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Introduction

Solar energy outlook

In the 2£' century, the energy access remains a msgarce ofinequality around the world,

leaving billionsof people without electricity or without access to clean cooking facil
. Among all the continents, Africa is the one that requires the most intensive energy

deployment because contrary to Asia, its demographic transition just begun. Africde weop
1.26billion in 2015, representing only 28 of the world population while in 2100 they will rise
to 4.47billion, representing 4@ of the world population and so a proportional energy demand
. The African continent iplenty of fossil resources that used to be extracted from their soll
for centuriesput it also benefits from the largest solar power reaching the g. It
has to be reminded that the solar energy reaching earth can yearly coverandr@df times the
world needs in ener@.

Figure 0. 1: Number of people without access to electricity or to proper cooking facilities

around the world . Data are reported on the world solar resource map ( Global
IR

Horizontal Irradiation 36].



2 Introduction

The solar engy has been used for its heat for millennia, from the ignition of the Olympic
flame in the 3 century B.C. to the vapour generation thadwers electrical turbines
nowaday. However, the direct conversion of the sunlight into electricity, named the
photovoltaic (PV) effect, has been reported only in 1839 by the French scientist Alexandre
Edmond Becquere. It took anothercentury to create relidle devices that can be
commercialised, but at prices that were not competitive for the mass production of electricity at
that time [Figure 02]a). The reduction of th$/W ratio made the PV deployment possible in the
late p V 7KDQNV WR WHFKQRORJ\YfV DGYDQFHV D@asbPdbVV SU
divided by ~320 in 40 years, allowing a world total installed capadigbout 3885W by the
end of 2017Figure 02]a). Despite this exceptional growth rate of the PV mafRételectricity
represerd only 1.5% of the world electrical generation at the end of 2. Further cost
reduction and technological improvement exquired to support the fast growth of PV.

Figure 0. 2: (a) Price of the c-Si photovoltaic cells (left axis) and World installed PV
capacity (right axis) . (b) Market share forecasts for the main solar cells
architectures and proportion of bifacial solar modules .

Many different types of photovoltaic solar cells have bdewelopedover time, but thee
based on crystalline silicon-&i) havesupplanted all the oérs, representing more than @3of
the market at the end of 20. Inside this market there is still a wide vayief technologies
DGRSWLQJ GLIITHUHQW DUFKLWBFMW Xé6)HM D F/HK-B$EMISOK®E L @QOX P
mainstream ongHgure 02{b) becausd is the simplest ad the cheapest to manufacture.

Figure 0. 3: (a) Band structure of Al -BSF where VB stands for valence band and CB for
conduction band (b) Schematic cross section of Al -BSF and PERC solar cells.
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The AIBSF maximum conversion efficiency seems to be arountb 2@hile its upgraded
architecture PERC (Passivated Emitter and Rear Cell) is already promisMg

Naturally the AIBSF should give way to the PERC architecture and its variants in the next
decade. In addition, these architectures are also compatible with the second market trend which is
the adoption of bifacial architectures. The light collection on the back surface sbltrecells

takes advantage of the albedo, increasing the system relative efficiency u?zb@

The A-BSF architecture consists in eype absrber with a bipolar " junction on top and
a unipolar pp" junction below. These junctions result in the band structiosvnon|Figure 03|a
that allows carrier eparation and diffusion to the electrical contacts located on the top for
electrons and at the bottoms for holes. The unipolar junction at the bottom is formed by alloying
aluminium to the lowly doped absorber andeg its name to the architecture: Alunuim Back
Surface Fiel. On the front surfacéhere is an antireflection coating (ARC) on a textured
surface to maximise photon collection. This lagéso servess surface passivatipwhich is a
technological key element to master in order to continue the photovoltaic development. Its
implementatio on the back surface of solar sallich as in the PERC architectiiiéggure 03]b)
openedheroute to higher conversion efficiency.

Thesis aim and outline

This doctoral work is dedicated to the fundamental understanding and improveme8t of c
surface passivation gluminium oxide Al,O3) and its related derivative stacks. It is part of the
advanced silicon technologi§project conducted by thalnstitut 3SIKRWRYROWIewTXH C
Francef(IPVF). This project aims to develop &¢ solar cell architecture fully processed at low
temperaturei.e. lower than 400C, and that hmaconversion efficiency higher than 26.

X The first chapter reminds the physiasykpoints of passivation and its link with the
solar cell efficiency. Then, a brief description of the mainstream characterisation
techniques used in this work is done.

X The second chapter deals with the deposition technique and the material properties of
Al,O3 films. The atomic layer deposition is described and the impacts of process
conditions on film properties are investigated. The sensitivity of the passivation
properties to postleposition illumination is addressed in this chapter.

X The third chapteis dedicated to the passivation properties gAfilms embedded in
a stack with hydrogenated amorphous silicon nitride-Sifd:H). The
plasmaenhanced chemical vapour deposition technique is described and the impact of
process conditions on film propes is investigated. The passivation stability over
time of Al,Os/a-SiNx:H stackds studied in this chapter.

x The fourth and the fifth chapters investigate passivation degradation mechanisms
related to AJOs/a-SiNy:H stacks.First, the fourth chapter adess the degradation
occurring at the -Si/Al,O; interface,i.e. blistering. Then the fifth chapter explores
the impact of é5iNx:H capping on the electrostatic properties of the passivation stack.

Finally, this work is summarised in a conclusion segtinich summaries ouschievemerst
and providegurther research perspectives.
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1.1 Solar cells physics

1.1.1  Device performance

The solar cellpower conversion efficiency{] as defined by equatiofi.1) cannot exceed
29.4% for a single bandgap material like silic@. Indeed, photons having energy greater than
the bandgap will lose the difference by thermalisation while photons with elmvgy than the
bandgap will not be absorbed. For a more complete description of the solar cells physics, the
reader may refer to the book by Peter & Uli Wiifgd], while we focus here on parameters
relevant to understand the surface passivation.

L wd®sc®
gl

D (1.1)

With:

wo - the shoHcircuit current

sG - the opercircuit voltage

: the fill factor

H +H+ +H+ ++

gl the incoming solar power

As previously mentioned, the conversion efficiency of 28.4as never been reached so far
due to several losses among which pkggoerated carrier recombination is one of the most
important. Electrons and holes can recombine by different mechanismand€seesection)
reducing the threeaumeratorfactors of the equatio(iL.1) numerator. In the case of a constant
photon flux reaching the silicon surface, the electrole pair generation rate (G) in the silicon
can be assumed constant over time. The ca@dd QVLW\ 0Q LV WKHQ RQO\ SU
recombination rate (R) in the device. Thgd\Ws the most impacted by the carrier recombination
as its value is proportional to the phatenerated carrier density in silicon. For-type c¢Si cell
with a domnt density N, the Voc can be expressl by equation(1.2). The passivation aims to
reduce the recombination in a solar cell and its quality is often judged after the solaycell V

« _ EE o o
sl ZFH———F%—G (1.2)
g
With:

e :the Boltzmann constant
: the absolute temperature
: the elementary charge

e . :the intrinsic carrier density

H + +H+ +H+ +H

e : the injected carrier density
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1.1.2 Recombination

Recombination can be divided in two terms, the one that is intrinsicakigdito the use of
semiconductors and the one that is tiuexternal factors.

Regarding intrinsic recombination mechanisms, the first one is the radiative recombination
process which is the exact opposite of the plgatioeration Figure 1.1a). An electrorhole pair
recombines, emitting a photon with an energy eqodhe bandgap value. Due to the indirect
bandgap nature of silicon, a phonon is required to assist the reaction, decreasing the
recombination rate importance associated to this mechanismetbedsmechanism is the Auger
recombination which involves the interaction of three carriers. It consists in the recombination of
an electron from conduction band and a hole from the valence band, but rather than a photon
emission, the energy is transferreda third free carrier. This one can be either an electron in
conduction band (eeh proceskigure 1.1b) or hole in the valence band (ehh process,
Figurel.lc). The newly exited carrier then thermalises back to the band edge.

Figure 1.1: Schematic representation of (a) radiative recombination; (b) Auger
recombination involving eeh (c) ehh; (d) SRH recombination and (e) surface
recombination

Regarding extrinsic recombinatiothe one occurring through defects, named ShodRksd
Hall (SRH) recombinatio@, is directly linked to the crystalline quality of the silicohhe
SRH process occursia discrete energylevels (E) present in the bandgap that provide
intermediate states available for electrons and holes recombination in a two, or more steps
(Figure 1.1d). These intermediate levels, designated as traps, are introduced by point defects
(vacancy, interstitial atoms, substitutional atoms), 2D defects (dislocations), 3D defects
(complexes, precipitates) and by the interaction between these defects. Bjylingritie crystal
purity and quality, SRH recombination in the bulk of silicon can be strongly limited while there is
another similar recombination mechanism that will remain even for a perfect silicon crystal.
Silicon wafer surfaces amebrutal interrupion of the crystalline lattice periodicity and are thus
two dimensions defecténdeed, 8icon surface atoms do not have their 4 neighbours, so they
present one or more electronic orbitals that are not participating in bonding and are named
dangling bond. Surface dangling bonds generatdigh quantity of trap levels continuously
distributed over the bandgaproviding a very efficient nomadiative recombinatiompathway
(Figure 1.1e).
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The surface recombination rglds,s) can be expressed by equat{d.3). Dependingn their
energy levels in the bandgapaps catch more or less efficiently one type of carriers. A capture
crossVHFWLRQ IR UDKRO HYD H)Eig/defmedvior Bach type of traps. Traps with
energies close to the centre of thandgap are the most effective recombination centres,
designated as deep defects in opposition to the shallow defects with energy levels near band
edges.

I'?

Kiiow wF S

qSP‘!"Ii *wE s o e wE s r;®gr. o O (1.3)
RO Pt Rt
F
s Loegfs— (1.4)
$
F
'5L.g¢§'“.$ 9 (1.5)

With:
K¢ : the thermal velocity of charge carrigessumed identical for electrons and holes
e . : the electron concentration at the surface

: the hole concentration at the surface

e . :the intrinsic carrier density

5 : statistical factor as defined by equat{dm)

¢ - the energy level of the trap
: the interfacial trap density
: the temperature

e :the Boltzmann constant

»

I
+
I
+
t
T ' :statistical factor as defined by equat{drb)
T
+
+
I
+

g - theintrinsic energy level of the trap

1.1.3 Passivation

As commonly usé in metallurgy, surface passivation aims to prevent degradation mechanism
of the material properties. Concerning silicon, passivation designates more the inhibition of
recombination mechanisnn order to preserve its electronic properties, rather than preventing its
corrosion. As intrinsic recombinatioprocessesare unavoidble, silicon passivation aims at
reducingextrinsic recombination. While SRH recombination occurring in the volumdicdrs
can be greatly reduced by enhancing the quality of the metallurgical processes, the presence of
surfaces and so surface recombination cannot be avoided. In fact, the large surface to volume
ratio of silicon solar cells makes surface recombinatibmiting factor to conversion efficiency.
From equation(1.3), it can be seen that there are two approaches to reduce surface
recombination.
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The first approach consists in the reduction of theabld is named the chemical passivation.
To remove energy staetroduced in the bandgap by dangling bonds, one just hassty $his
bonding requirement, asygen is doing when native oxide is growing at the silicon surface. The
bandgap difference between silicon (1l @ 300K) and its oxide (8.@¢V @ 300K) is high
enough to keep carriers within the silicon. However, the uncontrolled growth of natoe axi
silicon surface generae defective layer that has trap levels in its banddagufe 12). The
native oxide does not provide an efficient surface passivation and has to be replaced by another
material.

Figure 1.2 : Band alignment between ¢-Si and SiO 2. The yellow area corresponds to the
bandgap between the valence band maximum (VBM) and the conduction band
minimum (CBM). The zero of energy is chosen at the VBM of  SiO2. Calculated levels for
various point defects in a -SiO2 are reported on the graph. The exponent number is the
net charge of the defect. From the left to the right of the horizontal axis defects are: Si -
Si bonds; Si dangling bonds (Si  ps); Si-H; O dangling bonds (O bs); peroxyl bridges (O -0);
and the planar O 3* (index means triply coo rdinated). Adapted from

The second passivation approach consists in the reduction of either majority or minority
carrier density at the surface and is named the field effect passivation. In order to repel one type
of carrier from the surface, energy band bending can bapsesng a doping profile below the
surface, as it is done on the-BEF backsurface. Another way is to use electrostatic charges
deposited on the surface,g. corona charge@, or embedded within an insulator material
deposited on the surface. This second way is the most popular asv$ athmbining chemical
and field effect passivatiomMany dielectrics preserdin electrostatic charge density referred as
3IL[HG FKDUJH).Ghe@iNcbVsuifacé can then imodifiedfrom an accumulation mode
to an inversion mode, depending on tharge polarity, their areal density and the doping level of
silicon. Although both modes effectively reduce the surface density of one type of carrier, the
inversion mode causes a parasitic shunting in the transition volume where the minority and
majority carrier density become equal, promoting recombinatikigufe 13) . It is why
materials with negative {Qare preferred on-fype while materials presenting positive &e
generally used on-type.
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Figure 1.3 : Electron and hole density below the Si surface for (a) p -type and (b) n -type
Si under influence of a negative fixed surface charge of Q f =2-:1012 cm2; (c) band
bending under influence of Q . Data simulated by PC1D for 2 °.cm wafers under

illumination . Taken from .

Historically, silicon oxide of a very good qualitbas beermgrown on the surface of wafers by
dry oxidation.This thermal oxide has proven its effectiveness, reducintp aluesas low as
10 eV'.cm? at midgap[58. However,the high temperature required to grow it (~1009 is
not cost effective and can even degrade the bulk quality of silicon. Nowadays, several deposition
techniques, such as ALD (presented in chapter Il) or PECVD (presented in chapter Ill), allow
depositing passivation mateaht lower temperature &50°C). Amorphous hydrogenated
silicon nitride (aSiNx:H) is the most widely used to passivatéype surfaces as it presents
positive Q while the negative of Aluminium oxide (AbO3) predestines it to-pype surfaces,
like the backsurface of PERC clal Albeit the passivation properties ofSiNyx:H are well
understood, several questions abouiQAlpassivation properties need and will be addressed in
this thesis.

1.1.4 The effective lifetime of minority carriers

Practically, the recombination rate is rarelynsidered by itself to evaluate the passivation.
7KH HIITHFWL Y. oOnirigfityy caRielrs @ defined by equati@dn6) is generally easier to
handle. It represents the average time that a pienerated carrier can stay as a free carrier in
silicon before it recombines. A higher lifetime is the equivalent of a lower recombination rate.
Exactly like the ecombination ratelf @WKH HIIHFWLYH OLIHWLPH)RKQ EH V
H[W UL QV L Fef linkddNd_dath\VYecdmbination niemism (equatiofil.7)).

L Rgg (1.6)

S S S S S S S
— L—E

L Ih— E | E ¢ E h (1.7)
F‘g:dd I:E;Ir I%vr bg_rgtcl%secp VL I%spd_ac
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For highquality silicon monocrystals grown by the Czochralski (Cz) or the-#toat (FZ)
process, the SRH component can be neglected. Thusffdative lifetime can be split in two
components D EXON O Lyl VélatedH to 2ntrinsic recombination, and two surface
recombination velocities (SRV) related to recombination occurring at the frap @d at the
back (Sac surfaces of theilgcon wafer which has a thickness of {Equation 1.8) .
Experimentally, to estimate SRV, samples fabricated for lifetime measuntareafter
referred as lifetime samples, should have equivalent surfaces. Thus, both surfaces of the silicon
wafer are passivated with the same materigly: &nd Sack are assumed to be equal ahe
effective lifetime can be expressed as a function of the effective SRV (§« value being
tabulated.

s s 6 79
— L EH—E | (1.8)
Rad Rsji [ ®cqq @

where D is the diffusion constant of the excess carriers.

Using the works of Altermatet al. for the radiative recombination and the one of Rickter
al. for the Auger recombination, the intrinsic silicon recombination rate and equivalent bulk
lifetime can be modelle. As plotted on figurd=igure 14, the intrinsic lifetime is mainly
ruled by the Auger mechanism as the carrier density increases abdemil Quantitatively,
SRV < 10cm.s! is the typical valugequiredto produce solar cells with>20% . This SRV
value will beour target.

Figure 1.4 : (a) Recombination rate and (b) equivalent bulk lifetime for a c -Si wafer with
a dopant density N a of 4.68:10 15 cm-3 at 300 K.
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1.2 Characterisation techniques

1.2.1 Electrical properties

1.2.1.1  Photoconductance decay

The photoconductance decay (PCD) is the most widely used geehnithe PV industry to
measure the effective lifetime of minority carriers ilicen @ The techrmque is completely
nondestructive. The sample is placed on top of an inductive coil that records the conductance
decreasing rate in silicorud to carrier dengitvariation. The signal is then interpreted in terms
of effective lifetime as a function of the minority carrier density by the characterisation tools
(Figure 15). The change in the carrier deyss produced on purpose by externénination,
HLWKHU ZLWK D IODVK ODRBRE @MURA RQIMMHPHEWHVWHU" IURP
D ODVHUQP OLNH R WKUR¥,867 ,PDIJLQJ %RWK RI WKHVH F
have beemsed in this work, each one having its oadvantages, extremely quick measurement
for the former and the possibility to obtain photoluminescenepsfor the latter. Both tools
provide similar results for minority carrier density exceedint0® cm® (Figure 15). In this
manuscript, the effectév lifetime is always reported for minority carrier densityl6f> cm?® if
not stated otherwise.

Figure 1.5 : Effective lifetime of two samples (p -type) passivated by Al203/ a-SiNx:H
stacks. Sample #1 has a 60 ALD cycle thick Al2Os3 layer and is a quarter of 100  mm
wafer while sample #2 has a 100  ALD cycles thick Al203 layer and is a full 100  mm
wafer.
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1.2.1.2 PCD calibrated photoluminescence mapping

The photoluminescence (Plcpnsists of the emission of photons following absorption of
photons. As discussed in section 1.2.1, plyoerated carriers can recombine by-rewhative
ways (Auger, SRH) or by the radiative one, emitting a photon that can be detected by a CCD
camera of [ SL[HOV OLNK LQIWRKPH % 7, 6§ P D Jdiv@rdcaryiBrldledsity,
the higher the radiative recombination rate the better the passivation. Thus, the dantrast
photoluminescencenapsis directly proportional to the lifetime variationsh& raw picture
allows evaluating the spatial uniformity of the surface passivation, but the calibration of the PL
intensity by PCD is more useful to directly obtain a lifetime mapping and assess defects impact
on lifetime. For example, oRigure 16, the dolong spot in the middle of the sample that presents
a lifetime three times lower than the rest of the surface correspgongassivation damages
caused by Xay reflectometryneasurement

Figure 1.6 : PCD-calibrated photoluminescence mapping of an intrinsic wafer of
100 mm diameter, passivated by 1000  ALD cycles deposited at 300 °C. The picture is
taken for a minority carrier density of 2:10 15cmss.

1.2.13 Corona Oxide Characteri sation Of Semiconductor

The corona oxide characterisation of semiconductors (COCOSyinedy usedtechngueto
assess the jDand the @ of a passivation layer deposited on silicon. The method can be
summarised as follows: electric charges are deposited on top of the passivation layer with a
corona gun thus changing the electric field in the dielectric and in the semiconductor. The
modified surface potential is then quantified by a Kelvin probe. This procedure is repeated
several times in order to switch from the accumulation to the inversion mode aStlseidace.
Then recorded potential values allow to estimateuid Qvalues.
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Some auth@ even proposed to use corona charges as permanent field effect enhancer of
surface passivatio@. Theoretically the techgue is nondestructive as the corona charges
should be removable with isopropanol alcohol. Practically, we never manage to recover the initial
passivation properties after charges removal. We then considered this technique as destructive
and used it with parsimony.

,Q WKLV ZRUN ZH- XV$ GormVBenil@B8® perform COCOSt has to be
mentioned that the tool provides reliable measurement for single films depositeSi ¢gorass
check with Capacitane€oltage measurement at IMEC). However, as soon a®3&SiNy:H
stacls are measured, the @aprovidel by the tool do not make sense compared to single layer
passivation. The results for the stack present much highan®similar @than the single layer
while the effective lifetime measured by PCD is generally much higher for the staclottiaa
single layer passivatioherefore we limited the use of COC@ssingle layer measuremant

1.2.2 Optical properties

1.2.2.1  Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is a fast and-destructive characterisatidgachniquethat
can provide mformation on the thickness, the refractive index, the extinction coefficient and the
bandgap of the thin films. The principle of the measurement is based on the detection of the light
polarisation changes upon reflection on the surface of the thin fidhheneSi substrateRigure
1.7). Then data are fit to a model to determine optical properties of the deposited film. For a more
c‘iﬁejtailed description of the physics behind SE, the reader can refer to the ellipsometry handbook
6SHFWURVFRSLF HOOLSVRPHWU\ PHDVXUHPHQWY KDYH EH
Jobin Yvon and data wesmalysedusing DeltaPsi2 software. The spectra were acquired from 1.5
to 5.5eV. In orderto model silicon alloys (&5i:H; aSiOx:H; aSiNx:H) we used Tautorentz
dispersion law{68] while we used Sellmeier dispersion law for transparent material such as
Al,0O3 (Table 1.}. In this work the bandgaft,,) is defined as the photon energy at which
the optical absorption is equal to“Xdn™. In order to determine dispersion law for newly
synthesised material, variable angle spectroscopic ellipsometry (VASE) was done at 65°, 70° and
f ion Figure 17). Once these coefficients are detered, a single acquisition a&0° was
done for a routine check of already known materials.

Table 1.1: Model parameters used for most common material in this work

Properties Al,O3 a-SiNg:H a-SiO«:H
Model Sellmeier TauclLorentz TaucLorentz

E,=2.99 Eg=3.54

A=1.89 0f=1.11 0=13

Parameters B=0.80 A=70.73 A=24.91

4 E=8.92 E,=10.%

C=7.42 C=22
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Figure 1.7 : Geometry for SE measurement s.

1.2.2.2  Spectrophotometry

5HIOHFWDQFH PHDVXUHPHQWY ZHUH FDUULHGILRXW
spectrophotometer from Perkin Elmer equipped with amb0integrating sphere. Data were
acquired from 250m to 1200nm but theeffective reflectance (&) was determined by the
equation(1.9) only between 30@m to 1000hm. Indeed, for the wavelength below 306 the
solar irradiance is negligible, and for the wavelength above a@0€he reflectance increase is
due to the backurface of the sample.

LSIIr oo . . o
S 4ES a0
4s-L LSIrr oo

Iurr oo 5 sawa1@5~

(1.9)

With:
I 4 : the spectral reflectance

T 5 g5w :the AML.5 solar spectral irradiance
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1.2.3 Material properties

1.23.1 X-ray Reflectometry

X-ray Reflectometry (XRR)vas used to determiriee film thickness and density. It is a non
destructive analytical technique for the material bulk but it strongly degrades the electronic
properties of the layer/substrate interfaééggre 16). XRR KDV EHHQ SHUIRUPHG ZL
Di V F R Yybhiwmeterfrom Bruker with the specular scattering geometry depicteEigure1.8.

Data were fit with Leptos software. XRR allows determining the thickness (fromnf.fio
200nm) and the density of a layer. The interference of the waves refl&éct® the interfaces
causes oscillations of period directly proportional to the layer thickness. XRR probes the laterally
averaged electron density: the higher the electron density of a material the higher the critical
D Q J QHWhile thickness can beirdctly determinedfrom interfringes period, the density
GHWHUPLQDWLRQ UHTXLUHG PRGHOOLQJ ,QGHHG F LV SUF
stoichiometry that can vary a lot for amorphous materigigure 19). Moreover, when the
stoichiomery of the amorphous film differs from the crystalline one, the real stoichiometry of the
film needs to be entered into the model to improve the accuracy of th@ditanplitude of the
fringes increases with increasing density contrast between the riidhthe substrate, making
silicon rich layer difficult to analyse when deposited e8icFor a more detailed description of

the technique, the reader can refe.

