP 670 3
is possible. T e - g
c /
The use of the uncapped g 601 ~Le £
3 ’ > =
doping layers  (Fig3.14 E L =
. . - & 2" 660 w
squares BSG without SiNi:H B gl T & 3
- 2 oA o-- iV, BSG g
Yocr @
capping layer leads to nearly o S
i o il - /. BSG/SIN_H 3
as low joe and high iVoc values £ - & N ‘ ?o ,‘ . =
. '€ 100 L - Vo ALO,/SIN, :H 650
as the subsequently applied & 100 . . . . . . . . .

20 30 40 50 60 70 80 90 100
Sheet resistance R, [€)/sq]

reference passivation layer on
the same samples (Fig3.14
triangles, AIQJ/SiNGH). As

. Figure3.14: Emitter saturation current density andoddf CVD BSG
expected, the higher the sheet ¢ Y

_ _ Emitter saturation current density joe (filled symbols; MCD of
resistance, the lower the ge 5005 cm?) andimplied open circuit voltage iVoc (open symbols;
and the higher the iVbc values. @ 1 sun)valuesof B emitters depending onsheet resistance and

The passivation quality of the passivation layer.Lines are guidesto-the-eye. Basedon [96]

169 Commonly found in HIT cell concept and simér hetero-junction designs[34, 293]
170 3o called passivated contactell designs[34, 294], such as the TopCon and POLO approaches
171 Refer to section3.4
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stack of SiN:H capped BSG (Fig3.14 circles, BSGSiN:H) leads to i\bcvalues of ~675mV for 50609 / s g
emitters, even surpassing the AIJSIN,:H passivation layer commonly applied for B emitters. In this case,
the iVocat 1 sun is lowered despite the lower je value, because of the additional processing steps to apply
the reference passivation stack ad a possible subsequent bulk lifetimedegradation.

SiN¢H, as a H source, is most effective if the HT step is short and at an optimal temperaturié.the
temperature is too high or too low for a certain duration, H might out-diffuse or not in-diffuse enough
[174]. A long HT stepi.e.,for B diffusion, in comparison to a firing step as done for common screeprinted
contact formation, leads to a depletion of H in the SiN:H layer and subsequent Si substtae ¢ s'2.bnu | k
case of such a multifunctional layer stack, the chemical passivation quality at the SBSG interface is the
limiting factor. Therefore, costefficiency by process step reduction might have its price. Thidoes not
apply, if the SiN:H stackis deposited post HT stepon the doping layer in an additional CVD stepand
subsequently fired™. To investigate the underlying effect ofan o n | y pagbivafiohlayereadseen
before in Fig.3.14, the influence of interface layer formation is investigated.The SiN:H capping layer will
purposely be omitted in this case, tashow the sole influence of the SiBSG interfacechange with variation
of deposition parameters Since chemical passivation is paty based on H in a BSG/SiH stack,a decrease
in overall passivation quality is expected.

Fig. 3.15 shows j. and corresponding R for single BSG layerswith a variation of initial layer deposition.
The initial layer is formed by the gasmixture that is injected pre-ignition into the reaction chamber. When
the plasma in the ICRPECVD tool idgnited, an initial layer (IL) of BSGis formed'’™ from a gas mixture,
which is not in equilibrium with the injection-flow of B,Hs:H,, SiH, and CQ continuously being feed to the
chamber, as is the case at a later point in time during continuous depositionVariation of the initial layer
deposition (ILD) parametershas direct influences on overall passivatin quality of the Si(native SiO)-IL-
BSG interfacesThe asdeposited layer sequenceg(one side of symmetrical sample shownpn top of the
200y ¢ m-type Si substrate isdepicted as a crosssection in the inset on the right in Fig. 3.15. The as
diffused state of the samesample is displayed right next to it in the inset, with the IL and SiQ being
incorporated into the BSG duringhe HT step due to B diffusion

The variation in diborane flow Qne:nzand deposition timet, p for the initial layer was done before a thicker
BSG layeQszrs:+2 0f 450 scem)of about 40 nm was deposited on topas a doping and capping layerThe
initial layer thickness varies in theestimated range of <2 nm on top of a 1-2 nm native SiQ layer andis as
such not determinable. From thickness measurements and growth rate of layers with the same gas flow
composition, but longer deposition time, the estimate was extrapolated.