Figure 1.8 : Geometry for XRR measurement s. The detector slit was 0.6 mm wide, other
slits were 0.1 mm wide, primary Soller was axial (2.5°) while secondary Soller was
equatorial (0.3°). The X -ray source operated at a voltage of 40 kV and current 40 mA,
producing a monochromatic radiation of 1=1.54 A (CuKa).
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Figure 1.9 : XRR experimental data (black dots) and fits (red lines) for three amorphous
materials deposited on ¢ -Si. The Al:03 layer was deposited by 200 ALD cycles at
250 °C (chapter 2), the a-SiNx:H layer was deposited by PECVD (chapter 3) and the
SiO16 was also deposited by PECVD (chapter 5). For reference, ¢ -Si density is
2.33 g.cm=3.
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1.2.3.2 lon beam analysis technique

Rutherford backscattering spectrometry (RBS) and elastic recoil detection analysis (ERDA)
have been used to assess the films stoichiometry and to quantify the hydrogen content
respectively. The particle accelerator ARAMI KRVWHG E\ WKH 3&HQWUH
I1XFOpDLUHYVY HW GH 6FLHQFHVY GH OD ODWLQqQUH" &6160 L
techniues (Figure 110). Materials were probed by Heéns accelerated anenergy of 1.6VeV
and data were fit with SIMNRA software. Secondary lon Mass Spectroscopy (SIMS) was mainly
used to quantify carbon content in the thin films. SIMS analysis whersoouted from the
laboratory to a private comparijhe reader can refer for a detailed descripn of these
techniques.

Figure 1.10 : Geometry for RBS (A0°; A=30°) and ERDA ( A=75°, A=75°) measurement s.
Incident He + energy was 1.6 MeV, the Mylar foil thickness was 8 pm.

1.2.3.3  Thermal Desorption Spectroscopy

Thermal desorption spectroscopy (TDi&p been performed in Aomemade exdiffusion
tool pumped down t0-10° 3D DQG HTXLSSHG ZLWK D 335,60% " PDVYV
Pfeiffer Vacuumto measure the partial pressure ofdtid HO. The heating rate of the furnace
from ThermeFisher Scientific was 10& A P'L Q

1.2.3.4  Vibrational spectroscopy

Chemical bonding has been qualitatively evaluated Mgurier transform infrared
spectroscopy (FTIR) pefd PHG XYH QW B[ ~ | U RRe %adar Nat tefer 85 for a
detailed description of these techniques.
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2.1 State of the art of atomic layer deposition of
aluminium  oxide

2.1.1 Atomic Layer Deposition

21.1.1  Concept

Atomic Layer Deposition (ALD) is a technique based the selflimited reaction of
precursors sequentially pulségto a deposition reactoiThis selflimited growth mechanism
allows a very accurate thickness controithwa good uniformity and conformalit.
Aluminium oxide grown from trimethylaluminum (TMA) and.@ is themost studied case as it
is synthesisethrougha nearly perfect ALDmechanisn{77|[7§). For the sake of simplicity, we
consider a crystalline silicon {8i) substrate witha hydroxylated surface{ x2+ JURXSV
shownon Figure2.1, the initial surface is exposed to a first TMApourpulse. Ligand exchange
EHWZHHQ 70%$2Bb QGX0 HDVHV  )Followkkd €gihtios2+1). When all sites are
saturated, chemical reaction stops by itself. A purge step is done with neutral gas @viror N
order to remove bproducts and remaing TMA. Watervapouris then pulsed into the chamber
to react with methyl groups of TMA followingquation (2.2)until saturation. Another purge is
done to remove bproducts and remaining water. The surface presents hydroxyl gaoups
ready for the axt ALD cycle. By repeating the ALD cycliiree times, a layer of roughly/is
grown on the substrate surfasgth a growth per cycle (GPC) of A The separation between
each step can be temporal or spatial, the latter giving faster deposition ratbeetiarmer for a
similar GPC|79-81].

JI*VE #6737\ La#ERE ;%4 EJ %, (2.1)
#EE9E* g1\ #HI%E %4 2.2)
Y .
#I:—P/o*7;UE—ul7\ #H1%E %lg E * 41 (2.3)
#EEVEVL\ #HI1%E %6 E * g1 (2.4)

a surface group is denoted by @hdn= 1 or 2

The selflimited growth of ~1 Alcycle is theoretically verified over certain range of
deposition temperatusecaled ALD window. In reality, there is a strong variation of the GPC
depending on theprocess conditionsThe completesite saturation is nevereacled as
demonstrated by Ylivaara et @ that repeated five times each heytle to increase the GPC.
Several factorpreventperfect ALD growth as presented kigure2.1. Some important ones are
i) steric hindrance of precursdg|[77][82][83], ii) lack of precursor reactivitjg4] andiii) self-
dehydroxylation of the surface.,e. elimination of 2 x 2+ JU.RTKeSIast two factors both
depend on thesurface temperature . Material properties resulting from different
deposition temperatures aggpected to vargnd will be discusseblelow.

$V
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The ALD process relies on thermal activation of precursors argpisally referred as
thermal ALD. Water can be replaced by other oxidants such as ozen@@B7; a mix of HO
and Q ; ammonium hydroxide (NFDH) or oxygen radicals produced by an oxygen
plasmal91]. The later mostly relies on the oxygen dissociation in the plasma and is referred as
plasmaenhanced or plasmassisted ALD (EB-ALD or PA-ALD). The oxidation pathways
provided by these alternative precursors are more combuBkenreactions as described in

Equation) an).

Figure 2. 1: Principle of ALD process based on TMA and H 20. Blue, yellow, red and
black spheres are atoms of oxygen, hydrogen, aluminium and carbon respectively. An
ALD cycle consists of (a) TMA pulse (b) Purge of by -products and remaining TMA (c)
H20 pulse (d) purge of by -products and remaining H 0. From initial surface (i), by
repeating the ALD cycle 3 times (from a to d) the final surface (f) is covered by an ALD
film of approximately 3~ A.

2.1.1.2 Importance ofthei nitial surface

Native oxide which isnaturally presenvn the ¢Si surface under standard conditipasrves
a good nucleation surfader growth of Al,O; by ALD. Indeed,TMA efficiently reactswith both
silanol groups and siloxane bridgeét arepresent at the oxide surfaf@2-95. However, this
oxide contains electronic defectss(ipe recombination centresyhich areundesirable for Si
surface passivatio@.
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In microelectronis and most of the PV industry, native oxide is either removed and/or
replaced by ahin andwell-defined thermal or chemical oxide (5~AD [97-100]. Chemical (or
thermal) silicon oxide protestthe ¢Si surface from further uncontrolled oxidatiothus
simplifying the storageof the wafersduring the manufacturing proce. Such anoxide,
however,is not a prerequisite to the growth of.@ by ALD. After removalof the native oxide
by HF, the €Si surface consistef Si-H groups which react neither with TMA nor wa
[102104. Just above 308C, water stagto oxidise the silicon surface, offering nucleation sites
to TMA, which starts decomposing in the same temperature rfig§{105. The interaction
betweenH-terminated Ssurface and the ALD cycle is not well understood. Experimentally, a
Volmer2 Weber growth mode (island growth) has been identified during the firsbtéhermal
ALD cycles switching to a FrankR van der Merwe growth mode (layer by layerhem islands
start tocollapse[83[106. Despite an initial Hcoverage of the Séurface, an interfacial SjO
layer isformedbetween the-&i substrate and the Abs layer. Its origin is believed to be related
to substrate oxidation during the fi'sLD cycles It is noted thateactive plasma oxidation gives
an interfacial oxide 3 times thicker (1.5 + @) than the water oxidation (0.5 + Gif)

108§,.

2.1.1.3 Process definition

For industrial applicatiosy the thermal ALD proess involving water oxidation is the
simplest Thanks to spatial ALDit allows a deposition throughput of more than 3600 wafar
hour. It is one of the reasons to focus on the passivation properties provided by this oxidant
despite the fact thd®E-ALD has been recognised to offahigher passivation levgll0g. One
drawback of thermal ALD technique is the large back depositiendeposition of the mateai
on the edge of the back surfaeeen if the substrate {glacedon a very flat substrate holdé€sas
diffusion betweerthe wafer andthe tolder can hardly be avoided in temporal ALD sysgem
while in spatial ALD tools, neutral gas flux repel precursont the back surface.

,Q WKLV GRFWRUDO ZRUN WKH WBFBHRBBEG $/URRVILHR VX (
thermal ALD recipe described ifable2.lwasused. As illustrated oRigure2.2a, the deposition
of the front surface in a first run and then theck surface in a second run generates a thicker
layer at the edge of the wafer. Fawafer having a diameter of 10@m, this thicker crown,
~15mm wide, represents 5% of the surface. This strong surface inhomogeneity is not the only
problem. To esate SRV, lifetime sampleshould have equivalent surfacdhe first deposited
layer will undergo twice the thermal budget of the depositidmnle the second surface might see
its native oxide regrowth during the deposition of the first side. To solve pineskems of back
deposition and symmetrical passivation, a specific substrate holder wasFigae 2.2.b). It
allows diffusion of precursors on both surfaces, providing homogeneously and symmetrically
passivated samples in a single deposition run.

Table 2.1: ALD cycle used in this thesis. Deposition chamber pressure is around 10 Pa
and continuously flowed by 600  sccm of nitrogen.
TMA A  Purge FE H,O FE Purge Total duration

0.1s 4s 0.1s 6s 10.2s/cycle
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Figure 2.2 : (a) Thickness mapping (80 points) obtained by SE after the deposition of
200 ALD cycles on each side. (b) Opened substrate holder allowing a double side
deposition.

2.1.2 Material properties

In order to evaluate material properties resulting from our AlEle, we applied1000ALD
cycles on double side polished intrinsickbY FP )= ZDIHUV DW GLIIHUHQW VXE
ranging fom 150°C to 350°C. Native oxide was not removed before the deposition, to avoid
previouslymentionednucleation troublg This native oxide was estimated by XRR to be around
8 A thick and to have a density of 2yZm?® before the AIO; deposition whiclis consistent with
reported values in literatufd10-117. For each deposition temperature, the GPC asdisnated
both by XRR and by SE taking into account the presence of the native oxide. Very good
agreement between these two characterisation techniques can be notiégdrer2.3a. The
GPC of our material is 5% higher than the one reported by Ylivaat al. @ (at 150°C) forthe
standard ALD cycle. However, GR€ported in this works consistent with values they obtained
by repeating half cycles times@ and to values reported by Gronatr aI, supporting the
hypothesis of mefficient surface saturation for each half cyaleder our process conditians

Figure 2. 3: (a) Growth per cycle as a function of the deposition temperature. The stars
from Ylivaara et al. are the repetition of each half cycle 5 times before switching to the

other half cycle . (b) Oxygen/Aluminium ratio  (determined by RBS ) as a function of the
deposition temperature .
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The higher chemical reactivity at higher substrate temper@eis supported by thepread
of GPC value ostribution becoming narrower at 30Q for our recipe and the one of Ylmaet
al. The TMA decomposition, reported to start above 3, and surface dehydroxylation
both contribute taGPC reduction between 28C and 350f & 6 W RL F KJAR® Ha¥ Gl F
O/Al ratio of 1.5 howeverin ALD grown films it varies in the range from 1 taBigher oxygen
content at the -8i/Al,O5 interface) We observe a decreasing tendency of this ratien the
temperature increasd$igure 2.3b). This trend is similar to the one occurring during the
dehydroxylation of pseuddE R H K P L MIpD;\[E3. Despite this high chemical reactivity at
high depositiontemperature, ALDAI O3 films exhibit neither the same densitlyigure2.4.a) nor
the same refractive indekigure2.4 E W AD®.

Figure 2.4 : (a) Film density as a function of the deposition temperature. Reported
values for this work are the average density as a dens ity gradient is necessary to fit
the data. Error bars are the standard deviation due to this gradient. (b) Refractive
index determined by SE at 633  nm using Sellmeier dispersion law.

In fact, ALO; layersdeposited by ALDare fully amorphousregardlessof the deposition
temperature windowf114. Such DPRUSKRXV ILOPV -A 0\ \WheD @rdealedl al Q
temperatureabove ~ 800C |115-117]. This crystallisation temperature strongly depends on the
film thickness the thinner the film, the higher the crystallisation temperature. It can be explained
by the higher probability of nucleation in thicker filnf81§ 7KH UH \phas@/ isQ@d
XQH[SHFWHG UHVXOW DV LWV W KoHaddpiDdD AlkvimELcOordivatiory O R Z
in the ALD films might be the reason of this crystallisatgiructure Both tetrahedral (3) and
octahedral @ FRRUGLQDWLRQ DUH UHSRUWHG IRU DOXPLQLXP D
ZKLOH RQO\ RFWDKHGUDO H QYhaddRiQdP Be3pite this cBEEHSrHCQM LQ W
FRQILIXUDWLRQ EHWZHHQ WKH ® Q/G, ik Hs ghet Uds Khie XV S K
amorphous on¢107 (120 |121]. This predominant Fbonding is responsible for the bandgap
widening with phase transitions:gEamorphous) < § g( - . Comparative
properties of these three phases are summariskabie 2.2
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Table 2.2: comparative Al>Oz properties .

Name/Type ~Al,03 GAI,04 ALD Al ,03 Refs

Crystallinestructure  Rhombohedral Cubic defective spinel Amorphous

Density(g.cm®) 3.97 3.65 2.5-3.2 7-10

Refractivelndex [7][8]

1.76 1.73 1.50- 1.65 |
(@ 2eV)
Bandgap(eV) 8.8 7.1-8.7 6.1 £7.0 14-20
Conduction band offset
10 ¢:Si (eV) 2.8 25 20

Dielectricconstant 9.0 7.5 3.0-7.7

During crystallisation, anass loss of ~%, a densification of ~2% and an increase of the
dielectric constant and the bandgap are repd@kti1g[123. Most of the mass loss is attributed
to contaminants outgassing. Hydrogamd carbon are the two obvious contaminants yOAI
deposited from TMA and #0 due to incomplete chemical reactions or chemisorption of by
products Figure2.5). Carbon content is rather low (<@%&; compared to hydrogen content, up
to 6% for our material deposited at 13G. The quantity of hydrogen depends on the deposition
temperature and is mainly present as hydroxyl gr@,. Dehydroxylation is pointed out
to be the main mass loss mechanism during crystallisation. This is supported by two faets:
bandgap widening impacts mainly theerade bad side, i.e. oxygen anion reorganisationthe
chemical environment of aluminium probed by XPS does not significantly change contrary to the

one of oxyge 126.

Figure 2.5 : Hydrogen and carbon concentration in Al203 layers as a function of the
deposition temperature. For this work, hydrogen content has been measured by ERDA
while carbon has been quantified by SIMS measurements calibrated thanks to NRA.
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The censification of the films is not the main reason to pay attention to this mechanism. In
fact, dehydroxylation is pointed out as the main contributor to the surface passivati&n lof ¢
ALD Al,O;. As mentioned earlier, dehydroxylation starts at lower temperature than
crystallisation. This can be easilyobservedon ERDA spectra of adeposited samples
(Figure2.6.a). For a layer with homogeneous hydrogen (hydroxyl) distribution acress it
thickness, the spectra shoulhve aGaussian shapdike the one obtained for the lowest
deposition temperature of 18C. The top of the energy distribution curve becomes flat or even
inclined, indicating increase of hydrogen concentration variad®tine deposition temperature
increases. Indeed, 1000 ALD cycles take 2 hours and 50 minutes to be fully completed. The
dehydroxylation probability being function of time and temperatu, the very long
depositionduration of the films allows us to observe this gas release being strongest for the
atomic layergleposited in the first plac&he use of intrinsic silicowith abulk lifetime >150ms
ensuresigh detection sensitivity in terntd surface passivation variation. The effective lifetime
increases by three orders of magnitadethedepositon temperature increases fratb0°C to
300°C (Figure2.6.b). The lifetime increaseexponentiallyfrom 150°C to 250°C, followed by
an abruptincrease up to 1MV IRU WKH GHSRVLWLR®X It\Algdes H bighe X UH V
passivatiorof thesilicon substrate at deposition temperatures higher thaf@50

Figure 2.6 : (a) ERDA spectra of the 5 samples deposited at different temperatures.
Discrete points are acquired data and red curves are data fits. (b) Effective lifetime of
the as deposited samples with 1000 cycle Al  20s.

Besides theseincreasingtrends in materiaproperties and passivation results, there are some
constraints related to the use of ALD.@} for c-Si solar cells surface passivation that need to be
taken into account. The use of 1000 ALD cycles at ®dor 3 hours of deposition is not
compatible forindustrial applicatios. To keep thecostper watt of photovoltaic energy as low as
possible, manufacturing throughphds to be as high as possiblg to thousands of wafers per
hour. Due tolow deposition rate of AD; by ALD, passivation should be amed with the
minimum number of cycles féwer than 100) Keeping this in mind, passivation properties
offered by 20 to 20@\LD cycles will be explored in this research.
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2.1.3 Passivation properties of Al 203

2.1.3.1  Substrate specification S

In order to study surfaceapsivation performance of A); deposited by ALD the silicon
substrate with the characteristis summarsed inTable2.3 are used within the scope of this work
(unlessotherwisestated. Electrical properties of these substrates are simildhdseusel for
PERC solar ceII. Since the gppliers provide specificatiors as aninterval of values certain
valueswere set (listed in Table2.3) in order to perform calculatienand to provide inputs to
some charactesation tools, e.g. Sinton WTCG120. The FZ crystal growth ensures many
advantages over the Cguch adow crystalline defects and impurity contefor example, p
type Si grown byFZ method hagower oxygen content ([O]-0" cm®) as compared to the CZ
method ([0]~10"® cm®). Thus using FZ edues considerably the light induced degradation
attributed to the formation of-B metastable complex§$28130. Due to these characteristic
we estimate that SRH recombination in the bislkegligible andthus thebulk lifetime is only
limited by radiative and Auger recombination. Using Altermett al. and Richteret al.
parametrsation [62|[131], bulk lifetime is set to 1830fs for an injection level ofL0* cmi®. With
sucha high bulk lifetime, surface passivation variations will be easily observable. Sometines, n
type wafers with similapropertieswill be used. Indeed, with a bulk lifetime of 34208 and a
surface passivation by AD; operating by inversion layer, these samplesessnmore prone to
detect lifetime variations.

Table 2.3: Topsil silicon substrate characteristics

Properties Supplier specifications Considered values
Diameter (mm) 99.8 ~100.2 100
Thickness (um) 260 ~ 300 280
Growth method PV-FZ Fz

Orientation <100> £ 1° <100>

Finish Double side polished Double side polished
Type / Dopant p-type / Boron p-type / Boron
S5HVLVWLYLW\ 1~5 3
Doping level (cri) . 4.68.13°
Bulk lifetime (ps) > 1000 18300

In order to evaluate reachable lifetim@lueswith these substrates, finite element simulations
have been performedith ATLAS software from SilvacoWe benefit from the presence of a
symmetry plane to simulate only erhalf of thesample structure adepicted inFigure 2.7.a.
Continuity, transport (driftGLIIXVLRQ DQG 3RLVVRQ T V-cbngixténiy inkligy DUH
silicon, while only Poissoff ¥quation was considered for the dielectrics. Concerning the top
interface boundary condition on A);, we set the surface work function to 468 with respect
to vacuum level, corresponding to the Si bulk Fermi level in equilibrium. Concerning the back
boundary condition in the middle of the Si substrate, we consider a flat band condition with zero
surface recombination. In the Si bulk, intrinsic recombination is modellddQ3d S5LFKWHUT{
parameterisatio@. The @apture cross sectisrof surface defect¢defined only at midgap
energy)are similar to those of @Si/SiO; interface asninterfacial SiQ layer is always present
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after Al,O3; deposition, even on a -l surface. Lifetime curves as a function dhe
minority carrier density have been simulated for divergeabd Q values at the -Si/Al,O3
interface Figure 2.7.b). A low Dy is the prerequisite to benefit from field effect passivation
provided by a high @[133[134]. For the 40Gimulated conditionghe calculated lifetime values
at the injection level 00" cm™ have been extracted and ptetl on Figure 2.7.c. Dash lines
delimit an area with typically reported;[dand Qs values for ALDgrown Al,0O3; synthesised with
water oxidation{125[135[136. In this area, minimum lifetime is 146 and maximum lifetime
canreach 530Qs. The solid line crossing the area represanlisetime of 1300us (SRV =
10cm.sY), i.e. the minimum passivation specification to realth.other words, half of the
commonly reported Qand Oy values provide passivation belotve objectiveand soAl,O;
deposition conditions have to betimised.

Figure 2.7 : (a) Simulation model used to evaluate the minority carrier lifetime.

(b) Effective lifetime as a function of the injection level for one value of Q + and several
Dit. (c) Effective lifetime as a function of Q ¢ and D i for an injection level of 10 15 cm3. The
solid line corresponds to the lifetime of 1300 ps (SRV=10 cm.s1) and dashed lines
delimit values reported in the literature for ALD Al203 from TMA and H:20.

In order to explore the effectsf the deposition temperature on passivation properties while
reducing as much as possible®d thickness, 20 wafers were passivated with 20, 40, 60, 100 or
200ALD cycles at substrate temperatsigd 150, 200, 250 and 30C. Prior to the deposition,
native oxide was removed by 30dip in HF (5%), ensuring reproducible Si surface fronmone

sample to another one over the 3 years of research. Contrary to the extremely thick layer

previously studied, thin layers provide poor passivation levels-ttepssited stateKigure 2.8),
well below the reachable 53@@ predicted by the modeF{gure 2.7.c). A slight effect of the

thickness and the deposition temperature can be noticed due to the higher dehydroxylation

probability of thicker films.
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Figure 2.8: Effective lifetime provided by different Al203 thicknesses deposited at
different substrate temperatures.

Passivation activation by annealing is mandatory to obtain higher lifatahues Several
phenomea take place during this pedeposition annealing (PDA), increasitige influence of
both chemical and electrostatic passivatidbhe typical process flow used to produce lifetime
samples is depicted drigure2.9. After annealingthe Al,O3 film remainsamorphous even after
a firing step of few seconds at temperature >800Thus, theimprovement of the passivation
does not happedue to crystalBationof Al,O3; |137] and has to bsetudied in more details

Figure 2.9 : Process flow used to produce lifetime samples. Numbers between brackets
are parameter ranges of interest.
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2.1.3.2 Chemical passivation

Samplescoatedby ALD Al,O; present a lack of chemical passivation irdapositedstate
Indeed, despite the presence of plassivatiorlayer, Oy is not low enough to observe significant
lifetime increase. The defects at th&SitAl, O3 interface ae reported to be the sanas for a
SiO,/c-Si interface,i.e. P, type deécts GDQJOLQJ ER @@ With id&ferar@ Lphysical
orientations and nonequivalent Si backborfd88-141]. This is not surprising as the presence of
an interfacial SiQ layer is reported between theSc substrate and the Ab; layer evenwhen
starting the deposition on a-Bi surface. The posteposition annealing step rubs out these
chemical defectm different ways.

In the case of thermally grown Si@n (100) eSi, R, type centres occupy ~0% of the
interface after the oxidation, whidl still too high regarding expected passivation properties
. A post deposition annealy in forming gas atmosphere £MH,) is performed to fill these
remaining dangling bonds. The, B/pe centres start to behave lil&l, mills " above 200C,
optimal temperature being 4&30°C . For ALO; layers, brming gas atmosphere does not
provide better hydrogenation than pure almospher. Indeed, the hydrogen source in
Al Os is the film itself;wherehydrogenis bonded as hydroxyl groups. It is important to adgw
words about the chemical reactiaturringhere.

The hydroxyl groups can be linked to Al atoms in the bulk of the film but also to Si atoms
from the initial surface as TMAloes not completely saate the Si surface wit8i-OH, or from
interfacial SiQx grown during the VolmeWeber growth mode Dehydroxylation of vicinal
silanols following equatioii2.5) starts at temperatures as low as 20@and is maximum around
300°C, while it is required t@xceed400°C to release isolated silanql45[146. Similar water
release by aluminium oxide dehydroxylation dagé describedby equation(2.7), starting at
temperature above 200C for vicinal groups, while isolated groups start to move above’G50
1113 (147 [149. Water releaskfrom the aluminol groups (A OH) by dehydroxylation can
diffuse to the €Si surface and dissociate on dangling bonds or @&k bonds(2.6) [104[149.
Then silicon surface can be oxidised after further dehydroxylation of newly formed silanol
. On the one hand, this silicon oxidation by wateay explain the interfacial SiQ
thickening observed after PDJA06|[124|[136([151]. This SiQ thickening & reported to be more
important for thicker AIOs; films [10Q, i.e. with higher hydroxyl quantity. Interestingly,
passivation level follows theame trend, increasing drastically with the film thickness up to a
3V DW X UDW L R Qthe @edendteteyn khid filtd thickness is not verifiedny more i.e. a
certain hydroxyl quantity is necess. For thermal ALD with water oxidation, this minimal
film thickness is reported to be around rir@ , which might be a problem regarding the
objective of film thicknessreduction. On the other hand, the rnwgligible H release also
recorded during TDS of AD; cannot be explained by this water rele? 563 [154). Generally,

H, release is ascribed to a metallic A8k interface (equatio 2))[155. Formation of
metallic Al clusters cannot be completely excluded for layers deposited-ldns&iface with
water oxidatior{156[157. However, AtAl bonds seem to be absemiten usingO; oxidation or
Si-OH as starting growth surfad@é][157[158, but H; release remains.HEre is here a missing
source of H.
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SiOH + HOSi /& Si©-Si + HOy (2.5)
SifSi + Oy A SIHOH + SiH (2.6)
Al OH + HOHAI £ Al DAl + Hy,0p 2.7)
2Al + 4H,0 /E 2AI00H + 3Hy, (2.8)
2Al + 6AIOOH /E 4A1,03 + 3Hyg) (2.9)
Al OH + HOSSI £ Al ©Si + HO(, (2.10)

In fact, the different AlO; phasedhave beerused for decades for their exceptional catalytic
SURSHUWLHV SPWL® BERDDUE\158 K6l 'HK\GUR[\ODMW.DRQ RI
generates strong Lewis acid siteég. fivefold, fourfold and threefold coordinated aluminium
atoms, by acidic strengfi47[161]. While aluminium atoms show Lewis activity, oxygen atoms
act as Brgnsted acid allowing high H mobility through protons hopping for temparaéiveeen
200°C and 400C {162164 $PRQJ DOO LWV FD W BpBasd ¢ah cartyR& Watew L H V
splitting, resulting in atomic adsdibn of O and rapid H genersion [165. Another very
interesting propeytof this material is its ability to perform the heterolytic splitting of{iH6§.

$V SUHYLRXVO\ GphudeXNaxesl & lot\Wfkcbmmon structural features with ALD
amorphous films, eecially the T aluminium coordination, which is pointed out as the core of
the catalytic properties. A similar chemical behaviour is then expected from the similar chemical
environment as demonstrated for different crystalline phafseluminaf121][167. Finally, at the
interface between the substrate and the film, bonds between aluminium oxide and silicon oxide
can be created followg equation(2.10) This aluminosilicate interface seems to also present
strong catalytic activit that is slightly different to the one of pure alumija6817Q. It is
important to underline that tetrahedrally coordinasganinium atoms arenot homogeneously
distributed over the film thicknes#\fter PDA the T4/O, ratio at the SiQ/AI,Os interface
increases from 0.5 to 0{207. The interfacial silicon oxide thickening and reorganisation during
PDA is believed to influence thigreferential Ty bonding. Contrary to aluminium, silicon atoms
can hardlyadoptoctahedral configuration outside geological st. Thus silica imposes its
bonding environment to alumina that can accommodate with it, generating a buffer region with
predominant § coordimated Al atoms.

To summarise, a posieposition annealingontributes tadehydroxylaion of both the AYO;
film and the SiQ interface. Due to catalytic properties qof doordinated aluminium atoms, a lot
of chemicalspecies are generated, notably at th€®4BiOy interface. These species can diffuse
both out of the film and to the-$i surface to passivate chemical defects. This special catalytic
behaviour might also explain why passivation at t#&i/8i0; interfaceis improvedaftera FDA
whenAl,O3 cappng layer is depositedn athick (~100nm) SiO;, layer: there is a direct hydrogen
injection from the AJO; into the SiQ [154[172. The mainrequiremenfor hydrogen release by
the ALOs films is the use of PDA temperature higher than dutimg ceposition For example,
the low deposition temperature of 18D provides a reasonable reductiohD; after PDA at
250°C |151}|173|174.
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2.1.3.3  Electrostatic passivation

While the O} reductioncan bewell explained, the origin of the high fixed charge density
reported for AJO3 synthesised by thermal ALD or PAALD is still a matter of debate. Before
PDA, Q is generallylow for thermal ALD (< |183 cmi®) or has even a positive polatityhile a
high negative fixed charge density is already presefA-ALD films. For thermal ALD, the
PDA increaseshefixed charge density to tHagh negative valugthat made & popularity, while
in PA-ALD Dj reduction is the main contributor to the lifetime increfiséy| 176 .

Qr has been reported to be located within the first nanoswb@ve the <Si surface and to be
independent ofthe Al,Os thickness above this nanomet{¢52 |177] [17§. Tetrahedral
coordination<AlO > where the net charge of the Al atom wouldbés considereds a possible
origin of this fixed charge densifyivenits predominant concentration at the interfft@7[179 ]

. The major interfacial 4 bonding increase due to PDA would perfectly fit with the
formationof @, but the same glconfiguration increase is also reported for-RED while Qs is
already prese@. Another candidate to explain these charges is interstitial oxygen atoms
(O). Indeed, excessive oxygen concentration is detected by XPS aiSih&l©; interfacein
comparison tothe cSi/thermal SiQ interface . The silanol dehydroxylation following
equation(2.11) has been proposed to explain generatbroxygen excess, as well as
molecular hydrogenOn the other handhe presence ahterstitial oxygen at this interface
most likelyto originatefrom Al,Os; catalytic activityrather tharfrom the eaction described by
equation(2.11). However, as reminded by Iwata et , due to the presence of silanols
(aluminal) in silicon oxide (AlO3), the O/Si intensity ratio detected by XPS is expected to be
greater tha the one of pure SiKOIndeed,two oxygen atoms are required to satisfy two silicon
atoms through hydroxyl configuration A 62LOH) whereas only one oxygen atom can satisfy
two silicon atoms in Si© A 6D +6 L @

SiOH + HOSI ASIOSI + Hyg + Q (2.11)

While the origin offixed chargess still not fully understoodandits discussion will continue
towardsthe end of this chaptean important observation has to be mentioned. Aidre density
of fixed chargsthat is supposed to be created dutimg FDA through chemical configuration of
atoms (T coordination of Aland/or interstitial O) can be modified aft®DA by simple
illumination. The Qr and lifetimemay be increasetly more than 506 when certain
illumination conditions are usedhis is asignificant effect that needs to be clarified before
comparing the impactfalifferent process parameters on gaessivation.
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2.2 Light Induced Field Effect Enhancement

2.2.1 A well -known fact

The weltknown pioneang work of Hezel and Jaeger published in 1 Is the starting
point for the use oAl,O; as a passivation layer containing negative fixed charges contrary to
commonly used Si@and aSiNx:H which contain positive charges their work, he sensitivity
of APCVD Al,Os films to UV illumination was also reporteat that tim, with a Q increase
of 56 %, but this particularity did nattractmuch attention. Twenty years later, Dingemanal.
DOVR UHSRUWHG WKLV 3EHQHILFL D @hienliéats @ Anindrelds Bi\theR 1 89 L
lifetime of ptype sample by 4% . Then some other studies were carried out, each one
reporting lifetime increase around %) independently ofthe substrate type or the .83
depositionmethod(Table 2.5.

Table 2.4 : lllumination effect reported in the literature

Passivation properties

Al20s type Light saurce Initial Enhancement Ref

96 nm (APCVD @ 460°C)  Xe lamp (OmW.cm?  -32:10%cm?  +56% (p-type)

30nm(PA-ALD @ 200°C)  Hglamp (100 Wejectica) 1190us +40 % (p-type)

30nm(PA-ALD @ 200°C) AM1.5 6217us +42 % (ntype)
1007ps +45% (p-type)

30nm (Th-ALD @ 200°C) AM1.5
1520ps +60 % (n-type)

11nm (PAALD @ 200°C) 725nm laser (10mW)  -5.410%cm?  +59% (ntype)

To explain this increasef (%, a direct electron injection from theS valence band to the
Al,O3 conduction band (with tunnelling through the gjOwas proposed Fgure2.10,
mechanismc). Considering the offsetf ~2 eV between theconduction bansiof ALD Al ;03
andc-Si (Table2.2), UV photons with energs greater than 3.18V are required tensure this
transition However, while characterising: Qy second harmonic generation, Gsalt al. showed
the possibility to inject electronby photons of much lower energf23. Thus, asecond
mechanismbased ormmultiple photon interactiomvas proposed Figure2.10 mechanismd). In
their experiment, the electron injection can be avoided dependintpeolaser photon flux,
contrary to the UV illumination for which both low Uffux (AM 1.5) and high UV flux (Hg
lamp) provide similar lifetime increase of 40 (Table2.4). This Lightinduced Field Effect
Enhancement phenomenon (referred as LIREreafter) would be of prime interest if it would be
permanent. The loagerm stabiliy study conducted by Liaet al. showed that the injected
charges are released from the@y layer when not exposed to the light, bringing the lifetime
back to its initial valu§40]. However sincethe injectionis done withintens of minutes to hours
andthatthe complete charge release takes weeks, Ai€ains a phenomenon of interest a
daily basidor solar cells exposed to a photon flux.
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Figure 2.10: Photo -injection models from the ¢ -Si valence band to the Al20s conduction

band as proposed by . The injection can occur through a:
this one has an energy > 3.12 eV. d: multiple photons absorption if their energy is

< 3.12 eV.

c: 1 photon absorption if

Despite the apparent dependence on the photon energy, all the experiments reffatéel]in
[ 2]share a common point: a high carrigneration rate at theSi surface. For the different light
sources, the generation rate along the wafer thickness can be esbynadeetion(2.12)
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The generation rate depth profiles in silicon due to the different illumination conditions
summarised iTable2.4were calculated by equati¢d.12. To do so,ypical xenon and mercury
lamp spectra were use, with a power density adjusted according to the reported
experimental parameters. The laser spectrum was approximated by a Dirac function at its nominal
wavelength while the standard AM1.5 spectr@ was usedThe silicon optical properties
from Greenet al. were used anche photon fluxes were considered between r#&0and
1110nm. The refle@ncevalues are tabulated for a flat Si/air interface and no&af8i/Al,O;
interface This leads to an underestimation of the generation rate, mainly in the first nanometres
below the surfacelue to highUV reflection (up to 70%). However, it is clearlyisible on
Figure2.11 that the generation rate at the surface is higher #@hcm?®s* for all these
experiments.

Figure 2.11 : (a) Generation rate as a function of depth for different illumination
parameters reported in literature. (b)  Effective lifetime before and after an illumination

of an n -type c-Si samples passivated by 10 nm of Al.Oz deposited at 200 °C and
activated at 38 0 °C for 5 min. 400 s illumination at a photon flux of 4.94:10 17 cm2.s1
(@1.53¢eV).

The excessFDUULHU GHQVLW\ G0Q LV OLQNHG WR WKi JHQHL
equation(2.14) It can be gite arbitrary to evaluate the lifetime frooneexperiment to another.
However, choosing a very nservative value of 10@s would result in a minimal local carrier
density near the Si/AD; interface ofL0"® cm™ for all these experiments. For such carrier density,
the Auger recombination mechanism is already predominant regarding other mechanisms and
might be responsible for the electron injection in thgQAlthrough an eeh interactiofsee
chapter 1, recombination part) would also explain why LIFEhas beervoidedin Gieliset al.
work by reducing the laser powere. the photon flux This hypothesis is also supported by
the reported kinetic resuitso reach the maximum enhanced lifetime;n2@ were enough to
Dingemanset al. [35 with a generation rate below the surface arob@d cm>.s* while it took
hgz%rs tg) i_iao et al. to reach the maximum lifetime with a generation rate around
107 cm™.s™.

JL) @guy (2.14)
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A quick experiment is conductad orderto check if LIFE observed with UV containing
sources is due tphoton energy higher than the energy difference between the silicon valence
band and th&l,O3 conduction banadr to the carrier density near the S84 interface A FZ n-
type waferpassivated at 200C with 100ALD cycles and activated by a PDA ofhfin at 380°C
was used for this experimenithe initial lifetime of the sample after PDA was measured with the
LIS-R2 at 4440us. Then, without moving the sample or opening the dooh@ficharacterisation
tool, we used the large area illumination laser dedicated to photoluminescence mapping in the
LIS-R2 as the photon source. The wavelengtlxaitation is808nm (1.53eV) and its intensity
can be set up to 4.90" photons.cnf.s®. The sample was illuminated for0@s with the
maximum photorflux. After illumination, a lifetime of 5204us is measured, which means a
lifetime increase of 1%. The generation rate depth profile is plottedFogure 2.11 With the
lowest generation ratd the sample surface (in the top ) among all the plotted illumination
conditionsand with photon energyf 1.53eV, LIFE; is still observedThusthe UV contribution
to this phenomenothrough mechanisnt (Figure 2.10 is not confirmed It means thafor a
cloudy season, when the photon flux is reduced to ab&uibl AM1.5, LIFE; might nothappen
anymore. Areductionin Qr and so in the passivation level might reduce the cell efficiency and
be detrimental to the solar panel reliability. The next [gadedicated to the photon intensity and
wavelength impacts on the LIFEffect.

2.2.2 Detailed study of LIFE >

2221 Monofacial vs bifacial effect

In order to lay the foundations of this study, we determined if it is the local carrier density
(carrier generation ratethat matters or if the carrier density is homogenised in the wafer
thickness. Indeed, the high quality and the low doping level ositlean bulk allow very high
diffusion length of carriers. The diffusion length of minority carriers, electrons in-tixeepbulk,
is defined by(2.15) and is twice larger than the wafer thickness (~#®() for an effective
lifetime as low as 10Qs. It means the caer density can be homogenised in the wafer thickness,
equalising the carrier concentration at botBifAl,O5 interfaces. In this case, it would result in a
LIFE; on both surfaces, while illuminating only one.

L¥&®gyy (2.15)
With:
I & : the electron diffusivity

T iguy: : the effective minority carrier lifetime

To addresghis question, we used the AM1.5 light source of an Oriel solar simulator class
AAA from Newport. As depicted ofigure 2.11, the generation rate between the front and the
back surfaces decrease by three orders of magnitudee Hverage carrier density rules the
charge injection in AlO3, the illumination of the front surface should atesult in the injection
of carriers fom the €Si intothe ALO; present at the back surface.
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JLIXUH /LITHW L Pup of sétth@ @léhg AML.5 illumination one face a time (a)
p-type c-Si substrate. (b) n -type c-Si substrate. Lines correspond to the fit of data
according to equ ation Wafers were passivated at 200 °C with 100 ALD cycles
and activated by a PDA of 5 min at 380 °C. The blue dots after dark storage show the
fact that photo -injected charges are released fromthe  Al>O3 during the storage.

Two sets of samples with bothtype and rAype wafers in each one veeprepared The
passivation recipe was 1@Q@D cycles of AbOs; deposited at 200C and activatedvia an
annealingat 380°C for 5min. A particular attention has been taken to avoid all illumination
sources when the sample is removed from the furnaceth&ePDA. For the first set, samples
were regularly measured by the Sinton WCA0 over one hour of illumination on the same
surface. Then the samples were flipped and the protocol was repeated for the second surface. For
the second set of samples, thensaillumination duration is done for both surfaces before each
measurement.

The results of the first seFigure2.12 clearly show that the electron injection in an@y
layer is related to the local carrier generation rate beneath it (or the UV illuonindor the p
type substrate the illumination of the second surface provides similar enhancements than for the
first one (+29% and +20%). On the contrary, the-type substrate showa higher lifetime
increase when the sample is flippedl(®% and hen +39 %), matching very well the increase of
+ 17 % previously observed with the IR laser. It might be due to a weak inversion layer initially
present at the surfaces. When the passivation quality of the front surface increases, the effective
lifetime is still limited by the bacisurface. Then when thetype wafer is flipped, the second
surface is not angnore limiting the lifetime resulting in a strong improvement of the passivation.
The overall lifetime has been increased bys:nd 526 for the p-type and rtype samples
respectively. These values agree very well witts¢treportedin Table2.4. For the second set
(Figure2.13), the lifetime increasequickly to its final value (within ~5 minutes), but the overall
lifetime enhancement is slightlgpwer than for the first set, even if absolute values are higher.
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JLIXUH /L1 HWL Pt of 48R 6°0 Rahg AM1.5 illumination on each face
before measurement. Lines correspond to the fit of data according to equation
Wafers were passivated at 200 °C with 100 ALD cycles and activated by a PDA of
5 min at 380 °C. The blue dots after dark storage show the fact that photo -injected
charges are relea sed from the Al20z3 during the storage.

The LIFE process corresponds to the accumulation of electrical charges at a dielectric
surface, so data were fitted witin exponential functionlequation(16)) commonly used for
capacitors to compare the kinetics. Hoe first set of samples, the kinetic of each face has been
fitted separately. Results of the fit are summarisedahle2.5 and ploted with experimental
data orFigure2.12andFigure2.13

F B

b

. . P
ILILE#®S'TF

p (2.16)

Globally the goodness dit (R?) is rather low, but generally slightly better in the case-of n
type substrates. Maybe the electrical activity at the interface with an inversion layer is closer to
capacitor behaviour than fortgpe. Both samples of the second set have similaractexistic
time of the kinetic (k) in the 30s range, which underlines an exceptionally fast process. For
samples of the first sety is at least twice longer for the second surface than for the first one,
maybe charge release already starts at thtesfirface when this one is not illuminated amyre.
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Table 2.5 : Exponential fit results of the lifetime increase for set n°1 and n°2

Substrate Set n® R2 k (Min)
1 (I face) 0.89 0.53
o-type 1 (2" face) 0.89 1.02
2 0.74 0.56
1 (1* face) 0.92 0.77
n-type 1 (2" face) 0.91 3.74
2 0.97 0.5

To assess the stability of the LIFEeatment, after the illumination, all the samples were
stored in a dark cabinet for one month. Similarly to what has been reported st bi , the
charges are released by,®4 and the lifetimereturns toits initial value Eigure 2.12 and
Figure2.13. A noticeable result has to be pointed out, faype substrates the lifetime after
storage remains slightly above its initial value while for tigge values, this one ggnificantly
belowthe initial value.

From this first experiment thei@e somekey fact to remember. The LIFEtreatment is a
very fast process at AM1.5, relying on the local carrier density at the surface which results from
the high generation rate. @tye injection at the neiluminated ¢Si/Al,O3 interface surface does
not happen or is negligible. In order to properly estimate SRV evolution, the illumination has to
be performed on both surfaces at the same time. The, biE&menis not permanentiowever,
the used passivation recipe generates large blisterdelamination of the passivation layer and
so electronic defects. The blistering phenomenon will be more intensively studied in chapter 4.
Blisters impact on the LIFEstability cannot be>xluded as a delaminated areaeivalentto
an unpassivated area offering recombination centres.

2.2.2.2 Low intensity bifacial illuminator (LIBI)

In order to pursue investigation on the LH-B setup allowing bifacial illumination has been
built (Figure2.14.a). Inside a big black box (6@0m x 630mm x 780mm), two rows of lights
have been installed, the first at the bottom, the second at the ceiling of the box. Each row consists
of twelve fluorescent tubes split into two groups allowiagurn on only hdlof the row(one on
two tube$. This electrical wiring allows choosing between an illumination at the full &6 50
the row power. Despite the clepacked arrangement of the fluorescent tubes, it remains twelve
linear light sources. A Bhm thick groundylass is placed at 98@m of each row tanakethe light
intensity uniform across the surfaces. In the middle of the black box, rails are fixed in order to
place the sample surfaces at 28® from the ground glasses. To ensure the complete
illumination of surfaces, wafers are not directly put on the railsibside square plastic boxes
(120mm x 120mm) which are placed on the rails. Due to reflectivity at the plastic/air interface,
these boxes transmit 90 of the light in the wavelength range of 40000nm (Figure2.14.b).
Below 400nm, the plastic starts to absorb the light, slowly decreasing the transmission from
90% to 60% when reaching 300m. These optical characteristics are good enough to allow
photons with energies up toe¥ to reach the samptairface. In order to avoid potential parasitic
effect of the ambient humidity, transparent boxes can be sealed in transparent bags with N
atmosphere. These bags also present geod optical properties that are compatible with the
LIFE; study Figure2.14.b).
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Figure 2.14 : (a) Schematic view of the | ow intensity bifacial illuminator .
(b) Transmission spectrum of plastic box and nitrogen bag.

The homogeneously illuminated surface is about@i® by 500mm, offering enough space
to treat multiple samples in the same tima. iIHR320 spectrophotometer from Horiba Jabin
Yvon was calibrated using De Izarra andt&i protocol. The integrated powedensity
from 300nm to 1200nm was measuredt each sample surfaemdis about1.2mW.cm® when
all the fluorescent tubes areried on. It represents about 1% of the sunlight intensity but the
photon flux reaching the sample surface in our systemvi®wosly different from the one of the
AML1.5 as it does not originate from a black body emisskbgure2.15a). However its emission
IS continuous between 300@n to 1100nm, even if not monotonically increasing like a black
body one. The corresponding degprofile generation rate is similar to the one of AM1.5 but
lower by 2 orders of magnitud€&igure2.15b). If we consider again a lifetime of 108 near the
surface, it will result in a carrier density ®0*>cmi®, which corresponds tthe transition egion
between SRH and Auger recombination. The bifacial illumination mode allows a symmetrical
generation rate, ensuring symmetrical evolution of surface passivation and so accurate
determination of the SRV evolution.

Figure 2.15 : (a) Photon flux reaching the samples surfaces. (b) Generation rates in the
silicon volume.
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The kinetis of the LIFE, treatment in the LIBI is studied using freshly passivated samples
with the sameAl,O; thickness, deposition temperature and PDA temperaasréne one
previously illuminated by AM1.5. The Sinton WTL20 was moved next to the LIBI to minisai
potentialcharge release by the ;8l; due to measurement duratiore. a no illuminaton period.
That way, the sampdavere out of the LIBI only 1@ for a lifetime measurement. For eacpety
of sample, one was illuminateat 100% of the power density (I/®V.cm?), the second was
illuminated at 50% of the power density (0fBW.cm?) and he third was stored in a dark cabinet
at the shelter of any light. After a lifetime follewp of roughly 6 hours, illuminated samples are
storal in the dark cabinet with the nelluminated one for five days.

Figure 2. 16: Lifetime evolution in the LIBI for p  -type and n -type samples passivated by
100 ALD cycles of Al203 deposited @ 200 °C and activated for5 min @ 380 °C.

The ffetime evolution as a functio of the illumination time in the LIBI isshown on
Figure2.16 Data are fitted with an exponential decayncreasing form function
(equation(2.16)), fit parameters are summarisedTiable2.6. The goodness of fit is far better for
the lifetime followup in the LIBI than for the AM1.5, maybe due to the bifacial illumination.
The same trends are observable for these ressifisr AM1.5 but trends are clearer with the
LIBI. The impact of the substrate typeabviouswith a longer , for n-type substrates at both
illumination powers. When the power density is reduced t&56f its nominal value,  is
longer for bothtypes of waferThe mostemarkablaesuls arethe values of . For a generation
rate two orders of magnitude lowar the LIBI compared toAM1.5,  is two orders of
magnitude longer. Regarding lifetime enhancements, the increase is alBourE#51% for n
type samples illuminated at full and halbwer density respectively. For theype substrate, the
full power illumination results in an improvement of 1@%twhile the lifetime is only improved
by 67% for the half power. However, it is important pay attention to the initial lifetimes of
these samples. Thetppe samples illuminated under half of the power dgradready presented
a lifetime clearly higher than the-fype (1113us < 2078us). In contrast the ntype samples
presented similar initial lifetime (5888 ~ 5514us), and so allow to conclude that the power
density only impacatthe kinetis of LIFE;, not its amplitude.
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Table 2.6: Exponential decay fit results of the lifetime evolution in the LIBI.

Substrate Power density (%) R?2 k (Min)
tvoe 100 0.8 53
P-yp 50 0.98 60
100 0.9 75
n-type 50 0.99 89

After five days of storage in the dark cabinet, the lifetime of all the samm@esneasured
again For the samples that did not undergo the LIEEatment, the lifetime variation is lower
than 5%. For the other samples that received LiIREe lifetime degradation is about 26 but
the charge release is not completed yet as the storage was not long enough. It allows us to
confirm that we are Idong at the same effect in the LIBI than under AM1.5 despite the
extremely different light sources. With a final lifetime around 9@Q(ntype) for a power
density about 6 of the sunlight intensity, this LIEEphenomenon is definitely interesting.

The key fact here is that the light intensity (generation ragms to slightlympact the
kinetic of the phenomenon, not its amplitude. The importance oflluiviination in this process
Is not yetconfirmedandis discussedelow.

2.2.2.3 Impact of the wavelength

There are many ways to study the impattthe wavelength on LIFE However, in the
previous experiments, lifetimes froome sample to another varied despite the use of the same
passivation recipe. It might be due to uncontrolled blisteoindifferent suface contamination.