The initial layer forms within the first few seconds after ignition. Dependirg on gas flow and chanber
pressure, deposition rate might behigher or lower than in equilibrium at a later point in time. While
composition and thickness are not shown here, passivation impact i#\s can be seen from Fig3.15, joe
(black, filled symbols)increases withlonger duration of ILD, until a plateau is reached. For even longer

172 From simple diffusion kinetics, it is apparent, that outdiffusion (effusion) rate of H into the atmosphere is far higher,
than in-diffusion rate into the Si bulk at both interfaces of the SiNx:H layer respectively290]. Nevertheless, the
small amount [289] is still effective and responsible for the measurable and significant passivation effect, as seen
already in the early 1980s[287, 288]. Thereby, effusion rate for SiNH is comparably linear with temperature ise
(0.5-10° s'cm?K?) and peaks at ~800°C (2.25-10s*cm?) [291]. Effectively, the 0.21% of H content of the preHT
treatment state SiNcH having been indiffused into the Si bulk during HT step[292] might further diffuse and
possibly even rediffuse into the then sufficiently depleted SiNc:H layer if temperature and/or duration of HT step is
too long. Correspondingly, passivation will increae until maximum H content in interface and Si bulk is reached,
before decreasing again with effusion from the same regions. Further influences, such as compound formation with
defects/impurities might apply and thus influence this simple diffusion model

173 Refer to section2.2.2

174 Refer to section2.1
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durations, bulk film properties
of the respective gas ratio
between BHs:H;, SiH, and CQ
take effect!”. Passivation, due
to the diffusion of dopants, is
dependent on initial dopant
concentration profile of all
deposited films in regards to
BRL formation and molecular
bond density'”®. Thereby,
passivation quality still
depends on basic principles 6
a lower joe in case of ahigher
Rsn value!™ and no BRL
formation. This can be seen in

the mirrored curvature of the | Figure3.15: Emitter saturation current densitiependent on initial layer
guides-to-the-eye of jo (black) Emitter saturation current density joe (filled symbols; MCD of
5Q0% cmr®) and sheet resistanceRsn (open symbols;PCD values
i ) of B emitters depending on initial layer deposition time t.o for
horizontal, with both y-axes two diborane fluxes Qa2 Lines are guidesto-the-eye

being reversed Unexpectedly,

this is achieved with the higher Qszne:nz Value of 700 sccm (compare squares and circlesWwhich at longer
tio of 5 s leads to the previously shown highly recombination active interface due to accumulation of
dopants. This suggests an optimum of dopants in the BSG near the-8iSG interface and no BRL formation
on the Si substrate surfaceto allow for most effective passivation based on chemical passivation of the
BSG layerln contrast, too low a concentration in the IL (450 sccm B;Hs:H,) or too high a doping of the Si
surface’’” leads to a decreased passivation quality.

and Rsn (grey) along the

In conclusion, as one of the main functionalities of a CVD layer/film in semiconductor application,
passivationquality is crucial among otherproperties. Any other (additional) functionalities must not reduce
passivation quality in case of highefficiency solar cell processing.BSG/SiN:H stacks, featuring multt
functionality, were shown in this context to allow similar passivation quality, as did AIQ/SiN,:H stacks on
corresponding doped regionsThis allows for the aimed at utilization as a multi-functional layer stack to
decrease overall process steps and cosis solar cell processing, as further detailed in sectiorst.2. Thereby,
the interface of Si and BSG was identified as the criad factor for chemical passivation with the initial layer
before diffusion, determining subsequentpassivation quality and doped region formation (8.

175 Refer to section3.2.2
176 |_ess recombination with less dopants acting as recombination centers
177 Following diffusion with a too thick layer deposited with 700sccm BHe:Hz

94











































































































































































































































