To limit these possible perturbations, the wavelength impact has been studied on the same sample
surface. The passivation layer was deposited oitypgwafer at 250C rather than 200C and

the number of ALD cycles was double (28fles). The reason is twofold, on the one hand, the
higher deposition temperature leaves less hydrogen in thechinsjdereds one of the blistering
sources (refer to chapté), on the other hand, a thicker film is preferable as the COCOS
technique wasised to quantified QAs explaired in the first chapter, this technique deposits
positive ions on the AD; surface. The LIFEmodel suggesting electrons injection in theGhl
conduction band, we wanted to reduce as much as possible the capture iprabaddctrons by

a positive ion present at the surface but keeping a realistic film thickness. The PDA was done for
a longer time at a lower temperature (20 min at @50to reduce the dangling boni@nsityas

much as possible following Stesmans mdd4d.

In order to avoid experimental complexity that would result in inaccurate results, the LIFE
was carried out only on the front surface of the sample, the back surface being protected against
illumination by an opage sample holder. The LIzEreatment will be characterised through the
guantification of Qat the front surface. The creation of areas selectively illuminated by different
wavelengths was achieved thanks to a shadow mask with optical filters mounted on it
(Figure2.17.a). These filters are bandpass filters (86 430nm, 543.5nm and 970m) with a
full width at half maximum of 1@m. The LIFE phenomenon seems to be relateccaorier
interaction, we willthereforeconsider the photon energy rather than the wavelenigeh§ijters
respectively select photons with energies of 3.44+6\05288+0.04eV, 2.28+0.0&V and
1.28+£0.02V. At their nominal energy, filters do not all present the same transmission, ranging
from 25% to 70%, creating different generation rate depth profilegyre2.17.b). Normally,at
such low generation rate andrsidering a hypothetical lifetime of 1@ below the surface, the
carrier density would be about0"*cm?®. In this domain of carrier density, the SRH
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recombination is dominant, so the electron injection in thgAlis unlikely to happen if it
involves Auger like particles interaction. Moreover, filters centred at 8M4And 2.2&V have
similar generation ragin the first 10 nanometres below the surface. If photon energy matters
(Figure2.10, LIFE; should happen only below the former filter whiletmng noticeableshould
happenbelow the laer. However, in order to not miss a possible LdEEect occurring with a
slow kinetic due to low generation rate, the samples and the mask were sealedagaaNd the
illumination was held for 160 hours.

Figure 2.17: (a) Stainless -steel shadow mask with optical filters mounted on it. The
mask covers the sample during the full duration of the illumination. Letters from A to E

are the different locations of filters: A is no filter, B: 3.44 eV; C: 2.88 eV; D: 2.28 eV E:
1.28 eV. (b) Generation rate depth profiles for mask location A to E.

After illumination, a lifetimePCD calibrated photoluminescence mapping was acquired to
observe if LIFR was visible Figure2.18a). It might be feared that the PL lasqf eV)
can participate to LIFE First, considering the low photon flux (B0 photons.crif.s*) and the
short acquisition time (~19), it is unlikely to happen. Secondly, if it does happen, it would be
homogeneously done over the surface, still allowing area differentiation. The areas flttrsut
present a lifetime enhancement of #¥47compared to noeilluminated areas. The only area
below a filter presenting obvious LIEES the one below the 3.4V filter (+17%). However, as
the back surface was not exposed and will remain limitingmall LIFE, effect cannot be
excluded below other filters even if not detected by PL, quantification; @ @quired. The
COCOS was performed on the areas A to E and the results suggest an undeniable impact of the
wavelength Figure 2.18b). The LIFE does not impact chemical passivation,; Demaining
similar for all the areas (1.4+01D" eV'.cm®) but really modifes the field effect passivation.
The area which received the full spectrum has ef@L.2-10" cm?, the one illuminated by UV
has a Qof -6.9-10" cm? while all the other areas presented®-3.3+0.4-108" cmi®. To confirm
that noLIFE; effect occurred at areas C, D and E, a final measeméwas performed on a nen
exposed area, this measment confirming that LIFE did not happen on these areas. These
results clearly confirm that both LIEEnechanisms described &igure2.10take placebut ther
effectiveness seems different.
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From the previous experiment on LIfEneticsin the LIBI, the charge injectiowasstopped
after 300min as the lifetime id not increase angnore. In this experiment this charge saturation
has certainly been reached due to the illumination duration of @@@Ccorresponding to a;Qf
-1.2:10"% cm™. For the surface below the 3.4¥ filter, the Qis only-6.9-10" cm?, so a charge
injection onlycompletedoy 57%. Considering their respective carrier generation rates in the first
ten nanometres below the surface, a total generation do#*tarriers allowed reaching 100%
of the Q while only 57% of the maximum Qs reached with 6.80% carriers generated only by
UV. The photon flux, and so the carrier generation, sderbe more important than the photon
energy to inject electrainto Al,Os. An interesting fact can be noticeadgpite the concentration
difference of about one order of magnitude, it seems that there is no lateral diffusion of the
HOHFWULFDO FKDUJHV DV LW ZRXOG EH H[SHFWHG IURP )LFN

Figure 2. 18: (a) PCD calibrated photoluminescence picture of the lifetime sample after
160h of illumination. (b) Passivation results for the five different locations receiving
different photon energy.

The key fact here is that aftar FDA, there isa YHU\ ORZ 3IL[HG® FKDU-JH GHQ
Si/Al,O; interface, in the range of 10 cm? 6XFK ORZ FKDUJH GHQVLWLHV DI
FKDUJHV® LQ afdlL akeHgeriz iy Obtained by stacking@y with arother
material, this point being discussed later. The real va€) could be even lower; the
measurement itself can generate some charges as an illumination is required in the COCOS
technique to splithe quastFermi leves. However, at least 70% of these charges are in fact
injected from the silicon into the ADs, increaing Q to values in the range of-10'cm?,
corresponding to commonly reported valu€kis can take placthrough a mechanism of direct
injection (UV photon) or through a multiple particles interactiproportional to the generation
rate at the <Si/Al,O3 interface. These charges are generally reported to be created during the
PDA while it was not the case here. In fact, the PDA is a crucial step in widgolychemical
and physical phenomanoccur. The next section tries to sort out possible reagamthis
discrepancy.
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2.2.2.4 The crucial role of p ost deposition annealing

During postdeposition annealing, several chemical reactions take place, reducing #ie D
the silicon surface and in some cases injecting charges®@s.A\ model of this chargmjection
has been recently proposed by Kihnheldal. where electrons are injected through
dangling bonds to interstitial oxygen atoms at theOASIOx interface. The reduction of
dangling bonds during the annealing would impede the chatgaseafterthe PDA. For other
authors, the increase of thg @donformation at the interface is the origin of theapparition
during the PDA[107]. In these models there are tfamtsthat are not considered, the way that
the sample is heated and the rise of the intrinsic carrier density with temperature. Concerning the
first point, the heat transfer theé sample in the furnace can be achieved by conduction or by
radiation. The latter one is very populdable2.7) as no contact with the substragerequired,
limiting possible contamination. It is important to clarify the consequences of such hetdrtrans
because radiation means photons and so carrier generation in the silicon.

Table 2.7: Heat transfer mode for some popular RTP furnaces.

Heat transfer

Company Model Radiation Conduction
Jipelec Qualiflow JetFirst X
AnnealSys AS-One X
Allwin21 AccuThermo X
Applied Materials Vantage X
ATV Technologie SRO X
Levitech Levitor X

The radiative heat transfer is generally achieved through surface illumination by IR lamps.
The tungsten filament of the lamp behaves as a grey hedys spectral irradiance is calculated
exactly like the one of dlack body, but corrected by its own emissivity factahich is a
function of the wavelength and of the filament temperaft@e3 to0.5 for tungste . Thus,
the light spectrum emitted by the filament depends only on its temperature, this one being simply
controlled by the electrical ciamt flowing through it. In order to calculate the spectral irradiance
and so to estimate the generation rate depth profile, we considered the characteristics of the lamp
model present in our furnacach lamp has an effective filament length of 8@ that can
reach the temperature of 24Kt its maximal power of 75%/. The filaments are coiled with a
very small whorl step around a large centre, so it has been approximated by a rectangular flat
surface. The light reflector placed at the back of the ldolj@ is not taken into account,
underestimating the overall photon flux. For the sake of simplicity, we considered a piece of
silicon having a surface of 50x%0m, receiving only the photon flux from a piece of filament
(50x1mm) centred in front of it ah distance of 1&hm. The resulting generation rate depth
profiles for filament temperatures ranging from ®@ 2400K are plotted orFigure2.19a.

The temperature increase does not result in a simple generation rate upshift. Indeed, as expressed
by the Wien's displacement law, the photon emission is-bhifged by the temperature increase

and so the generation rate depth profile becle®s constant across the thickness. However, a
filament temperature of 1300 would generate enough carrier densityboth surfaces to inject
electrons in AIO; films present at these two surfaces. It should be kept in mind that these
considerations take into account only the underestimated generation due to a filament portion of
50 mm length, while there might be litnes more filaments in a furnace.
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Concerning the second point, the temperature rise promotes carriers to the conduction band of
silicon, increasing the free carrier density in the whole silicon volufgule 2.19b). For the
common AbO; PDA temperature fo400°C, it corresponds to a carrier density of-1®%m?,

To obtain an equivalent carrier density with a photon flux, this one would have to allow a
generation rate of 1.80%° cmi®.s? if we still take into account the low lifetime value of 106

Such high generation rate near the surface would result into electron injectiogOmaal we
already observedvith the LIS-R2 laser fFigure 2.11b, Figure 2.19a). Together, the sample
irradiation and intrinsic carrier density rise might impact the measureaft€ a PDA. It is
difficult to separate these effean a furnace operating by radiative heat transfer as a higher
annealing temperature involves both a higher photon flux but alsmgleer intrinsic carrier
density.

Figure 2.19 : (a) Generation rate depth profiles for different W filament temperatures
and other light sources as references. (b)  Effect of temperature on the intrinsic silicon
free carrier concentration.

In this work, the furnace wasSRG-704 fromATV Technologie in which the heat transfer is
achievel by conduction through a Si€bated graphite hotplate. The hotplate itself is radiatively
heated by eight IR lamps arranged side by side, each lamp having an equivalent flat filament
surface of 240xInm. It is possible to switch from a conductive to a radiative heat transfer by
replecing the opaque graphite hotplate with a transparent Bigurg 2.20. We used two
different transparent pladethe first was made of fused silicag(E 5eV) and the second was
made of Corning glass (EAGLE )@GEg ~ 3.5eV). Of course these materialsncheatup and
transfer heat to the substrate by conduction, but their thermal conduetigittwo orders of
magnitude lower than the one of SiC or graphite. In both configurations, a thermocouple is
measuring the temperature on the silicon, ensuring depible thermal cycle. In order to
guantify by COCOS the (after the PDA, we used lifetime samples passivated with the same
recipe (200ALD cycles deposited at 25C) asfor the wavelength effect study.
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Figure 2.20 : (left) Conventional configuration  of the furnace with a SiC coated graphite
hot plate. (right) New configuration of the furnace with a transparent plate.

The first and the second sample were annealed at the temperature°@f #0d0w~hich the
intrinsic carrier density rise has been discussed above. Afteni?@f PDA, both samples
presented similar passivation results despite the use of either silica or Corning glass as plates.
Indeed, UV radiation is really low in the IR |lgnspectrum, so such transparency consideration
hasminorimpacton the photon flux. The effective lifetime was 298388 us corresponding to a
Dy of 1.210"+0.6eV*.cm? and to a Qof -7.6+0.410™ cm” for the two samples and at their
two surfaces This symmetric charge trapping can arise from the intrinsic carrier density but also
from the fact that both surfaces receive illumination, the furnace presenting highly reflective
walls. The third sample was annealed on fused silica using the themcakgrof the previous
section (350C for 20min). Its lifetime was 266fs with a similar [} asthe first two samples
but with a slightly lower Qof -6.7-10" cm®. The three samples present a minimal increase of
100% in their Q compared to samplesahwere not illuminated during the annealing. Despite
illumination during the annealing,:@emairs lower than what can be reached by illumination
after the PDA and to what is commonly reported in the literature. It might doemehe furnace
configuration, which is not optinged for direct radiative heating of the sample. It might also be
due to the temperature decrease from the PDA temperature to the room temperature, which is
constant for all the PDA and was set tmih. Such long cooling time in thdoscurity might keep
the sample at a temperature high enoughllow some charge release from the@{ to the eSi.

It will allow us to study how the AD; passivation evolveas a function of the field effect
variation, but also to detect what are impoit parameters to maxisei this field effectLIFE;
can serve to probe theSi/Al,O; interface quality.

The key fact to keep in mind here is that a direct illumination of the sample during the PDA of
Al,O3 increass the Q value The impact of théemperature itself cannot be ruled out as it is
directly linkedto the photon flux of the lamp, but also to the intrinsic carrieritiens
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2.2.2.5 Electron trapping in Al203

Several energy states are introduced in the bandg#p,0§ by intrinsic point defectand
carbon contamination. These defect levels can trap holes or electrons, resulting in trapped
charges. Oirigure2.21a (adapted from the calculations of Choal. ) the defect transition
OHY H O ar@ddfified as the Ferntével position below which the defect is most stable in
FKDUJH VWDWH T DQG DERYH ZKLFK WKH GaRibkons aréghbEeW LV V\
for a crystalline structure, so the absolute energy saliiediffer for an amorphous structure but
the relative energy position of a defect levél the bandgap remasnsimilar [189.
Considering the Fermi level in the middtd the silicon bandgap, several defects can be
responsible for electrons trapping. The point defects that are the most stable when negatively
charged are aluminium vacancies(Mand oxygen dangling bonds 4g). However, these defect
levels located welbelow the silicon valence band maximum would be automatically charged by
electrons that tunnel through the thin interfacial SIOfKHVH OHYHOV FDQ EH UHII
F K D Uid th¥ Sense that electrestay trapped there.

Figure 2.21 : (a) Calculated energy levels and occupancy for the intrinsic point defects
in r-Al20z, and carbon contamination point defects. Adapted from (b) Switching
charge -state levels of oxygen related defects in  r-Al2O3, adapted from .

Energy levels located in the same energy range as the silicon bandgap angroner¢o
charge trapping and release. The carbon point defects would fit this criterion, but the carbon
content is extremely low in the fiimdiIFE, phenomenon has also been reported for other
metallic oxide materials such as I-if and TiQ n Thus, oxygen related point defects
are poirted out as responsible for electrons trapdit®?|[193. Indeed, oxygen vacanciesdV
and interstitial oxygen (p atoms present energy levels s#oto the silicon valence band
maximum and are thus good candidates for stable electrons trappmgxygen vacancy can
usually exist in all five charged staté®m -2 to +2 but seems to be the most stable when
electrically neutraf194. However, the ¥ energy level responsible for the negative charge is
located just below thAl,O; conduction band minimum. It can explain the necessity of electrons
injection from the €Si valence band to th&l ,O; conduction band to obtain the charge trapping.
Experimentally, negatively charged traps have been found in the rbgiwreen 1.@V and
2.2 eV below theAl,05; conduction band minimurf.99 where the > energy level has been
calculated to be locate#igure2.21a).
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However it does not rule out the contribution gfi©the electron capture process that occurs
under illumination. Indeedhe Q and \, energy levels responsible for negative charge states are
located at the bottom of th ;O3 conduction bandRigure2.21b). These energy levels switch to
a lower energy position in the bandgap when filled with at least one electron. Thus, trapped
electrons on interstitial oxygen sites should be more stable than the one trapped by oxygen
vacancies.The presence 0D, sitesat the €Si/Al,O3 interfacecan be expected as some-by
producs of split molecules by tetrahedrally coordinat@dminium can remain therdt would
explain theexcess of oxygen detectatlthe eSi/Al,O; interface

Some researchers report the possibiiityobtain uncharged ADs;. The most common way is
to grow AbO3 on another dielectric laydike SiO,. This way, @ steadily decreasavith the SiQ
undetayer thickening134]|196(197. Likewise, by replacing Sifby a thinner HfQ layer, the
Qris also nullf178[187. This equivalent effect obtained with a thinner layer might be due to the
higher dielectric constant of H}J25>3.9). Itunderlines the charge injection mechanisom ¢
Si into ALO3 by tunnelling through theindetayer, either SiQ that appearduring the growth
and subsequent PDA, either another dielectric on whicldsAhas been willingly deposited.
Other research grospused external electrical bias to trap/release clsaagethe €Si/Al,O3
interface [109 [198 [199. The charge trapping in the A& layer has been reported to be
proportianal to the applied electrode bibat an excessive bias also Iedad a Dy increas
200.

2.3 Conclusion

The properties of AIO; deposited by ALD with water oxidation are highly dependemthe
deposition temperature. There is a certain consensus about the lowaihed after PDA of the
Al,03. This passivation must be the result of several chemical reactions occurring giQkle-Al
Si interface, but the reactionthemselvesmight be diffcult to disentangle Indeed, due to
catalytic properties of aluminium atoms in tetrahedral coordination particularly present at this
interface, @ reduction might be theesultof different competing reactisnHoweverthe factis
that aftera FDA, a SOx interlayer is present at the &s/c-Si interfaceandif SiOx was already
presenbefore the PDA, its thickness increasBangling bonds present befdre FDA are filled
with eitheroxygen orhydrogen atoms.

Regarding thefield effect passivation,ni the light of the results that we reported, some
hypotheses are unlikely to be confirmed. Despite the incig@asumber of tetrahedrally
coordinated Al atoms at the interface duriagFDA, this chemical configuration cannot be
responsible for more than 30% of the observed QKDW LV JHQHUDOO\ QDPHG 3IL
indeed trapped charges in their majority as demonstrated by the dilkly that we carried out.

Taking into account ik trapping characteristic of ADs, we have to besurethat the traps are
filled while trying to sort out how AD; parameters impact the passivation. The apparent
transient characteristic of the field effect ne¢da be understoodasthe stabilgation d these
trapped charges would result in a rwegligible passivation enhancement.
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3.1 The a-SiN x:H film

3.1.1 The necessity of a capping layer

3.1.1.1  Optical requirements

To ensure thdowest reflectionof the sutight most intense wavelength (~686n) at the
air/silicon interface, the optimal ARC propertia. refractive index and thickness, can be
calculated using equatior(8.1) and (3.2) respectively|185 [201] [202]. For a layer with a
refractive index that diffexfrom 1.97, the film thickness just has to be adjusteddiygthe film
refractive indexnstead oh,y in equation(3.2)in order to keep good antireflection properties.

‘mnik ¥ew® oJ way{HsL sqy (3.1
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With:

¥ *mn, : the optimal refractive index of an ARg&tween silicon and air
T ewq :the silicon refractive index

t - 4, :the air refractive index

¥ mn: :the optimal ARC thickness

T . : an integer

T : the wavelength for which the reflectance is minimal

Depending a the architecturethe Al,O3 layer will cover the front and/or the back surface of
the solar celland have to act as ARCherefore, lhere are two reasons to not use standalone
Al,O3 passivation layerdrirst, despite the very high transparency of ARROs, which is the
first obvious requirement for layemxposed tahe sunlight, its refractive index around 1.64 does
not make it the most suitable material for ARE&condto act asARC, an Al,O3 layer thickness
of 96nm is required, which is not compatible with industrial requirasérhus, a additional
ARC has to be deposited on top of the@l In order b minimise theparasitic opticakffect of
Al,O3 layer between-Si and the ARC, the thinner the 8% the better the optical properties.

3.1.1.2  Stability requirement S

Another reasomot touse standalonal,Os layers is related to their stabilitphl ;03 films are
relatively efficient barriers to humidity depending on their thickness. As shown by @ar@ia
an increase from Bm to 10nm of AlLOj; film thicknessreduces the water paeability by one
order of magnitude (8% RH, 38°C) . Despite this moisture barrier property, stdada
Al,O; passivation does not withstand datmgmt test[204). Indeed, Al,O; surface has a
hygroscopic behaviour used inmany humidity sensorg§205. Passivation annitation by
humidity seems to be related to field effect cancella. A cappinglayeris thusrequired to
stabilise passivation properties providey Al,Os;. The aSiNx:H capping is a very efficient
moisture barriethat protect Al,O3 passivation layereven under 10% RH and as it is
also a good ARC, this is thpredilection material for AD; capping.
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3.1.1.3 Passivation requirement S

The use of thin ALDAI, O3 capped by another material is nowadays common, but the aim is
not only humidity resistanc&hinner ALOs layers allow higher ALD throughpu{207, but as
discussedn chapter2, chemical passivation decreases withQAlthickness reductiorbelow
10nm. So,the aSiNx:H capping layecan provide the missing chemical passa by hydrogen
release duringa postcapping annealingHydrogen diffusbn to the ¢-Si surfaceis facilitated
when the AJO; layer is thinne{208-211]. However, to keep an efficient field effect passivation,

a minimalAl ;03 thickness of Zim seems to be requir¢2i09g.

3.1.14 Metallisation constraint S

Passivation stackmade of A}Os/a-SiNx:H have to be locally opened in order to collect
charge carriers from silicon with electrodes. The screen printiguofinium pase to form the
electrode is the state of the art industrial metallisation process. It requires a final firing atep at
tempeature generally higer than 700C. This is not compatible with the low temperature
process that is aimedithin the IPVF project Nickel copper electroplating has been chosen to
replace standard Al screen printirig.the metallisation process developadRVF, the nickel
silicide formation requires an annealing step at ¥B0for 20min . To ensure the
compatibility of developed passivation stacks with the metallisation process, @assvated
sample received this thermal step before lifetime measureménKLV 3PHWDOOLVDWL
annealingat 380°C for 20 min is referred hereafter as poapping annealing (PCA).

3.1.2 Plasma -Enhanced Chemical Vapour Deposition

In the industry, the -8iNx:H is currently deposited by plasremhanced chemical vapour
deposition (PECVD). This deposition technique uses gaseous precursors to deposit the film at
substrate temperatures lower th@mventionalCVD. The plasma assistance is used to provide
missing themal energy for precursor dissociation.

Figure 3.1: Schematic of a geometri cally asymmetric RF CCP reactor.
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The use of plasma has some drawbacks likeatmationof the plasma that cacontain deep
UV radiation with energy high enough to generate electrical defects within the silicon. The
second drawback is the ion bombardment of the substrate surfaces. Indeed the plasma has its own
positive potential while the powered electrode adaptegative selbias (\bc) (Figure3.1). The
Vpc arises from the asymmetric Rfischargedue to the electrode area ratio < 1, where the
powered electrode has the smallest aifidee electric potential drop taking place in the sheaths
between the plasma tuand the electrodes lead to ion bombardment that is proportional to this
potential difference. To minimise this ion bombardment, the silicon substrate is placed on the
grounded electrode.

Regarding energy dissipation pathwakgy(re3.2), most of it end-up as surface heating. If
this one can be useful to organise the deposited fi8h/mterface[213 [214, it can be
detrimental to the A3 passivation layer already present at tH&i surface. For a more detailed
lecture in plasma physics, the reader &farrto the booky Chabert and Braithwai@ .

Figure 3.2: Energy flow in discharge plasmas .

There are many parameters that enter into a PECVD process, but some of them will have
more impact on material properties than others. The applied power to the electrode is the first
one, the distance between electrodes (d) is the sexw)dhe deposition pressure is the third one
and the gaseous atmosphere composition is the last one. Each of these parameters will have its
RZQ LPSDFW RQ WKH GHSRVLWHG ILOP SURSHUWLHYV GHQVL
a capacitively copled plasma reactor from an MVS cluster tdgiggre3.3) where plasma is
generated between two electrodes by a radio frequency excitation aMI3z58Ve used silane
(SiH4) and ammonia (NkJ as gas precursors for a deposition pressure that can varyl#dm
400Pa. The substrate was set to the maximum temperature 6C3@Dich islower thanthe
commonly used@ °C for state of the ae-SiNx:H [|21§.
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Figure 3.3:the MVS cluster tool.

It can be useful to monitor what is happening inside the plasma during the deposition to guide
the process optimisation. Optical emission spectroscopgiggmostic techniqusuitable to give
a roughidea of thecompositon inside the plasma. The light emitted by the plasma is collected by
an optical fibre through a quartz window (@it wavelength at 20@m) and analysed with a
Maya2000Pro spectrometer from Ocean Optics. Monitoring of certain wavelength irtnsit
provides a qualitative idea of the plasma activities. For our purpose, we monitored mainly the
intensity of the plasma emission. Indeed, in order to study the;ldk&omenon after capping,
the charge trapping in AD; due to plasma light has to be minimise

The second plasma parameter that needs to be monitored is the plasma potential. The
maximum ion energy that can reach the substrate surface is directly proportional to the plasma
potential A too high ion energy can damage the thinnesAllayers and so M also has to be
minimised.Vp_ can be determined by equati(3). The Vpc measuremens provided by the
matching box of the generator and thg-Was measured with atOctlV “probefrom Impedans.

S
EA'——t3 viE ne (3.3

3.1.3 a-SiN x:H properties

There are some minimal requirements for an accep&8IBlx:H cappinglayer of Al,Os for
low temperature passivation stackehe frst consideration regasdits ARC function The
aSiNx:H film has to be as much transparent as possible arefiggtive index has to be around
the optimal one,.e. 1.97. However, variations around this value would just require some
thickness adjustment to provide correct ARC properiies variation of the deposition time
Regarding its capping propertieshias to protect A3 against moisture degradation and it has
to provide enough hydrogen to theSZAI,O3 interface to compensate the missqaantityin the
thin Al,Os films. This hydrogen can be provided during the deposition or during tineir20of
postcapping annealing at 38C that will be done to mimic the electroplating thermal step.
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A standard PECVD process condition was providad the cluster toolmanufacturer
(Table3.1), but OES of its plasma shows a large and intense ékaround 3.2V (Figure3.5)
that has to be minimised. Moreover, the high power density of this process conditidralsagh
favours ion bombardment.

Table 3.1: PECVD recipes for an inter -electrode distance of 20 mm.

Process condition Pressure Power De_r213ity Gas ratio
(Pa) (mW.cm”®) (NH3/SiHy)
Manufacturer 67 180 20
DOE full factorial [53 AL00] [36 A216] [1 A]
Sample #1 (from the DOE) 53 36 1
Optimised 100 36 9

A full -factorial design of experiments (DOE) has been carried out in order to confirm the
influence of thedifferent PECVD parameters on the plasmpatential and radiationFor the
plasmaoptical emission, we focused dhe two most intense emission lines, the one centred
at 335nm (3.7eV) and he one centred at 41fn (3eV) respectivelyrelated toNH* and SiH*
deexcitation {217 [21§. A full factorial DOE consists in all the combinations of extreme
parameters (the minimum and the maximum values) reguilir?' combinations, 8 deposition
conditions for us. Starting from the-SaNx:H process condition provided by the tool
manufacturer, we took the DOE parameters around this poahi€3.1). However, the gas ratio
of the manufacturer process conditi(#0) is so high that the UVegk generated by ammonia
dominates the whole emission. We decrease the gas ratio from 3 to 1. For example, the deposition
parameter of the firdDOE sample(sample #, Table3.1) combines all the minimum values, a
deposition pessure of 5®a, an applied power density of 88V.cnmi and gas ratio of 1 that
results in OES peaks of similar intemesst(Figure3.5.a).

The data analysis was performed with the statistical soft@ " from SAS. The software
built a mathematical mad for each response, the plasma potential, the intensity of then335
emission line and the intensity of the 4118 emission line. The goodness of fit (R?) of each
model was respectively 0.93, 0.96 and 0B8ure3.4 shows the influence of different gess
parameters on the light emission and plasma potential.

The photon emission is directly linked to gas excitation, so the applied power density to the
electrode is the ruling parameter for fplasma radiatiomtensity. A low power density is then
preferable to limit light emission, but it also limits ion bombardment as thesvalso mainly
ruled by the power density. In comparison, the gas ratio and the deposition pressure seem to have
a minor impact on the results. By setting a desirability fuRe) WR HDFK UHVSRQVH KF
WKH UHVSRQVH" WKH VRIWZDUH SURYLGHV RSWLPDO GHSR)
process conditianconsists of the lowest power density (hOV.cm?) at the highest pressure
(100Pa) with the gas ratiof 1. The higher pressure is indeed a good option in our case as for an
equal Vb, the higher the pressure, the lower the ion bombardment doeiterease of collision
frequency in the sheah
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Figure 3.4 : Full factorial DOE results concerning int  ensities of SiH* and NH* emission
lines and V pL as a function of process conditions. Red numbers are the results of the
maximised desirability.

We used the process conditions that result in the lowest plasma radiation intensity and the
lowest plasma potential to deposit atBiNx:H film on c¢-Si. The plasmaproduced by these
process conditions not very shinyas required, but the resulti@gSiNy:H properties do not fit
refractive index and transparency requiremeinideed, vith a refractive index of 3 and an
optical bandgaf 2.2eV (Figure3.5.b), this material belongs to the smlled Strich silicon
nitride family, with properties close todbe of amorphous silicon.

The depositionparameter that tsethe lowest impact othe Vp_ and on the plasma radiation
intensity isthe gas ratipsowe increased it from 1 to 9. The bandgap monotonously increases as
the NH/SiH, gas ratio increasda-{gure3.5.b). The gas ratio of 7 would be the best to fit the
optimal refractive index of 1.97; but we preferredctmosethe gas ratio of @hat results in a
wider aSiNx:H bandgap. Taseoptimisedprocess conditionsT@ble3.1) generatea very pale
plasma that is difficult to distinguish from the noise of the OE§ure3.5.a) with a \b_ that
increassfrom 32.7 to 34.2 foagas ratio of 1 to 9.
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Figure 3.5 : (a) OES of the different plasma conditions. (b) Optica | properties of a-SiNx:H
deposited at 53 Pa with a power density of 36 mW.cm-2 and a gas ratio varying from 1
to 9.

The optimiseda-SiNx:H film has an optical bandgap of 3.6% and a refractive index of
1.88. The refractive index is lower than the ideal one between silicon and air, but it minimises the
optical impact of the A3 layer (n=1.64) that will be present below it. Indeed, for a normal
incidence, the reflection at an interfaieproportional to thesquare of therefractive index
difference, the higher the difference, the higher the refle¢éqnation(3.4)).

Js F Jg ©

(3.4)
'Js E Jg’

Considering the refractive index of 1.88, tiygimal capping layer thickness for ARC purpose
would be 84hm, but once more it does not take into account the presencainflameatil O3
layer. Two possibilitieganbe considered. The first would consist in a complementary thickness
approachj.e. the capping thickness would be equal ton& minus the AlO; thickness. The
cappinglayer thickness would then range betweenngvand 82ym, for ALO; thicknesses
ranging from 20hm to 2nm respectively. Even if it would be an elegant way to proceeautd
introduce more variables in the passivation study while we want to focus,@n pdoperties.
The second possibility, which has been selected, is to use the saiNg:ld thickness for all
Al,O3 thicknessesWe decided to use the average value ofdhimplenentary thicknesses.e.
75nm.

Surface eflectance measuremeritave been carried out in order to assess the ARC properties
of the capping layer. Double side polishe®bicwafers presenting either bare surface, either
60ALD cycles of Al,O3 capped by 7B m of aSiNx:H on its surface have been measured
(Figure3.6). For the wavelength of 63tim, the reflectance decreases fron?@éor the bare Si
surface to less than% for the surface with thal,Os/a-SiNx:H stack. The effective reflectaa
decreases from 3B to 13% when the stack is present on the silicon surface. To further reduce
the effective reflectance, surface texturing is required. Ah®s/a-SiNx:H stack has been
deposited on random pyramids texture8icurface, reducing theffective reflectance down to
4 %. It has to be mentioned that we used the same deposition timea&iNg:H for both the
flat and the textured surfaces. It results in a lower film thickness on the textured surface,
explaining the blueshift of the minahreflectance position to the wavelength of 500.
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Figure 3.6 : Reflectance measurements of double side polished wafers with bare
surfaces or Al20s/ a-SiNx:H stacks and random pyramid textured surfaces with
Al20s3/ a-SiNx:H stack. The reflectance increase between the dash line and the
wavelength of 1107 nm is due to the back surface reflectivity.

The optimised PECVD process conditian (high pressure, low powelensity and low ion
bombardment) promote a radical growth mechanism, resulting in a polyikerg&eSiNy:H film.
The polymerielike characteristic of the-SiNy:H film is supported by XRR measurements
(Figure 1.9). The film shows the same critical an@l215°) in asdeposited state (not shown)
and annealed state (bottom graph on Figure 1.9) suggesting the same densigyc( Gifter
annealing). However, it has never been possible so far to fit the data obtained fedd¢pesited
film. The data acgjsition was repeated on different samples with longer acquisition time on the
same Brukegoniometerbut without further success in data treatment. Another attempt has been
made with a more advanced XRJ@niometerat the Rigaku centre in Germany, not dosive
either. Thus we concluded that before annealing the film bulk is not homogenous enough to be
modelled.

ERDA results show the highydrogen content of the film, around 25%-igure3.7.a). The
FTIR spectum (Figure3.7.b) shows a larger SiH absorpibn intensity compared to-N content.
The polymeric like film that contains a high fraction of organgcsot thermally stable. Indeed,
TDS results show that the hydrogen release begins at °8@G&nd is maximal at 45TC.
Considering thee TDS results, e postcapping annealingarried outat 380°C should release
enough hydrogen able to diffuse to the@Jd/c-Si interface ERDA measurement performed on
the a-SiNy:H film after PCA confirms that the poesapping annealingeleases 450 of the
hydrogen contentt decreassfrom 25%;in asdeposited state to 15%after PCA(Figure3.7.a).

It has to be noted that, despite the huge hydrogen release during PCA @&t 880changehave
been noticed in the film thickness and optical proes.
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Figure 3.7 : (a) ERDA and TDS (inset) spectra; (b) FTIR spectrum. Peak 1 is Si-H
stretching (2160 cm1); peak 2 is CO2 stretching (2340 cm1 and 2360 cml); peak 3 is

N-H stretching (3365 cm1) .

In order to evaluate its standalone passivation properties;3igxaH film was deposited on
n-type substras. Before depositiorone sample was cleaned by HF dip while the other one kept
its native oxide. After PECW, there was already a slight lifetime difference between the two
samples, which became greater after the PEuUfe3.8). The sample that received the HF
cleaning had its lifetime doubled by the PCA while the sample that kept the native oxide has
hencefoth a five times highelifetime. For the sample that received the HF cléhare might be
a poor film/substrate interaction that hydrogen release during the H@#y improves. For the
second sample poorchemical passivation is already partially filifd by the native oxide, the
aSiNx:H then justactasa capping. The PCA can restructure the oxide but also provide hydrogen
to fill electronic defects ahe c¢Si/native oxide interface.

Figure 3.8 : Effective lifetime of n -type c-Si passivated by an a-SiNx:H deposited with
the optimal process condition, either on HF cleaned wafer or directly on native oxide.
Lifetimes are reported for a carrier density of -10 15 cm-3.
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Despiteboth good optical andhemicalpropertiesof the aSiNx:H film, the deposition by
PECVD mightfill the ALOs; electrontraps due to plasma radiatioand compromise our
passivation study. In order to check tha¢, used a {bype substrate passivated by&SI0OD cycles
at 250°C and activated by 3@in of PDA at 380C. Contrary to the wavelength impact study
presented in the previous chapter, we reduced ty@;Ahickness to minimise the blisteringhe
latteris reportedincreasingwhen an &SiNyx:H capping is deposited on A&); (see chapter 4). In
order to compare surfaces with and without capping, the front surface is capped only on its upper
half, the lower one being protected during PECMBg(re3.9.b). The backsurface remains
passivated only by ADs. The post capping annealing is performed and then thedwaftdce is
protected from illumination with an opaque substrate holder. The shadow mask used in the
previous chapter is applied on the front surface btitalpfilters were removedHgure3.9.a).

The whole system is sealed in a nitrogen bag and placed in the LIBI for 264 hours.

A PCD calibrated photoluminescenceeappingis taken after mask removaFigure3.9.c).
There is a very nice surface patterning tluéhe LIFE. On the lower half of the sample (pure
Al,0O3), LIFE; resulted in a lifetime enhancement of 35% while in the uppeiOgfd-SiNx:H
stack) the lifetime increased by 62%. First it can be concluded that the PECVD step ddes not
the ALO; traps. Second, the capping seems to nearly double thelilRgact, maybe due to a
better hydrogen diffusion from the&iNx:H to the AbOs/c-Si interface. The developedSaNy:H
capping seems to be perfectly suitable to study the impact,0 parameters othe resulting
passivation properties.

Figure 3.9 : (a) Shadow mask without optical filters. (b) Lifetime sample passivated by
60 ALD cycles of Al20s3 @ 250 °C PDA @ 380 °C for 30 min on both surfaces. The a -
SiNx:H capping has been deposited only on the half of the top surface (blue area), not

on the back surface, then a PCA of 20 min @ 380 °C was carried out. (¢) PCD
calibrated photoluminescence mapping of the lifetime sample after 264 h in the LIBI.
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3.2 Impact of capped Al ;O3 parameters on LIFE

3.2.1 Process flow

Ideally, the thinner the ADs;, the higher the industrial throughput and the lower th®Al
optical impact below the ARC. So in the ALD thickness raalgginedfor a number of cycles
comprised betweeP0 and 200 cyclesThe choserstepwasnot constantye choose to tesayers
thicknesses obtained frog®, 40, 60, 100 and 208LD cycles. The process flow used to produce
lifetime samples is depicted dfigure3.10. After the HF cleaning to remove native oxide, the
ALD was carried out at 150, 200, 250 300°C on the full 200mm p-type c-Si wafes. Before
the post deposition annealinghe wafers are cut in 4 pieces to produce 4 lifetime samphes
PDA that actvates AbO3; was performed at 350, 380, 490 440°C for 30 min. The capping
depositiontemperatureat 300°C was the same for all the samples, followed by the-qaysping
annealing at 380C for 20min that mimics the metallisation thermal step. During the
manufacturing process, a particular attention has been paid to avoid sample illumination between
each step. Likewise, the annealing was performed with the furnace in hotplate mode to limit the
charge trapping during the sample mgacturing.

Figure 3.10 : Process flow used to produce lifetime samples. Numbers between
brackets are parameter ranges that have been tested. Before PDA, the wafers were cut
in 4 pieces to produce 4 different lifetime samples.
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3.2.2 Expected passivation trends

Some expected trends have to be reminded regarding hydrogen content and evolution in the
passivation stacks as it is often pointed out as the passivating agent. Based on the material
andysis of the previous chapter (chapter @ megeneral trends (summarised Bigure3.11a)
should be verified. The first one concerns the hydrogen content in the bullOaf Béing higher
for lower deposition temperatwgeAs this hydrogen is volume stributed, the thicker the layer
the higher the hydrogen content. The second trend is about the hydrogen diffusion from the
capping to the AlOs/c-Si interface. Its diffusion across the @ to the eSi surface is easier for
thinner ALO; layers and shodl be facilitated by a lower AD; density,i.e. deposited at lower
temperature. Regarding the PDA impdeg(ure3.11b), the higher its temperature, the higher the
chemical species mobility. It might be beneficial for thick@ layers that do not contain a lot of
hydrogen, but the diffusion is not only diredtowards the €Si surface so it can result in a layer
that outgassed its hydrogen. Moreover, a higher PDA temperature might also result in a denser
film, decreasing the lyogen diffusivity from the capping ward the ¢Si surface during the
postcapping annealing.

Figure 3.11 : Schematic representation of hypotheses on: (a) Hydrogen content and
evolution in the Al 20s/a -SiNx:H passivation stack as a function of Al 203 parameters.
(b) Impact of PDA temperature on Al 203

3.2.1 Passivation study

Keeping these material trends in mind, the passivation analysis can start. After the final
annealing (PCA), theffectivelifetime was measured BCD (Figure3.12 D SRLQW . 7TKHQ
samples were placed in the LIBI and the lifetime evolution was monitored over one week to
ensure proper trapping of electrons in the@}) the lifetime was considered as saturated after
thisweek in the LIBI Figure3.12 D SRLQW 6DPSOHYVY ZHUH UHPRYHG 11U
in a dark cabinet. To evaluate the chargérdpping, the lifetime was monitored over one month
DQG ZLOO EH UHIHUUHG DV 3VWDE@BIHE GBGIRHQWPH ™ DIWHU
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For a defined PDA temperature, 380 for example, the initial lifetime, the saturated lifetime
and the stabilised lifetime can be plotted as a function of th@;Ahickness and deposition
temperature Kigure3.12b, Figure3.12c and Figure3.12d respectively). From a passivation
performance point of view, areas with SRV lower tharct0s' can be traced and passivation
conditions providing a lifetime around 4506 can be easily identified. By looking at the maps,

L W 1V IyvstriKighit@t the LIFE treatment had an impact on the passivation performances but
it is difficult to evaluate quantitatively this impact and its stability during the dark storage. These
lifetime mappings are more helpful than absolute lifetime vake@gje decide to plot the lifetime
enhancement due to the LIfFEeatment and the degradation of the saturated lifetime along the
dark storage. The first value is calculated from the initial and the saturated lifetime, while the
second is calculated fromhe saturated and the stabilised lifetimes. It will allow a simpler
extraction of passivation properties trends as a function@i;Aleposition parameters.

Figure 3.12 : (a) Lifetime follow -up of a sample passivated with 200 ALD cycles
deposited at 250 °C and activated at 380 °C, line is a guide to the eye. (b) Initial
lifetime of Al203/ a-SiNx:H passivation stacks as a function of Al203 thickness
(abscissa ) and deposition temperature (ordinate) for the PDA of 350 °C. (c) Saturated
lifetime, after LIFE:z in the LIBI. (d) Lifetime after storage in the dark cabinet. Black
lines delimits areas with SRV < 10 cm.s1i.e. lifetime higher than 1300 ups.
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On Figure3.13 each map in a row concerns the same PDA temperature and each map in a
column the same parameter, i.e. the lifetime enhancement due tge (&fEcolumn), the
saturated lifetime (central column) and tifetime degradation during the dark storage (right
column). For each sample, these three values allow retrieving the initial and the stabilised
lifetimes if needed, but what we want to understand is hoyDAparameters (thickness,
deposition temperatur@nd PDAtemperature)mpact the passivation performances and stability.
The LIFE, treatment is just a way to observe the surface passivation variation due to field effect
modification.

We start by discussing the first row &igure3.13 that concerns thé’DA at 350°C.
Regarding the lifetime enhancemeittseems to be quite constant between 20 andALOD
cycles for the deposition temperature of 2&0while for the three other deposition temperatures
the lifetime enhancement mainly depends on thgdAkhickness and less on its deposition
temperature. The 4ALD cycles looks like a hinge around which the lifetime enhancement
steadily decreases. An extremely high lifetime enhancement abo@b ®®@alculated for these
thicknesses, corresponding to ausated lifetime around 10Q@s, which is not so high compared
to the previously obtained500us provided by 6ALD cycles.
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Figure 3.13 : & enhancement due to LIFE , treatment (left column), saturated Gx
(central column) and degradation of the saturated @ during dark storage (right
column) as a function of Al203 thickness and deposition temperature. The difference
between each row is the PDA temperature before a-SiNx:H capping as indicated on the
right side of rows. The colour scale above each column stands for the four graphs of

the column. Black lines on the central column graphs represent areas with @ higher
than 1300 s, i.e. SRV < 10 cm.sl. On the right column, black lines delimit areas
where t he degradation during the dark storage is lower than 10 %.
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Consideringthe saturated lifetimeét is not obtained for the highest hydrogen content in the
Al,O3 layer (200ALD cycles depositea@t 150°C), maybe due to the presence of blisters for
these layers (see chapter 4). The saturated lifetime is the highest when there isoff trade
between hydrogen content in,8k and facilitated diffusion of hydrogen through the@{ layer.
Surprisindy, for the thinnest AIO; layers for which the®cean of hydrogen contained in the
capping layer can easily reach the@J/c-Si interface and fill remaining dangling bonds, the
saturated lifetime is low (<100@s) and seems quite independent of dieposition temperature.
This is interesting because it might underline that it is not only the hydamggantthat matters
in the case of passivation by .85 layers but also the way it is releasethdeed &SiNy:H
generally releases molecular, kivhile Al,O; is a good proton conductdfl64. Another
possibility is that, dehydroxylation of AD; releases hydrogen but might also release oxygen
atoms (see chapter page 30 that can strengthen the interfacial gi@his one being a good
chemical passivation layer. It would fit with the commonly reported interfaciad ®iCkening
during PDA[124 and the exceptional passivation increase by a PDA conducted in pure O
atmospher¢l44.

Regarding the stabilitof the saturated lifetime during the storage in a dark cabinet, this one
can be excellenth some case For example, the sample passivated byABD cycles at 200C
had a lifetime enhancement of 348% (¢804 2958us) and a saturated lifetime degradad
less than 1% (2958s A 2940us) during the month of storage in the dark cabinet. On the
degradation maps, th®acklines delimit areas where the degradation is lower than 10% over the
month of storage in the dark cabinet. It brings out two separated degradation areas. The first one
for Al,O3; layers with thicknesses below 80D cycles, showing similar lifetime degratitan
between 20 and 4ALD cycles for the whole range of deposition temperatufée second one
seems to follow the same trend as the initial hydrogen content,@s Adyers, and might be
related to the presence of blistering for samples in this ars#lévio the naked eye on tilted
samplesFigure3.14).

Figure 3.14 : Al203/ a-SiNx:H passivated sample presenting blistering.

For all the PDA temperatures, the trends are similar. The thinng3t klyers are the most
sensitive to LIFE treatmentbut the percentage of enhancement generally decreases as the PDA
temperature increaseThe saturated lifetime is the highest in the same regions but its absolute
value decreases when the PDA temperature inseasgbe due to higher cghissing and AD;
densification. There are still two distinct areas with degradation higher than 10% buxteet
and absolute values decrease as the PDA temperature increases.
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3.3 Conclusion

The observedpassivation trends arall schematically summarised oRigure3.15 The
stability zone ¢reen zone 2 onFigure3.195 is enlarged when the deposition tempematur
increass. In this zone, the highest lifetime is generally obtained for the lowest deposition
temperature, i.e. the highest hydroxyl content. In our case, the highest passivation level among all
the samples was obtained for 180D cycles deposited at D5C and activated at 38C. It
provides a lifetime of 554fs (saturated) decreasing to 5013us when stabiliséif), nearly
the highest expected value from the modelling results of chapter 1. The use gfid B-good
way to simply probe the passii@t quality and stability. However, the stabiligneis between
two zonesof lifetime instability (red zones 1 and 3)t is reasonable to think that lifetime
degradation mechanisms that happethese zones also impact in somay the appeent stable
lifetime of zone 2.

Figure 3.15 : Schematic summary of passivation trends observed for Al203/ a-SiNx:H
passivated samples.

The low passivation level in zone 1 is unexpected, maybe linked to a missing chemical
passivation despite the presence of hydrogen from the capping. It could underline that the
dehydroxylation from the AD; is more imprtant for chemical passivation than the
dehydrogenation from the cappinihe low passivation levedould also be linked to field effect
passivation instability as the saturated lifetime degradation amplitude increase when the film
becomes thinneri.e. when the tunnelling probabilityf electronsthrough theAl,Os3 film
increases. These hypotheses will be explored in chapter 5.

The high but unstable lifetime that can be reached in zone 3 seems to be linked to the
hydroxyl content in the AD; layer but ale to the possibility for dehydroxylation fyroducts to
be outgassed from the film. Blisters are visible on samples in this area and are good candidates
to explain the lifetime degradation in this zone. This blistering phenomenon will be explored in
the rext chapter.
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4.1 Blistering

41.1 Overview

Visually, blisters look like hillockslispersed all over the surfadédure4.la, Figure4.1b).
In the ¢Si/Al,Os/a-SiNx:H stack there are two interfaces that can be suspected of delamination,
the onebetween crystalline silicon and aluminium oxideloe onebetween alumimm oxide and
silicon nitride. We found thatlistering always occurs at theSi/Al,O3 interface,asthe presence
of a capping layer is not a prerequisite to observe this phenomEigome4.1.g) . Blisters
can either pojup leaving the <Si surfaceexposed tdhe anbient atmospherer remain closed
(Figured.1c, d,e and e). Observed from the top with optical microscape,latterlook like a
Fresnel lensKigure4.1f).

Figure 4.1 : Blistering images from Al 20zs/a -SiNx:H stacks (left column SEM tilted top -
view; right column optical microscope). (a) and (b) macr  oscopic views of the surface.
(c)intact blister, (d) exploded blister, () zoom on the exploded blister showing a stamp -
like pattern (f) intact blister on top and fully exploded one, (g) blister of Al20s/ a-SiNx:H
stacks near the edge of the sample, were a  -SiNx:H capping is not deposited.
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These blisters witla Fresnel lens aspect are in fact not the only defaetsent on the surface.
While pushing up the luminosity of the optical microscope, the iridescent aspect of blisters leaves
room to saturated white discs and reveals other small spots afmm({Figure4.2a). Thesare
very small,aroundlum of diamete for a heightwell below 1um (Figure4.2b) and will be
thereaftereferredto as blistes of typel, while the bigger oreshowing Fresnel lens aspect will
be referredo as blisters ofypell.

Figure 4.2 : (a) Blistering of type | and type Il on the same surface observed by optical
microscope (100 ALD cycles deposited @ 200 °C and capped with 75 nm of a -SiNx:H);
(b) Confocal picture of type | blister.

Blistering origins are still under debate, but several concordant facts are reported in the
literature. Blistering is a welknown phenomenon occurriraf the aSi:H/c-Si interface[220
221], resulting from the accumulation of moleculag Bt this interface. Despite the lower
hydrogen concentration in AD; compared to &i:H, blistering is a phenomenon thadifficult
to avoid for this passivation material. The accumulation of gaseous species syand$O at
the ALOs/c-Si interface is unanimously pointed owthe nmain source of the delamination. The
discussion thereafter will follow this hypothesis. Hoxer, the reader has to keep in mind that
most of the arguments that will be disas& ternms of gas release can also be transposed in
terms of mechanical streq453, but this parametdras not beeavaluated during this thesis.

During the TDS analysis of the materibd; and HO are releas#above 300C [153. For
some authors, Helease might also be due to £étacking at high temperature (firig700°C)
but regarding the extremely low carbon conf@gure 2.5) it is unlikely to be the main H
source. Thegaseous origirof blisteringis supported by several observatiotise deposition
temperature (ruling hydroxygroup content) and the posteposition thermal budget (ruling
dehydroxylation and diffusion) have a strong impact on blisters size and q. The
film thickness also impacts blisteringhe thicker the film the higher the blistering dén
(number of blisters per square centime. Apart rom the higher hydroxygroupcontent in
a thicker film,the latterepresents a more efficient barrier to gas diffu$isg|224{|225(227].

Blistering at the €Si/Al,O3 interface has been reported for fdmdeposited by thermal ALD
[229, PAALD and also by PECvO18]] [219. It underlines a generatend of the
Al,O5/c-Si interface to blister, mainly linked to its chemical nattatherthan to its deposition
technique. The catalytic behaviour of thecbordinated Al atoms mainly present at this interface
might explain the gas production there, e@ssspeciesvhich cannot easily diffuse through the
film.
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At first, we tried to corroborate the reported trendd #o clarify blistering origia. Then,as
blistering deterioratethe optical and electrical prepties of AbOs/a-SiNy:H stacks{153[223
[228), we triedto avoid it The first obvious impact of blisters is the-passivation of the surface
below the hillocks, as visible oRigure4.3. However it has rever been possible so far to
establish a clear link between blister quantity on the surface amrdf¢ieéivelifetime of minority
carriers|225|22§.

Figure 4.3: High magnification PCD calibrated photoluminescence picture of a blistered
sample (300 ALD cycles of Al>Os capped by 75 nm of a-SiNx:H). Dark spots are
blisters; the large ring is the Sinton stage detector. The inset view in the middle is a
zoom of the top left corner area.

4.1.2 Gas release

We performed TD$neasurements on tisamples deposited with 108D cycles at 150C,
200°C and 250°C (Figure4.4.a). Whenthe temperature reaches 3%Din the TDS equipment
the H effusion startsbut without apronouncedlifference between the three samples. At 450
the film deposited at 15UC instantly releasea huge H quantity while the film deposited at
200°C showsa sharpH, releaseonly at 550°C and with a lower magnitude. A secopeéakis
visible for these two samples above 6@) while the sample deposited at Z&Ddoes not show
these effusion peaksn fact these temperatures are not representative of the dehydroxylation
kinetics that occurssimilarly for the three samples as demonstrated by the water reldase.
latter starts around 30TC and steadily increaséo reach its maximum between 500~6@@ The
water quantity is slightly highdor the AlL,O; deposited at lowaeemperature, which is consistent
with higher content ofhydroxyl groups in the film. The maximum,Heffusion temperatures
correspond in fact to the blisters explosion. Indéleel three saples show blistering after TDS.
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The sample deposited at 180 has 99 of its blisters openF{gure4.4.b), while only 15%
is exploded for the samplgeposited at 200C (Figure4.4.c) after TDS Regarding the blistering
density, it is almost the samerfboth samples (~50* blister.cm®), but blisters are a bit larger
for the deposition temperature of 200 (1.5 to 2 timesvider). The sample deposited at 25D
also presents blisters that have similar size than thealrtee sample deposited at 18D, but
none of these omeare open. These results support the singular behaviour of HBe/ABI
interface. Considering the smaller size of iHolecules compared to.8, detected molecules
during TDS cannot originate from the same location the Al,O; film. Indeed, the
dehydroxylation of AIO; produces water that is able to out diffuse from the film as the
temperature increases but, lescapes from the film principally when blisteexplode It
underlines a H,O productionproportionalto the whole thi&ness of AJO3; while H, production
occurs mainly at the-8i/Al,O5 interface, where J coordination of Al atoms is predominant
These results are consistent with the observations reported by Veetraind 53 who observed
a temperaturalelayed detection of Hwhen theAl,O3 film thickness increase from rim to
30nm.

Figure 4.4: (a) TDS of Al 203 deposited at different temperatures (1000 ALD cycles).
(b) and (c) optical microscope picture of blisters that appear during TDS for Al203
deposited at 150 °C and 200 °C respectively. A X10 zoom of blisters is visible in the

top right corner of each picture. Blisters presented in the zoom of (b) are totally
exploded, the silicon surface is exposed to the atmosphere.
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4.1.3 Blistering statistic s

The 80 samples passivated with,@d/a-SiNx:H stacls (Figure3.11) were analysedy
optical microscop. The blistering density was evaluated by averaging vdtoesfive different
places ovethe samplesurface. The blister diameter is the average of 30 values (wheratkate
least 30blisterson the surface) fotypell blisters while the size distribution was not evaluated
for the typel blisters due to optical limits of the microscopEhe standard deviation of
distribution will be represented as the error bartha resultsgrapts. The proportion of
delaminated interface has been calculadgsduminga disk surfaceof the average diameter
multiplied by the average blistering density. &ef entering intoa quantitative description
gualitative overview of blisteringill be discussed.

Typell blisters are visible on all samples haviagAl O3 film obtained bylOOALD cycles
or 200ALD cycles except for those deposited at W Interestingly, type | Histers are present
only for samples with 6@\LD cycles deposited at 15@€ and 200°C, while typell blisters are
absent. Typé blisters coexistwith typell blisters for the ALOs; thickness of 10@\LD cycles
whereas samples with 20@LD cycles present onlyypell blisters. As summarised on
Figure4.5.a, the smallest bliste(Typel) show up for the highest hydrogen content in thgDAl
films with 60ALD cycles (150°C and 200C). When the AIO; thickness is increadeto
100ALD cycles (higher hydrogen content, thicker barrier to gas effusion), bigger blisters
(Typell) start to show up among the small blisters. aNtdoubling the AJO; thickness to
200ALD cycles, the smallest blistersypel) are not visible anynore andonly typell blisters
remain.

Figure 4.5 : (a) Blistering map of the Al>Os/ a-SiNx:H passivation stack depending on
Al203 thickness and deposition temperature. The a-SiNx:H capping is 75 nm thick. (b)
Type | blistering density for the stack having 60 ALD cycles of Al2O3 capped by 75 nm
of a-SiNx:H.
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The typel blistering density on samples with 80D cycles shows a clear dependence on the
PDA temperature Higure4.5b). Between 350C and 41C0C the blistering density
monotonously increases but drastically decreases for samples annealed@t @dfsidering a
constant diameter of Im for all typel blisters, it resultsn a delaminated argaortion below
0.06% for all these samples.

For the samplehavingan Al O3 thicknessobtained bylOOALD cycles, the typé blistering
density looks completely rando(not shown)while the deposition temperature clearly rules the
typell blistering density(Figure4.6). The lover the deposition temperature, the higher the type
blistering densityWhile clear trends areot noticeableregarding the PDA temperature effect on
Al,O5; deposited at 200C and 250C, it has a small impact otie blistering densityof Al,Os
depositel at 150°C. The blister size is more or less constant for each deposition temperature, the
lowest giving slightly bigger blisters. It results in a delaminated pogthon that depends mainly
on the deposition temperatuiehe lowe the deposition tempetare, the higher the delaminated
areaportion, regardless of the PDA temperature. This delaminatedpamianis between 0.26
and 0.43% for the samples with 108LD cycles deposited at 15, so 4 to 6 times higher than
for samples with 6@\LD cyclesdeposited at the same temperature.

For the sample with 200ALD cycles, the difference between thg.lof 150°C and 200C
disappesas, these samples showing very similar blistering sizes and densities.blistering
density increases with increasing Remperature, but the latter does not have a clear impact on
the blister sizeCompared to samples with 180D cycles, the blistering density and so the
delaminatedareaportionis greater for sampsavith 200ALD cycles, up to 2.3%.

When we tried tanodel (statistical analysisyvith JMP software the typeblistering density
dependencen the deposition temperature and PDA temperature, the goodness of fit is only of
0.6 for samples with 6@LD cycles The R? of such model decrease 0.03 if we addres the
typel blistering densityof samples with 10&LD cycles, while R? is about 0.7 for typell
blistering on these samples. For sampleith 200ALD cycles, the modelling of blistering
density and size as a function of deposition temperature and PDpetature gives better
results, R=0.78 and RZ 0.80 respectively. All these blistering trends aomsistentwith the
hydrogen content that increasehen the AJO; thickness increasear the deposition temperature
decrease In the same way, higher RDtemperaturs result in higher dehydroxylation and so
higher gas production.

When the film thickness decreases, small blisters (jypesappear to the benefit of bigger
blisters (typdl), with a surface density two orders of magnitude lower. This rebsien is
consistent withnucleation, coalescence and growth process of the blisterscoBxestenceof
both blister types for the intermediate thickndssssupport this hypothesis.
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Figure 4.6 : Type |l blistering statistics for 100 and 200
a-SiNx:H. Determined by optical microscopy.

ALD cycles capped by 75 nm of
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However, while trying to link blistering (size and density}helifetimes measured in chapter
3 (Figure 3.11)no correlation can be establesthso far The goodness of fit never excedil4,
which means that at dst 60% of the lifetime response cannot be expdiby the blisering
observations.Considering that blisters are in fact the macroscopic manifestation of gas
accumulation at the-8i/Al,O; interface, it is possible that we are not able to detect icterfa
degradation that does not lead to blistering. During the systematic blisters counting by optical
microscope, some atypical typeblisters have been encountereigure4.7.a). Despite an
apparent morphological difference, these blisters share a corfeature: a nothomogenous
delamination. Analysed with confocal microscopey(ire4.7.b), the apparently nedelaminated
area in the middle of the blister is measured at the same lasgfe surface surrounding the
blister, i.e. the centre of the blistis still stuck to the <Si surface. This underlines a contribution
of the adhesion parameter to the blistering, as proposed in the Iit,ebut thisparameter
could notbe evaluated.

Figure 4.7: (a) Selection of non -homogeneously delaminated blisters observed with
optical microscope. (b) Confocal mapping of a non -homogeneously delaminated blister.
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4.1.4 Al.O3/c -Si interface analysis by coloured picosecond
acoustics microscopy

The coloured picosecond acoustics (APIC) microscopy is a suitable technique to detect the
adhesion degradation at theSzAl,O3 interface. Its tpical setup is described ofigure4.8.a.
and relies on a pump and probe scheme. It consists in the generation of an acoustictapve on
of the passivation stack with an ultrashort IR pulpengp, nm), the sample being
metallised with a thin Al lagr (12nm) for this purposeHgure4.8b). Part of the blue probe

nm) is transmitted through this thin Al layer and is reflected at #8esurface. It is the

reflectivity variation of the €Si surface that is recorded. Indeed, th®i surface rectivity is
modified when the acoustic wawenerated by the pumposses it Kigure4.8b, I point). A
part of the acoustic wave is reflected back to the free surface. This wave being fully reflected at
the Al/Air interface, several round trips of tlaeoustic wave in the passivation stack can be
detected at the-8i surface until total energy dissipatidfiqure4.8.c).

Figure 4.8: (a) Schematic diagram of APIC setup: The pump beam is chopped at high
frequency (100 kHz) thanks to an acousto -optic modulator (AOM). The reflected probe
beam is detected by an optical detector and the signal is amplified through a lock -in
VFKHPH LQ RUGHU WR H[WUDFW WKH UHODWLYH FKDQJH
reflectivity) at the ¢ -Si surface. (b) Schematic representation of the acoustic wave
propagation in the passivation stack, for the sake of clarity, phenomena that are
temporally separated are drawn shifted to the right (dotted black arrows are temporal
translation, not spatial).  An acoustic wa ve is generated at the sample surface with the
pump laser (t o). The wave propagates through the dielectric stack (red arrow) toward
the Al20s/c -Si interface . There, a part of the acoustic wave is transmitted to the ¢ -Si
substrate and the other part is reflected back (1st point). The propagation of the
acoustic wave through the  Al20s/c -Si interface modifies the ¢ -Si surface reflectivity;
this variation is monitored with the probe beam and detected at t 1. The part of the
acoustic wave which propagates tow  ard the free surface is fully reflected at the Air/Al
interface and propagates again toward the ¢ -Si/ Al2Os interface producing a 2 " echo
detected at t 2. This reflection scheme is repeated until the acoustic wave energy is fully
dissipated. (c) Recorded si gnal from the acoustic wave generation (t o) to the total wave
dissipation (t o + 200 ps). The time delay of 36 ps between each echo detection
(t. 42 A&z etc.) corresponds to the round trip of the acoustic wave between the Air/Al
interface and the Al20z/c -Si interface.
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For a given interface, the acoustic reflection coefficien) (R proportional to the acoustic
impedance difference of the two materials as given by equ@didr. Any variation in the
interface adhesiompropertiesreaults in an increased JRand so in a longer time beforehe
acoustic wave vanisgsin the passivation stackigure4.9.a). Practically, the interface quality
can be summarisduay its R, coefficient. Rather than looking for acoustic impedance of materials,
Ra value is determined by fitting the mean echo number (n) with a power Jawlie lower the
Ra, the better the adhesion quality. For example, the interface quality of samplEduoed.9.b
Is better tharthe one of sample 2. We will stick to thisoastic reflection coefficientlefinition
for our purposeThe readers can refer for more detail on the APIC anrelated
material physics.

L _2 E :55 (4.1)

0]

With:
T <y ! The acoustic impedance of material X

Figure 4. 9: (a) Transi ent reflectivity signal recorded  for two samples. (b) Determination
of the reflectivity coefficient (R a) from the signal recorded for the two samples of graph
(a). The normalised intensity of the echo is fitted  with a power low R ". The results are
presented in two ways in this thesis : (¢)a 900 points mapping o f the reflectivity
coefficient determine d over a surface of 150 x 150 um. The step between measurement
points (black dot) is 5 um for a laser spot area smaller than 1 pm?2. (d) Statistical box
chart s are used to summarise the 900 measured values of a R a Mapping .
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As blistering underlines an adhesion inhomogeneity over the sujiiatene R value cannot
be considered as representative for the whole interface quality. An acoustic reflection coefficient
mapping is performed @ev a surface of 150m x 150um with a distance step ofjim between
each probed place Figure4.10c). This thin mesh provides a qualitative description of the
interface homogeneity and the statistical treatment of these 908llkes can be considstas
representative of the interface qualifiqure4.9.d). The standard deviation of 30 measurements
on the same spot gives a standard deviation ab®ytshipporting a good reproducibility of the
measuremenio evaluate the potential links between blistgrand adhesion, samples passivated
with 60 and 10ALD cycles deposited at 150, 200 and 280and that received a PDA at either
350°C (Figure4.10 or 410°C (Figure4.11) wereanalysed by APIC.

PDA =350 °C

Figure 4.10 : APIC mapping of the Al20s/c -Si interface for 60 ALD cycles (left column)
and 100 ALD cycles (right column) deposited at 150 °C, 200 °C and 250 °C annealed
at 350 °C for 30 minutes.
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PDA =410 °C

Figure 4.11: APIC mapping of the Al20zs/c -Si interface for 60 ALD cycles (left column)
and 100 ALD cycles (right column) deposited at 150 °C, 200 °C and 250 °C annealed
at 410 °C for 30 minutes.
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The APIC mapping of samplgsovidesusefulinformation. The lowest acoustic coefficient
that has been measdres 0.06; any value above this one reveals adhesion degradation. Each
mapping consistsof interwoven areas with high and low,Rshowing that adhesion
inhomogeneit are present at the microscopic scale even if blistering was notlevigilih the
optical microscopee.g.60ALD cycles deposited at 25C. Even if APIC mappings useful to
qualitatively characterisghe variation ofthe acoustic coefficient statistical representatiois
easier to discussigure4.12).

The most impacting parameter regarding the adhesion is the ALD film thickness. An increase
of the ALOs; thickness from 60 to 10ALD cycles nearly doubkethe acousic coefficient,
regardless of the deposition temperature or the PDA temperature, which is consistent with higher
hydrogen content in the thicgefilms. In the same way, the second impacting parameter is the
deposition temperature of the 8k films, the lower the deposition temperature, the higher the
acoustic reflection coefficient. For samples deposited at’@58nd 200C, a posideposition
annealing at higher temperature slightly improved the interface quality while it detesithrate
one of sampledeposited at 250C.

Figure 4.12 : Reflection coefficient distribution of the  Al.Os/c -Si interface for 6 nm and
10 nm of Al203 deposited at 150 °C, 200 °C and 250 °C. The PDA of 30 minutes was
carried out at (a) 350 °C (b) 410 °C.

These trends are consistent with the hydrogen content that becomes higher when the
deposition temperature decressnd when the film thickness increasét suggestshat the
increaseof hydrogen content weakerthe adhesion between the 8% film and the eSi
substrate, leading to blistering. In order to support these observations, the correlation between the
mean value of Rand the blistering size (and density) has been evaluated thanks to JMP software
for the typell blisters. The correlation coefficient is a number that quantifies the dependence of a
factor to another one. It takes absolute values between 0 (not correlated at all) and 1 (complete
correlation). The correlation coefficient between the meanevaf R, and the blister size is 0.92
and of 0.78 between the mean value gfaRd the blistering density. These high correlation
coefficientssupport wellthe strong link between adhesion and blistering. No correlation was
found between blistering of tydeand the R mean value (0.24), but as previously discussed,
typel blisters are difficult to count and seem to disappear to the benefit ofltjtisters,
jamming the statistal trends.

The control of the hydrogancorporationand release in the fiil is a real challenge that needs
to be addresslin order to limit the degradation of the adhesion at th®#¢-Si interface.
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4.2 Hydrogen management during ALD

4.2.1 Concept of the Thermal Drift Atomic Layer Deposition

4.2.1.1 Current strategies to avoid blistering

In the literature, severapproachebhave been proposed to limit the blistering phenomena:

¥ Outgassing of AIO; at high temperature (600~70G) prior to PECVD capping
[232[233.

¥ Use of a thin SiQoxide at the €Si surfce, allowing faster film nucleation and so a
nearly direct layer by layer growth mode of the,@J film. This leaves lower
hydrogencontent at the-Si surface and then prevents the bliste.

% Use of ALO3 with lower hydrogen content thanks to oxidant &ximation.

¥ Use of thinner AIO; to limit the barrier to diffusion effect, optimal thickness being
different depending on the deposition temperature and the ofed{20g.

The first two solutios introduce extra steps in the process that are undesirable (extra cost)
and not compatible with the low temperature objective that wéoakeng for. The third solution
requires ozone generatsrwhile the last one is just a tra@& optimisation. Indeedperforming
ALD at 250°C or 300°C deesnot lead to blisteringput lifetime seems to strongly def from
this lack of hydrogen.

Conceptually, one can imagine depositing an extremely thin lalyéyw temperature and
annealit at higher temperature to ezlse the excess of hydrogen. As the film is very thin, the
diffusion barrier effect is very small. Then, the rest of the layer can be deposited at higher
temperature to limit hydrogen incorporation.

As it has been reminded in chap®erAl,O; dehydroxylaibon starts as soon as the substrate
temperature is brought above the deposition temperfitGf: So pactically, a constant increase
of the substrate temperature during tlepakition process can be a solutiorrelease the excess
of hydrogen. Itincorporats the required hydrogen quantity at theSiAl,Os interface and
releass the excess during the deposition of upper lgyetsile the barrier to hydrogen out
gassing is dt thin. This concept will be referred thereafter as the thewm& atomic layer
deposition (TBALD).

4212 TD-ALD process simulation

TD-ALD can be easily implemented @nspatial ALD tool such as the Levitrack were the
successive deposition zones can be aedifferent deposition temperaturddowever, the
temperature control of mporal ALDreactor operatingtlow pressure (18a) and that has not
been desigedfor quick temperature variation mot obviousIn order to test th possibility to use
such thermal processfinite element simulations were carried out thanks to COMSOL
Multiphysics software. The Picosun R200 design has been reproduced ashibws on
Figure4.13a

The instationary simulatiorof the substrate heating was carried out takinp accountthe
radiativeand the conductivleat transfex The @nvective heat transfevas not considered as it
requiressolving the Navier-Stokes equatia The reactor is filled witiN, at a pressure of0lPa
in the deposition chambeand 100Pa outdde the chamberA natural convection boundary
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condition was fixed on thexternal walls of the reactor (h = 1 M2K™). To account for
radiative heat transfer, an emissivity) of 0.8 was considered for the steserfacesand 0.6 for

the siliconsurfaes A thermal contact resistance was considered between the substrate and the
substrate holder, and between the substrate holder addAeE VWRIO @/HHU.” KROGHU

Figure 4.13: Cross-sectionalview RI WKH PRGHOOHG "3LFRVXQ 5 u DUFK

The simulation of the substratbolder (and silicon substrajeintroduction at room
temperature into thdepositionchamber that is stabilised at 30D wascarried out intwo steps
First, the reactors heatedo the desired temperature (for examd® °C). During thisfirst step,
the substrate and the substratéder thermal conductivity were consideredqual to zeroA
parametric studgplloweddetermining theequiredheat source resistealueto reach the desired
temperature set pointSecond, the silicon substrate and the substraiglder thermal
conductiviteswere restoredDuring this step, the heat soune&ueapplied to the resistor is kept
constant.

The temperature is monitoreRQ WKH VLOLFRQ VXUIDFH DQG RQ WKH
(Figure4.14 thermocouple locatign As soon as the substrate holder is introduced into the
FKDPEHU D IDVW KHDW WUDQVIHU RFFXUV IURP WKH 3VXEVW
surface quickly heatsip. In 30s, the silicon surface already reached 250but three additional
minutes are required to reach 284 This thermal profile would allow to deposit ARD cycles
in a strong thermal drift and then to complete it at roughlystzont deposition temperature with
as nanycycles as required to obtain the final film thickness.

This simulated temperature profile is one among many. Another temperature profile is easily
obtained by changing both the chamber temperature and the subsldee temperaturelhe
substrate holder itself can be consideredaasadjustment variable to obtain the desired
temperature profiledjfferent heat capacity). The simulated model did not take into account the
600sccm of nitrogen that are constanflpwing through the reactor and the real temperature
profile might be different.
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Figure 4.14 : Modelled temperature evolution of the ¢ -Si substrate versus time. The
substrate -holder and the silicon substrate are introduced at room temperature in a
Picosun ALD system heated at 300  °C.

422 Standalone TD-ALD Al.Os3

Experimentally, the ALD chamber can be kept at a defined temperature while the substrate
holderis introduced at a lower temperaguinto thechamber thanks to a lodoick. To checkthe
silicon substrateemperature, we usetbnreversibletemperaturdabelsstuck on the substrate
surface. It consists of small pads that switch from white colour to black colour whesed pre
temperatue is reached, each pad having its own transition temperature. As suggested by the label
name, this colour change is not reversible. The real heating rate of the silicon surface is a bit
lower than the one obtained by simulatioRiglre4.15a). The first émperature profile
(profile #1) was obtained as follows: the deposition chamber is set &(2%0e substrate holder
is placed into the deposition chamber for 1 hour to bring it from room temperature to the reactor
temperature. Then, the substrate holdeunloaded, brought to atmospheric pressure and the
silicon substrate is quickly placed on it before loading back into the deposition chamber. This
procedure ensures to have the silicon substrate loaded at a temperaturé®f{Rig0are4.15a).
After 5 minutes, the silicon surface reaches 180temperature at which we decided to start the
deposition. The temperature dsiftom 190°C to 230°C for a deposited thickness of 280D
cycles, thinner films undergoing smaller thermal diifhorter depotion times).

Using the temperature profile #1, 8k films with 20, 60, 100 and 20ALD cycles were
deposited on silicon after HF dip. Compared to the standard ALD process carried out at constant
deposition temperature, the TALD allows high passivation levelin asdeposited stateg.g.
SRV=9.5cm.s! for 200ALD cycles(Figure4.15b). The dehydroxylation during the deposition
resultsin passivation activation during the ALD processes itgalbyviding an effective lifetime
increasing linearly with thdéilm thickness. This is mainly linked to the longer deposittime
that is equivalent to a longer annealing for the first deposite®sAayers rather than higher
hydrogen content in thicker films. Indeed, the temperature variation betweBad®d@08' ALD
cycle isnegligible and sds the dehydroxylatiomf these last 100 atomic layers
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This small thermal drift shows very interestingdeposited passivation resulfgaving the
way to infinite TDALD temperature profiles. For exampla,silicon substrate was passivated
with 100ALD cycles using the TBALD temperature profile #2 that presents a stronger
temperature drift than the profile #Figure4.15a). The temperature profile #2 is obtained by
loading the substrate holder and the silicon wafer at room temperature into the deposition
chamber which iset at 300°C. After 1 minute, the silicon surface reaches AG0and the
deposition begins. The temperature drifts from 46Qo 240°C during the 10@QLD cycles. The
sample passivated with the TALD profile #2 showsa lifetime nearly three times highé¢han
that of the samplg@assivated with the same number ofDAtycles but using théemperature
profile #1. Once morea nice passivation level has been reatlSRV=7.1cm.s") while the
thermal budget was kept below 28D and this time with only 108LD cycles.

Figure 4. 15: (a) Experiment al temperature profiles measured on the substrate with
non-reversible temperature labels, lines are guides to the eyes  showing temperature
evolution during the deposition process .(b) As-deposited lifetime for standard ALD and
TD-ALD with profile #1 and profile #2 . Lines are a guide to the eyes.

COCOS was performed on the sample passivated wittARDOcycles deposited with TD
ALD profile #1 (initL D= 2367us). The high passivation level is due to extremelygood
chemical passivation (D= 6.410'°eV'.cm?) as the field effect passivation is extremely low
(Qf = -2.510" cm®). To improve the passivation, the LIFEeatment was applieih the LIBI
IRU KRXUV EXW WKH UHVXOWLQJ OLIHWL B 2B6us). WsVLP HV
tried to measure Pand Q changes with COCOS but the passivation state did not allow to
determine any value. In order to restore the passivation level, the sample was annealé@ at 380
IRU PLQXWHV DQG WKHQ H[SRVHG WR; ©1728i). CQCOBKH /,%
measwement confirm the charge trapping in,@4 after PDA and light exposure in the LIBI
(Qf=-2.010"2cm? Dy = 3.1:10" eVi.cm?. The samebehaviourhas been observed for the
sample passivated with 1@0.D cycles (TDALD profile #2) with an asleposite lifetime of
1780us that decreasdo 328us after 20 hours in the LIBI and that increases to 2&l@fter
PDA and light exposure in the LIBI.



Blistering: withess of the ADs/c-Si interface degradation 87

This is acompletelyunexpected behaviour regarding passivation-8f by Al,Os. The post
deposition annealg seems to be a requirement to benefit from LIFEsuggestsa different e
Si/Al,O3 interface between the -@eposited andhe after PDAstatesdespitethe fact that@ low
Di; is measuredn both casesAs the field effect passivation was already abserasdeposited
state, the lifetime decrease of #ALD samples certainly results from the chemical passivation
reduction due to illumination. It reminds the wiHlown StaebleiWronskieffect[234 that takes
place for the &i:H/c-Si interface (SH and weak SBi bond breaking). However, the UV power
density is verylow in the LIBI (<20 uW.cm? for wavelength range from 300n to 400nm). In
order to assess the effectivenessLtBl to produce theStaeblefWronski effect a test was
conducted on amorphous silicon-aH) passivationlayers deposited by PECVD with ¢
parameters summarisediable4.l

Table 4.1: passivation parameters of n-type, FZ <111>, DSP wafers, both sides
passivated after 30 s of HF . The thickness is measured by SE

Samole Pressure Gas ratio Applied power Inter-electrode  Thickness
P (Pa) (Ho/SiHg) Density(mW/cnt) distance (mm) (nm)
#1 16 4 1587 15 21.2
#2 16 4 9.52 15 19.8

The wo ntype wafers passivatdaly ~20 nm of intrinsic aSi:H are treated in the LIBI for
64H at the full power density on both faces. The lifetime of the first samplepeddpom
3892us to 2773us while for the seand sample, the lifetime decredfeom 3350us to 2411us
(Figure4.16). It represents a lifetimdegradatiorof 28.75% and 28.026 for the first and the
second sanlps respectively, confirming that the UV power in the LIBI is high enough to
produce thestaebleitWronskieffect

Figure 4.16: Minority carrier lifetime of n-type samples, FZ <111>, DSP wafers, both
sides passivated by ~20 nm of a-Si:H after 30 s of HF. Double side illumination
duration in the LIBI was conducted for 64 h.
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One can ask why the UV dose degrades the lifetime-Sifth passivated samples only by
28% while it degrades the lifetime 8f,03; passivated samples by 84 This is certainly due to
the extremely high transparencyAi,Os; to UV radiation (B> 6 eV) that will be absorbed at the
c-Si surface, while most of the UV do not reach tH& surface in the case ofS:H passivation
layer (Eg <2eV). This is consistent withlasmainduced damage at theS¥/ a-Si:H interfacedue
to UV radiation from the plasma that we observed and reported else}2B&re

So, theAl,Os/c-Si interface of samples deposited with standard andATD might be
similar, but part of the remaining dangling bonds that are present in the case of standard ALD are
filled with hydrogen during the deposition in the case ofAID. Then, these SH bonds break
under UV exposure due to their weaker energy bonds comparedDib@ids, 3.@V vs8.2eV
respectively@. This scheme makes sense as theALID purpose is to release part of the
hydrogen content that is present in &kigOs film. The hydrogen can easily odiffuse from the
film but part of it can passivate® dangling bonds. Interestingly, the lifetimé asdeposited
TD-ALD samples decreases after illumination to a similar level than the one deposited by
standard ALD, i.e. hundreds of microseconds, supporting this hypothesis of supplemehtary Si
passivation in TRALD growth mode compared to standard ALD

A pragmatic questiommmediatelyarnses regarding the improved stability of tAeOs/c-Si
interface after PDA: what does the PDA change to alldwE, phenomenon rather than lifetime
degradation? The PDA leads to the dehydroxylation ofAlh€®; like the TD-ALD is partially
doing. However, te maximum temperaturendergonedy the sample during TALD is rather
low (230°C for profile #1; 250°C for profile #2), compared to PDA temperature (>3%0). The
Al,O; has been reportdaehavingas a proto conductof162:164 in this TD-ALD temperature
range, sdhydrogen diffusiormight be easiethan oxygeror water diffusionduring the TBALD
process. The interfacial Si@hickening / reorganisation that occurs during might
not take place during the TBLD process resulting in a lower stability ight exposure of the
asdeposited films compared to films that received a PDA.

This would underline the crucial role of theterfacial SiQ layer regarding the chemical
passivation stability of aAl,O;3 film. Thus, talking about the importance of hydeogcontent in
Al,O3; to obtain a good chemical passivation atieFDA, it is not the hydrogen itself that is
important but mainly the oxygen to which it is bonded. Indeed, dehydroxylation refases
hydrogen atoms but also 1 oxygen atom (refer to Ch@pwehydroxylation). These atoms can
be released under various combinations that are different between the RAIBOgfand the
Al,O5/c-Si interface that presents catalytic activity. Indeed, in the bullklgD;, oxygen is
released with hydrogen as wateolecules, while at the-8i/Al ;O3 interface there is just +that
is released, oxygen remaining somewhere at {86A¢,0; interface and can be the source of
SiO, thickening. This would fit our experimental results, the passivation level decreases a lot
whenAl,O3; becomes thinner (lower hydroxyl content), even if a capping layer is used to provide
hydrogen to the-8i surface (Figur8.11).

This is also supported by several resuleportedin the literature: a better chemical
passivation is reported ftine PDA conducted in pure oxygen atmosphere rather than in hydrogen
atmospher. In the same way, to maintain good passivation while reducingAti@;
thicknes below 4nm, Schuldiset al. had to switch from water oxidation to plasma
oxidation (stronger oxidation of-8i surface) and to increase the annealing temperature from
400°C to 800°C (higher oxygen mobility).
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Resultsreported by Wenshengt al. the same year follow the same trend. On the one
hand, the passivation provided BlxOs/a-SiNx:H stack with alumina thickness ofrdn slightly
improves when the annealing temperature incseiteen 300°C to 800°C. On the other hand,
for the staks with 1nm thick alumina, the passivation level strongly improves as a function of
the annealing temperature between %00to 800°C, surpassing the passivation level of the
previous stack with am alumina at 800C. Regarding the extremely thin layarthe latter case,
this strong improvement canngist be the result of better hydrogen diffusion at a higher
temperature but mainly oxide reorganisation.

Bordihnet al. have shown that ifraSiO; layer is chemically grown at theSi surface
before ALD, a PDA of 30 seconds at 4@ is enough to observe passivatiorprovement while
2 minutes are required to observe equivalent results wh€n is deposited directly on-8i after
HF.

Nevertheless, even if hydrogen might not be the main passivating agent, its release by the
Al,Os films also participates to saturate remaining dangling bonds that are also present in the
SiO, oxide (E centres), like in the case of FGA after silicon passivavith thermal oxide. Thus,
for low temperature process that we are aimiogannealing at temperatures higher than 350
IS a prerequisite to stabilise tiseemical passivation aradlow LIFE,. In the same way, fohl 03
films deposited by thermal O using water oxidation, a minimum film thickness might be
required to provide enough oxygen at th8ifl ,O; interface.

4.2.3 TD-ALD for Al>Os3/a-SIN x:H passivation stacks

As previously discussed, the reactor is not designed feAID but we managed to obtain
two temperature profiles. It was easier and faster to use profile #1 rather than profile #2 as it took
an extremely long time to bring the substrate holderkto room temperature after a deposition.
Thus, profile #1 has been selected hereafter. Follpwir aim ofAl,O3 thickness reduction, we
focused on the 6BLD cycles for which good passivation levels were obtained despite the
presence of blistering. Samples passivated byB®ALD cycles were fabricated using the same
PDA, capping and PCA than the one passivated®standard ALD cycles. After PCA, the
LIFE; treatment was done in the LIBI and the saturated lifetime is plott€ibane4.17a.

Figure 4.17 : Lifetime results of Al>Oas/ a-SiNx:H passivation stacks for standard ALD
and TD-ALD (profile #1) with diff erent PDA (a) saturated lifetime (b) lifetime
enhancement due to LIFE:. Lines are guides to the eye.
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The small thermal drift of +30C between 190C and 220C for 60TD-ALD cycles
providesa passivation level at least as good as the standard ALD performed 4t 1&0the
whole range of PDA temperat@weHowever, the lifetime enhancement due to charge trapping is
higher in the case of the TALD compared to films deposited with standard ABD150°C or
200°C (Figure4.17.b). The PDA temperature of 38CQ stands out among the others, providing a
lifetime of 5476ps, i.e. an SRV of 1.8cm.s'. Blistering was not detected with optical
microscope for all the samples deposited with-AlD, but as previously discussed, blisters
absence is naibviouslysynonym ofgoodinterfaceadhesion

The sample passivated with 7ALD that presents the highdgetime was analysed by APIC
microscopy Figure4.18a). First, the interface is not very contrasted in terms of acoustic
reflection contrary to previous mappm@Figure4.10 and Figure4.11). Second, for the same
number of cycles, the mean acousticfioent and its standard deviation are very low for-TD
ALD compared to standard ALCF{gure4.18b), underlining a pretty good adhesion of the film
to the eSi substrate.

Figure 4.18 : (a) APiC mapping of the Al2Ozs/c -Si interface for 6 0 TD-ALD cycles (profile
#1) that received a PDA of 30 min at 380  °C before capping and PCA. (b) reflection
coefficient distribution of the  Al2Os/c -Si interface for 60 ALD cycles deposited at
constant temperature ( 150 °C, 200 °C and 250 °C) and TD-ALD with temperature
profile #1.
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4.3 Conclusion

In this chapter we showed that the blistering is a macroscopic manifestatidhy@jc-Si
adhesion degradation. The formation of blisters results from a nucleation/growth process and so
optical microscopys not the most suitable characterisation to determine adhesion degradation.
Coloured picosecondacousticsmicroscopyis the most relevant characterisation to assess the
adhesion quality at the $i/Al O3 interface. It allowed us to show adhesion degradatihen the
deposition temperature @&l,O; decreases and when the film thickness increases. These two
trends are consistent with a hydrogen accumulation at8#ALO; interface.

We proposed to use a thermal drift during the atomic layer depositaess to release part
of the Al,O; hydrogen content during the deposition. It allowed high passivation levels
(SRV<10cm.s') of the eSi surface byAl,O; in asdeposited state while theubstrate
temperatureeverexcee@d250°C. This TD-ALD conceptis the subject of a patent application.

However this passivation seems to be mainly due t#8 8Sonds that can break under UV
exposure. We suggest that a posposition annealing at temperatures higher than°G58 a
prerequisite to stable chemical pastion i.e. Si-O bonds rather than $1 at the eSi/SiO
interface. Theimplementationof TD-ALD in the passivation process flow allowed reaching
lifetime of 5476ps, i.e.an SRV of 1.8cm.s' and with a sample surface free of blistering.
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5.1 LIFE » instability for  thin Al203

5.1.1.1  Electrostatic charges in a-SiN x:H

As depicted by results on Figure 3.4nd summarised on Figure 3,the passivation stack
embedding AlOs thinner than 6ALD cycles(~60A) are subject to strong LIBEnstability. As
these layers are too thin to adnarrier to hydrogen diffusion, interface adhesion probhessnot
the first hypothesis that came to our mind to explaincharge trappingnstability. Wefocused
our attentiontowards the &iNx:H capping layer thabas beerused for decades to passivate
type surfaces thanks to its wthown positive fixed chargd216.

PECVD aSiNx:H films have their bandgap that increases theportion of nitrogencontent
increase§23d. From the extended work of Robertson on silicon al[@#{239, defect levels in
a-SiNx:H can be sorted in two categorigsgure5.1a):

% Shallowdefects that participate to band tails, like thé&SBEbonds (one levatlose to
the valencéband,the otherlevel close to the conduction bayndhe nitrogen dangling
bonds, namely Ncentres(energy leved close to the valence band) atitke over
coordnated N atons (energy leved just below the conduction band). Howeyvére
presence oN dangling bonds he been reported only for N rich-SiNx:H and the
overcoordination of N is impeded by its small size andn$y possible if bonded to
oneor more H atoms.

¥, Deepdefectsin the bandgap due to-N bonds that generate shallow lev@.5eV
@® and also deep leve{4 eV 1) but these bonds are unlikely due to their very weak
binding energy (1.2V). The main and deepest levels are due toosilidangling

bonds when the SiatomisbdecRQGHG WR WKUHH Qs Whese défe@tsD WR P

are known as K centres, generating defect levels in the middle of-8iiyad

bandgap. K centsehave been reported to have negative correlation eneegyhe
neutral chargestate K°, is less stable than'kor K . Exactly like for crystalline
silicon, dangling bonds ia-SiNx:H are neutralised by hydrogen bridging. Inde®d,
H and NH bonds are found to give states outsiteband@p.

Generally he K centresarepredominant in &iNx:H films and sathe resulting net charge is
positive‘. The Qin aSiNx:H is highly degndent on its stoichiometry and has been reported
to be maximum for x values between 0.5 and @ Contrary toAl,O3 negative charge
centres (Oxygen vacaies andinterstitials Figure2.21), the witching chargestate levelof K

centres and N centres are not strongly different in terms of energy and so these defects are very

versatile (Figure5.1b). The netchargesof a-SiNx:H can beeasily manipulated using cona
discharge®r UV illumination, these changes being totally revers|Bi|243.
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Figure 5.1: (a) Calculated energy levels and occupancy for the intrinsic point defects in

SizNa. (b) Switching charge -state levels of dangling bonds in Si 3Na.

In light of what has justden summased the a-SiNx:H capping layer can impact the field
effect passivation in two ways. First the quantity of positive charges presentarSthg:H at
the end of the process might compensate or even cancel the field effect passivation provided by
Al,O;. Indeed Wenshenget al. showed that, for the same@% thickness and depending
on the aSiNx:H stoichiometry, the measured\Ccurves suggestnaeffective Q; at the €Si
surface that aries from-1.5-10 to +5.1-13° cm®. For our samples, the saméiNy:H capping
Is used for all AIO; thickness, so if the negative; @ Al,Os; is really located in the first
nanometre above theSi surface, the field effect cancellation should not depend on t&; Al
thickness that we tested (frormgh to 20nm).

The second possible effect of charged centres ia-8iélx:H is a direct electran interaction
betweenAl,O3 centres an@-SiNx:H centres. We often focus on the electronic defects presents at
the Al,O5/c-Si interface, but it has to be reminded that a thin film has two interfaces that can
present different defects.h€ interface betweeAl,O; and aSiNx:H may host several defects
that are different from thal,O; side to thea-SiNx:H side fFigure5.2a; Sy and Sg have been
found to also generate levels in the gamihzO; bandgap, these levels are not @dtin the
Alpha Al 03 bandgap due to uncertain energy posi@‘). By reducing theAl O3 thickness,
interfaces of the thin films get closer to each other and the insulation role of thélbOkk
becomes negligiblegure5.2b). The stong versatility of K centres plus the probable presence
R1 DQ 3HOHFW Uigupels Rbpdd tReA HQJ/&-SiNy:H interface (combination of all the
defecs plotted onFigure5.2a) might help some charge release fidl30O3 traps. The negatively
charged oxygen vacancies that are pointed out as the Alads; charge traps have electronic
levels high enough in the bandgap to forward some electrons to other defects. Once a doubly
negatively charged oxygen vacancy releases two electrons and becomes theutelly empty
energy state is going back to tAe0O; conduction band. It limits further capture of electrons by
the vacancy (seentching chargestate level®f oxygen vacancies iAl,0O3 on Figure 2.21). It is
less probable that the oxygen vacancy further releases electrons to become positively charged.
The electronic level that has to capture electrons to bring back the vacancy to neutral electric state
remains below the-8i fermi level
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Figure 5.2: (a) Position of thermodynamic transition levels in Al203 and in a-SiNx:H for
intrinsic and extrinsic point defect levels arising from atomic inclusions of the Al203

film in the a-SiNx:H film and vice versa @ (b) Schematic of e lectronic defects
location in an Al203/ a-SiNx:H passivation stack. Point defects suspected to capture

electrons in Al2O3 are supposed to be located in the first nanometre above the surface.

The X value represents the Al20s3 film thickness, from 2 nm to 20 nm. The Al2Os/ a-
SiNx:H interface transition levels are all those of Figure 5.2.a, referred to as an
"HOHFWURQLF ODGGHUMu LQ WKH WH[W 5HG EDUV VKRZ WKH \
null charge state, and blue bar s show the transition levels related to null or negative

charge state.

The aSiNy:H film that we used in this manuscripas deposited on8i after HF dip in order
to quantify its positive Qvalue by COCOS. The laygresentd a positive fixed charge density
of 1.910"cm? in asdeposited stat¢hat decreaskto 1.010cm? after PCA, underlining
network reorganisation during PCA. This @alue is typically in the same rangas Al,O3
QHIJDWLYH IL[HG FKDUJH GHQVLW\ 6R WKH SUHVH®IEH RI D
VXVSHFWHG WR SDUWLDOO\ FRPSHQVDWH RU HYHQ DQQLKI
HITHFW ~ dShy R¥@Q;GHthe eSi surface. This interactiowill be defined hereafter as
electrostatic shadindf the charge transfer between all the defects present & $bg/a-SiNx:H
interface is pretty hard to analyse, #lectrostatic shadingesulting from positive €in aSiNx:H
is easier to model.
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51.2 Simulation of the  electrostatic shading

In order to evaluate if some electrostatic shading takes place due to the positivihea
SiNx:H capping layer, we performed finite element modelling thank&TtbAS software from
Silvaco. The model depicted dfigure5.3 is similar to the one that we used in chapgteto
evaluate reachable lifetime with standalonegQAlfilms (Figure2.7.a) but this time we added the
capping layer on top of ADs. The interfacial trap density at the,®/c-Si is set tal0' eV.cni*
which is reasonable considering values that were measured in previous £hpeALO; and
aSiNx:H permittivities were set to 7.6 and 6.1 respectively. Two cases were simulated, one with
a Q of 0cm? and the second with a:@f +10cm? at the ALOs/a-SiNk:H interface
(Figure5.4). As we nowknow, (¥ in Al,O3 results from charge trapping, so thedDAl,O3; was
also variedfrom -5-10'° to -5-10"* cm®) to evaluate the necessity of this charge trapping in the
passivation stackContinuity, transport (dritGLIITXVLRQ DQG 3RLVVRQTV-HTXDW
consistently in the silicon, while ontiie Poisson equation was considered for the dielectrics.

Figure 5.3: S chematic model used for Silvaco 1D simulations .

For the first simulation condition ¢& 0cm? at the AbOs/a-SiNy:H interface;Figure5.4.a),
the curves of the effective lifetime as a functiorttad mnority carrier density are very similar to
the one obtainal without the &SiNx:H capping in chapte2 (Figure2.7). The lifetime increase
monotonously with the negative; @crease at the ADs/c-Si interface, corresponding to the
accumulation mode at the A&/c-Si interface. Everything changdor the second iswulated
case, when the field effect resulting from the positivatQhe AbOs/a-SiNy:H interface is set to
+10" cm? (Figure5.4b). There are two distinct regions determined by thev&ue at the
Al ,Os/c-Si interface. For high negative alues, the first region corresp@td the accumulation
mode at the -Si surface, while for the lowest negative @e c¢Si surface is set ian inversion
mode, recogmsable by the strong lifetime increase at low carrier density. These two zones delimit
a death valley where the lifetime is rapidly vanishin@ne might try to just avoid this zonleut
the problem is that it is camtd nearby the typical Qalue at the Si/Al,O; interface whent is
saturatedso despite high (at the eSi/Al,O3 interface, the lifetime is strongly degraded by the
positive Q at theAl ,Os/a-SiNy:H interface.
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Figure 5.4 . Effective lifetime as a function of the injection level for Al 203/ a-SiNx:H
passivation stacks with Al20s3 thickness of 20 nm, a-SiNx:H thickness of 75 nm. and
Dit(Al20s/c -Si) of 1011 eV-l.cm=2. (a) Al20s/ a-SiNx:H interface free of fixed charges
(b) Al203/ a-SiNx:H interface with fixed charges density of +10 12 cm2,

This electrostatic shading is a real problem that has to be solved. The obvious solution would
be to use ma-SiNx:H layerfree of fixed charges like it was simulated in the first case. However,
the Q in aSiNx:H is intimately linked to its stoichiometry and in practicasitvery difficult to
get rid ofpositive chargewvithout getting closer tthe composition oAmorphous silicon, which
leads to parasitic absorptiontime capping layefFigure 3.5.b).

To appreciatehe impact of AJO; thickness on the electrostatic shading, the two simulation
conditions were repeated but this time the®Alfilm thickness was varied from 1 to 20n for
each case. Effective lifetimes at the injection levell@fcm™ are extractedral ploted as 2D
maps Figure5.5). The case with of +10" cm® that corresporsto our experimental condition
LV KHUHDIWHU GHVLJQDWHG DV WKH #&8IN)G EEWEpoBivEH™ 7K
fixed charges (@= 0.cm?) is designated aW KH 3$OWHUQDWLYH " WKH VHFRQC
another solution iproposed 7KH 3$OWHUQDWLYH ~ FRQVLVWYV LQ WKH X
with no charges between &); and aSiNx:H. The role of this buffer layer would be to shield the
c-Si surface from the positive {@f the aSiNx:H. Silicon oxide is known to hava \ery low
charge density (+20" cm® this value was measured on samples from the next section) and has
a very large bandgap suitable for this application.

These 3 cases aréotiedon Figure5.5, the effective lifetime as a function of /83 thickness
and Q at the AbOs/c-Si interface is mapped on the bottom line while the corresponding band
bending is pldedon the upper line.
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We start by discussinttpe standard case results first. For thgDAkhickness of im, the flat
band conditions are obtained when the absolyteal@e at the <Si/Al,O3 is equalto the oneat
the aSiNy:H/AI,O3 interface (1012 cm'z). When the AJO; becomes thicker, theequired
guantityof charges at the-8i/Al,O3 interface to reach flavand condition slightly decreaseto
-8.5-10" cm? for 20nm of AlLOs. The effective lifetime resulting from the band structure is the
lowest nearby the flaband conditions, quickly increasing up to 6Q@0when the surface is in
the acumulation mode while in inversion mode the lifetime is lower by one order of magnitude.
The lifetime death valley shows a very low dependence the ALO; thickness The necessary
Qr value at the AlOy/c-Si interfacechangesonly from -2.4-10™ to -2.2.10"cm in order to
reach SRV of 1@m.s". When the &5iNx:H does not present posivQ (alternative case #2), the
surface is always ithe acumulation mode regardless of the negativeaue at the Si/Al,03
interface. The AIO; thickness does not impact ampre the band bendindror the considered
interfacial trap densityl0' eV*.cm? at midgap), Q; of -1.4-10" cm? is necessary to reach SRV
of 10cm.s". It represer#41% lesscharge densityhan for the standard case, so the presence of
positive Q in the aSiNx:H has a nomegligible impact on the charge trapping requiredlisO;
to reach the passivation objectivé®r the alternative case #1 which aseSiO, buffer layer
between AJO; and aSiNx:H, the flatband conditions are shifted towartbwer Q at the
Al,O3/c-Si interface, providing lifetimeresults very similar ashe alternative case2# The
required Qat the €Si/Al,O; to reach SRV of 18m.s' is then about 1.5-F6cm? It is just 7%
higher than the ideal alternative case #2 where tBéNga:H capping layer should be free of
positive fixed charges.

5.2 Optimisation  of the electrostatic stacking

5.2.1 Alternative case #1: the SIO > buffer layer

5.2.1.1  Experimental environment

We explored the possibility of shielding thescsurface from the positive charges density in
the aSiNx:H capping layer by the insertion of after layer between AD; and aSiNy:H. This
SURMHFW ZDV FRQGXPW H/GI BRQ R R JLH\L QK) Indtory id SainEV = 7))
Petersburg. The ALD tool was a FlexAl chamber from Oxford Instruments and the PECVD
chamber was a Plasma Pro 10€oalrom Oxford Instruments, both plugged on the same cluster
tool. The first chamber was used to deposjiland the second chamber was only used for the
buffer layer deposition. All the-8iNx:H capping layers were deposited in the MVS reactor at the
LPICM. In order to avoid hazardous comparison, reference samples with gy (&b buffer
layer) were also deposited at the-TE and then capped at thd’ICM. Indeed, the FlexAl
reactor configuration did not allow the double side deposition like in tkestn reactor
Moreover, for the same temperature set point, the real substrate temperatuthdssam
and the ALD cycle was also different than the one used in the Picbabie.1).

Table 5.1: ALD Cycle used in the FlexAl reactor. Deposition chamber is out -gassed at
0.05 Pa after substrate loading and then the deposition pressure is raised around
11 Pa.

TMA A&  Purge FE H.O /e Purge Total duration
0.02s 1.5s 0.07s 10s 11.59s/cycle
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5.2.1.2  Synthesis of the buffer layer

The ALD cycle for the AlO; was provided by the tool manufactureut PECVD process
conditiors to synthaise SiG were not available. We stadfrom the typical process condition of
aSiOx:H syntheised from silane, carbon dioxide and dihydrogen used for silicon heterojunction
solar cells[246-248 (Table5.2). Despite a widemptical bandgap compadeto aSi:H, Eoq
remairs low, i.e. 2.2eV as shown inFigure5.6. Thaefore we continuously increasethe
CO,/SiH,4 gas ratio to widen thbandgadFigure5.6).

Table 5.2: PECVD parameters for a -SiOx:H deposition. Set -point temperature was
200 °C (165 °C measured on substrate), the inter  -electrode distance was 28 mm and
the RF frequency 40 MHz.

. Pressure Power Density Gasratio Gas ratio
Material (Pa) (MW.cm?) Ha/SiH, COJ/SiH,
aSiOx:H 53 50 10 0.7

The increase of C@SiH, gas ratioallowed wideningthe bandgap from 22V to 5.4eV,
corresponding to a refractive index decrease from 3.35 to 1.50Siiswith Eos =5.4€eV is the
mosttransparenandwill be refared as buffer #lwhile the buffer #2 corresponds to the same
process conditiom but for a temperature sepoint of 250°C. This increase of substrate
temperature slightlyreducesthe optical bandgap from 5eV to 4.9eV and increasethe
refractive inde from 1.50 to 1.52.

Figure 5.6: (a) Optical bandgap and refractive index of a  -SiOx:H (determined by SE) as
a function of the CO 2 to SiH 4 ratio. The deposition temperature is 200 °C for buffer #1
and 250 °C for buffer #2 (b) SIMS profiles of as -deposited buffer #1 and #2.
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The hydrogen and carbon content of the layers were determined by SIMS calibrated with SiO
implanted samplesFgure5.6). The carbon content is 2 orders of magnitude lower than the
hydrogen content for both layers. The oxygen/silicon ratio was determined by RBS to be 1.6 and
1.5 for buffer layers #1 and #2 respectively. The hydrogen content was measured by ERDA, its
concetration is ~1.2% for both buffers, whichs ratherlow. A slight density difference was
measured by XRR, buffer #2 being denser than buffer Sime material properties are
summarsed inFigure5.3.

Table 5.3: Material properties of buffer #1 and buf fer #2

Properties Ch?égﬁﬁgjgtlon Buffer #1 Buffer#2
Stoichiometry RBS SiOi6 SiO 5
H (%) ERDA 1.2 1.2
density (g.crit) XRR 2.13+0.02 2.17+0.03
Refractive index (@ 6368m) SE 1.50 1.52
Optical bandgap (eV) SE 54 4.9
5.2.1.3 Insertion of the buffer layer in the stack

Three groups of samplesvere reakked using gtype wafers passivated by 80D cycles
deposited at 250C in the FlexAl reactor. The first group e#eed the buffer layer #1 (2tm)
ontop of AlbOs, the second group received the buffer layer #2n{ad ontop of AlL,O3, and the
third group did not receive any buffer layer amasthe control group. A PDA was performed at
350, 380, 410 or 44%C in formng gas atmosphere for all samples. Finally, th8iNyk:H
capping was deposited on all samples before performing theegoging annealing (30 min @
380°C). The insertion of a 20m thick buffer layer between AD; and aSiNy:H affectsthe
RSWLFDO SURSHUWLHYV RI WKH VWDFN :H XVHG 3(VVHQWLDO
SiNx:H thickness that is required to preserve the lowest reflectivity at the incident wavelength of
633nm for a stack composed omhén of Al,O3; (n=1.64),20nm of aSiOx (n=1.5) and Ynm of
aSiNx:H (n=1.88). The software gives a Y value of 55080, the PECVD deposition duration
theaSiNx:H cappinghas been shortedin consequence in order to obtain this value for the first
and the second groups.

The initial lifetime was measured afteahe PCA and then samples received the LIFE
treatment in the LIBIIt has to benoted that neither typenor typell blisterswere reported,
underlining the difference between 8% films deposited in the Picosun andthe FlexAl.The
saturated lifetime and the lifetime enhancement due to the,Ui&Atment are plééd on
Figure5.7.a. Both the lifetime values and the percentagé¢heflifetime enhancement ek to
LIFE;, are consistent between the control groups degmbsit the FlexAl Figure5.7.a) and the
previous samples deposited in the Picosun (Figure 4.17). Regarding the passivation performance
of groups #1 and #2, these are unexpectedly poor. The group #1 samples show better lifetime
than the group #2 samples bese values are wdielowtheseof the control group. The lifetime
enhancement dfoth groups does neixceed 10%, either due to already saturated lifetime and/or
poor chemical passivatioand poor charge trappingoth hypotheses might result from the
SiOx depositionindeed CQ plasma emitdeep UV[249[250 which can crate deep defects in
the first nanomees of the eSi and also saturate the AD; traps. Considering thaigh CO,
content in the gas mixture (78%), this effect cannot be excluded.
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One could expect thaafter both PDA and PCA, hydrogeould heal most of thse defects
however thisdoes not seem to be the case. Télatively high Al,Os; deposition temperature
(250°C) might have limied the hydrogen content in the layer and the low hydrogen content in
the buffer laye(Table5.3) might not help to feed the$i surface with hydrogen. But omele of
the aSiNx:H cappingis to bring the missing hydrogen to theScsurface, so something went
wrongwith this expected hydrogen feeding.

In order to investigate what happeneetype wafers were passivated with 2@ of either
buffer #1 either buffer #2 directly after HF diphese amples did not present lifetimghigher
than 1us after 20 min of FGA at 380, which is particularly low. Other samples were
passivated with &iOx and then capped by-%iNyx:H before the FGA. This time the effective
lifetime increass up to 9us for the stack embedding buffer layer #1 and tes 6or the stack
containing the buffer layer #2. This passivation quality is worse than the one qudyidhe
stackingof a-SiNx:H onnative oxide (27§s, Figure 3.9.

Figure 5.7: (a) Effective lifetime (columns) and lifetime improvement due to LIFE2 in the
LIBI (dots) for samples passivated with 60 ALD cycles of Al 203, deposited at 250 °C,
capped by 75 nm of a-SiNx:H (black symbols, control group) or by a stack comprising

20 nm of a -SiOx (buffer #1 in red = group #1, buffer #2 in green = group #2) and 55 nm
of a-SiNx:H. (b) ERDA spectra of buffer #1 and #2 (deposited directly on c -Si) after FGA
for 20 nm of buffer lay ers #1 and #2.

ERDA spectra show interesting hydrogen profiles for samples passivated onrlyiGy and
that received FGARigure5.7.b). The hydrogen is mainly locatat the samples surface and its
diffusion through the buffer layers is drastically reduced for the buffer layer #2 compared to the
#1. Theanalysis of the datsuggest a hydrogen content that increasem 1.2%;to 3.6%; and
2.1%, due to FGA for buffelayers #1 and #2 respectivelyoth buffer layers to Hdiffusion,
this effect being more pronounced for buf&. The stoichiometry (O/Si <2) of both layers
indicates that there might be a lot of silicon dangling bonds in {8 films that can fix
hydrogen that is supposed to diffuse toward #s# surface. This is supported by the fact that for
the buffer layer #1, the higher PDA temperature of 4CQhigher hydrogemobility) is the most
appropriate to improve the passivation.
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Finite elementsimulations of the alternative case #igure5.5 were repeated with aiD
value of 16%eV'.cm? rather tharm0* eV .cm? (Figure5.8). This D value shifted up the flat
band condition towaslhigher Q values at the AbOs/c-Si interface and the raking lifetimes
become extremely low. For;Qn the rarge of interest, betweerL0" cm? to -3-10"*cm?, the
expected lifetimes do not exceed &) which is consistent with the measured values
(Figure5.7.a).

Figure 5.8 : (a) Band bending at the ¢ -Si surface and (b) effective lifetime resulting from
the band bending for the alternative case #1 ( ) but with D i set at
1012 eV-l.cm=2,

So, despite their high transparency, sysiseal buffer layers are not suitable for passivation,
astheir deposition can deteriorate theSitAl,O3 interface (UV from the plasma) arzkcause
theyalsoact as a sink for hydrogen that should diffuse from #$&Ng:H capping toward the-c
Si surface. The alternative case, #ased omeplacing the standardSiNy:H that we used by
another one with lower positive fixed charges densitytivas explored.

5.2.2 Alternative case #2:a  -SiN x:H capping replacement

5.2.2.1 Approach and specification of the desired a -SiN x:H

Several material properties should be maintained between the starfsidigttd and the new
one that we are looking fooptimal refractive mdex of 1.97, high transparency, high hydrogen
release during PCA, bute are looking now for éower Q. For the synthesis of the standard a
SiNx:H, the interelectrode distance remained fixed atn@®. We varied this distancén the
present study,aising the PECVD parameter to four: gas ratio, applied power density, pressure
and interelectrode distance. Considering at least 4 values for each of the 4 parameters, it
represents 4= 256 possible combinations, which is not feasible. We used a designeinespt
approach to mesh the parameters space with a minimal number of samples. -Tdet il
design is not suited in this case asaitks of sensitivityregardingresponse modulatigrin the
middle of the parameter space. We use the-Behlinken respnse surface design of experiment
to mesh the process condition space. Only 25 different process comditien
necessary to model theSaNx:H properties as a function of these process conditions. Similarly to
the full factorial DOE, deposition parameters are set to their minimal valyeheir maximal
value (+) or their middle value (Oput contrary to the full factorial DOE, the surfacep@sse
DOE place muchmore poinsin the middle of the parameters spacalile5.4).
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Table 5.4: Box -Behnken surface response DOE parameters

Sample Configuration Inter-electrode  Pressure Power de_rzlsity Gas
distance (mm) (Pa) (mW.cm"®) ratio

1 i 25 40 216 2.25
2 ii 20 40 126 2.25
3 0000 25 70 126 2.25
4 i 25 40 36 2.25
5 0++0 25 100 216 2.25
6 i 30 70 126 1.50
7 i 25 100 36 2.25
8 i 25 100 126 1.50
9 00++ 25 70 216 3.00
10 i 25 40 126 3.00
11 i 25 40 126 1.50
12 [ 20 100 126 2.25
13 [ 30 70 36 2.25
14 [ 20 70 126 3.00
15 [ 30 40 126 2.25
16 0+0+ 25 100 126 3.00
17 +00+ 30 70 126 3.00
18 +0+0 30 70 216 2.25
19 i 25 70 36 3.00
20 [ 20 70 216 2.25
21 i 20 70 36 2.25
22 i 25 70 36 1.50
23 | 25 70 216 1.50
24 i 20 70 126 1.50
25 ++00 30 100 126 2.25

5.2.2.2  Synthesis of the newa -SIiN x:H capping

As the K-centres aredistribuiedin the volume of-SiNx:H , it is of prime importance to
compare filns of the same thickness. The same deposition time ¢15Gas use for the 25
process conditions. Film thicknesses were measured by SE in odietmine the growth rate
and so to adapt the required deposition time of each process condition to obtain a film thickness
of 75nm. Thanks to these data it was possible to model the growth rate with JMP software
(Figure5.9). The deposition pressure liy far the parameter that impacts the radghe growth
rate. The higher the pressure, the faster the deposiierThe nterelectrode distance has also a
significant impact changing this distancGéom 20mm to 30mm leads to an increase of the
deposition rate by 306 when the pressure is 19@.
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Figure 5.9 : Modelled growth rate for an inter -electrode distance of (a) 20 mm. and
(b) 30 mm.

Thanks to the determined growth rate,ri?ype wafers were passivated by M of a
SiNx:H after HF dip. Wafers were then cut in half in order to perform the measurement on both
the asdeposited and the annealsthte of the films During PECVD, s and \bc were
monitored in order taleterminethe k.. The refractive index (at 638n) and theextinction
coefficient (at 300hm) were determined by SE. XRR was perfornoedall films, the critical
angle ofthe measure was used as a proxy of the dendity,latterbeing excessively long to
determine considering the variety of film composiionhe film density is not the most relevant
parameter for passivation, but it is an important parameter to avoid gladstgpduring
metallisation [253. COCOS measurementvere performed on all samples but failed foofd
them despite several attempts. The tool manufacturer confirmed that when the dielectric
properties of the film are too poor, the deposited corona charges leak into the film, making the
measurment impossible. Spthe model that describes; @s a function of PEVD process
conditiors relies only on 16values rather than 29 he asdeposited samplasnderwentTDS to
gualify the hydrogen content. The, Hignal recorded by the QMS was norreadi by the film
volume (surface determined by optical microscope and teekrby SE) The signal isthen
integrated between 20€C and 700C or 200°C and 38CC, these values being considered
representative of the total hydrogeontent andhe hydrogen release during PGéspectively
All the measured responses were modelldith reasonable goodness of fit, the extremely high
one of Qbeing certainly not representativeedto missing dataTable5.5).

Table 5.5: Quality of output models and the two most impacting PECVD parameters on
the different model responses in order  of importance

Response R2 Most impacting PECVD parameter,
Growth rate 0.4 Pressure, power
VpL 0.90 Power, pressure
Refractive index 0.9 Gas ratio, power
Extinction coefficient 0.98 Gas ratio, power
Critical angle 0.8 Pressure, power
Qs (after PCA) 0.9% Power, gas ratio
Total H, content 0.86 Inter-electrode distancgressure
H, releaseby PCA 0.90 Pressureinter-electrode distance

* Modelbasedon 16 samples
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Figure 5.10 : Modelled surface responses for an inter -electrode distance of 20 mm. (a)
refractive index at 633 nm. (b) Extinction coefficient at 300 nm. (c) Fixed charges
density after PCA. (d) Hydrogen release by PCA. For the sake of clarity, only one
surface is plott ed when the pressure change does not strongly impact the response.

Surface responses of the refractive indé€giyre5.10a) and theextinction coefficient
(Figure5.10b) are consistent witthe previously obtainedlalues(Figure 3.5.h. The gas ratio
and the power density are the two main impacting parameters for these @ojpeaties A small
gas ratio and a low power density result in silicon rieBildy:H with optical properties clos@t
aSi:H. The deposition pressure has a negligible impact oaxtiectioncoefficient while it is of
primeimportarce to consider it in order to reach the optimal refractive index of 1.97 (black line
on Figure5.10a). The @ surface responsed-igure5.10.c) looks like a canygnsuggesting an
ideal film stoichiometry that redus€}:. Indeed as previously observeBigure 3.5.p for a
constant power density, ammoitiah atmosphere results infich films. Then when the power
density increases, ammoniassibciation also increases and less ammonia is required in the gas
mix to obtain similar film composition. However, considering that 36% of @@COS
measurementfailed, thisQ; model might not be very accurate. Regarding the released quantity
of hydrogenduring FCA (Figure5.10d), the pressure and tlieter-electrode distance are the
most impacting parameters; a pressure increase froPa4® 10QPa triples the amount of
hydrogen incorporated in tlzeSiNx:H films.
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Figure 5.11 : DOE results for the optimal compromise between refractive index
(desirability set maximal for n=1.97), extinction coefficient (desirability set at
minimising k), fixed charge density (desirability set at minimising Q f) and hydrogen
release (desirability s et at maximising H 2 release). No desirability restrictions have
been set on the critical angle, the plasma potential (V pL), the growth rate and the total
hydrogen content in order to get these values without impacting the optimisation.
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All the modelled responses were gathered together to determine the optimaltmatipl
provide aSiNx:H with the lowest @ the highest hydrogen release by PCA, the highest
transparency (lowest k) and thdreetive indexequal t01.97 Figure5.11). Other responsdike
the Vp, the critical anglsethe growth rate and the total hydrogen content were included without
any constraint on the values, just for information. The software proposed the process parameters
summarised iTable5.6 which are really different from the previous sne

Table 5.6: Comparison between the former  a-SiNx:H process parameters and the new
a-SiNx:H process parameters obtained from the DOE data treatment.

Recipe Pressure Power density Gas ratio Inter-electrode

P (Pa) (MW.crmi?) (NHy/SiH,) distance (mm)
Formera-SiNy:H 100 36 9 20
New a-SiNy:H 70 161 2.64 30

The new aSiNx:H film was deposited and analysed in the same a&dlge samples from the
DOE. The measured data are summarisedahle5.7 and comparedvith both the expected
values from the model and the values of the form®iNg:H film.

Table 5.7: comparison between former and new capping properties

, : New capping New capping Model
Properties Former capping Predicted measured error (%)
Growth rategA.s™) 5 11.3 13.8 +22%
n (@ 6331m) 1.876 1.97 2.06 +4.5%
k (@ 300nm) 0.069 0.262 0.448 +71%
FULWLFDO D 0.438 0.421 0.408 -3.1%
Ve (V) 25 60 56 -6%
H, release (AU) 3.1 4.8 5.5 +15%
Q (cm®) +1.01-10% +0.04-10° +0.47-10° +107%%

The model underestimates the growdle by 22%, which istwice faster tharior the former
film. The models are pretty accurate regarding the refractive index, the plasma potential and the
critical angle values. In contrast, tleatinction coefficient was underestimated and is 6.5 sme
higherthanthe one of the former-&iNy:H, resulting in a strong transparency loss as determined
by equation(5.1) and plotedon Figure5.12

The currentdensity loss associated to absorptiorthe a-SiNx:H has been calculated for the
AM1.5 spectrum. Assuming that one absorbed photon ia-8i8lx:H results in one electron loss
for the photogenerated current density in tH&i,at resultsn a current desity loss that increase
from 0.061mA.cmi? for the formera-SiNy:H to 0.815mA.cm? for the newa-SiNy:H.
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8 b
#LISFA (5-1)
With:
1 + :theextinctioncoefficient
¥ I :the wavelength
¥ - :the film thickness

Figure 5.12 : absorption of the former and the new a-SiNx:H layers calculated from
their respective absorption coefficient (determined by SE). The calculated current
density loss associated to absorption assumes one pass of the photons in the films
and no reflection at the interfaces.

Despite the loss of 0.818A.cm? in the photogenerated current and a-natt Q, the new a
SiNx:H contairs 50% less positive fixed charggensity ad release more hydrogen than the
former capping, so it of interest to test it on ADs.

5.2.2.3 Performances ofthe newa  -SiN x:H capping

Four ptypes wafers were passivated by -ADD with 20 ALD cycles for two wafes and
60 ALD cycles for the two others, using the therrdaft profile #1 (Figure 4.15) Samples with
60 ALD cycles received a PDA of 3@in at 380°C while the samples with 28LD cycles did
not receivea ADA. For each AIO; thickness, one sample was cagpy the former -&iNx:H
and another one by the newSéNx:H (Table5.6). All the samples received the PCA (20n at
380°C) and tha the lifetime was measure@he samples were subject to LIREeatment in the
LIBI for one week. The saturated lifetimeas measured by QS3C (LIS-R1) before storing the
samples iradark cabinet for one month orderto determine hownuchthe lifetimediminished
after this storage
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For samples with 28D cycles of AbOs, the former capping remains the most efficient,
allowing a lifetime increase of 300% due to LE&Nd then a lifetime degradation of 30% due to
dark storage Kigure5.13a). After PCA the initial lifetime provideé by the new capping on
20ALD cycles demonstrates similar passivation level than the former (600us). The
passivation stackvith the new cappings less sensitive to the LIEBreatment, increasing
lifetime just by 40% (14@Qs). Then, after storage in tliark the lifetime is going back to its
initial value. The higher power density used &pdsit the new -&iNx:H layer that results in
higher plasma potential and so higher ion bombardment can deteriorate the already low
passivation properties provides by theA(D cycles.

Figure 5.13 : Effective lifetime of Al>Os/ a-SiNx:H passivated samples with (a) 20 ALD
cycles and (b) 60 ALD cycles deposited with the thermal drift profile #1. The simulated
curve was obtained using the model depicted on Figure 1.7 with an interfacial trap
density of 10 0eV-1cm=2 and a Qr of -3:1012 cm-2 at the ¢ -Si/ Al20s interface.

When the AJO; thickness isncreasedo 60ALD cycles the effective lifetime increases by one
order of magnitude compateéo 20ALD cycles Figure5.13b). Before the LIFE treatmentthe
new aSiNx:H already provides better passivation than the former one. For both capipéeng
effective lifetime increases by ~5008tter LIFE,, maintaining the lifetime difference between the
two samplesAn exceptionally hig lifetime of 8774us is measured at0™ cm® for the sample
capped with the new-&iNy:H, which corresponsito a SRV of 0.82m.s". The PCD calibrated
photoluminescence picture shoawfiomogenous surface passivation aedealsareas with SRV
as low as0.55cm.s! (Figure5.14). If the charge density in the new capping is neglected, finite
element simulation results of chapter 2 (Figure 2.7) suggest passivation properties around
10" evt.cm? for the Oy and-3-10"2 cm? for the Q at theAl,O4/c-Si interface. These values are
consistent with the Pand Q values measured for FBLD passivated samples (chapter 4).
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However, the superior passivation quality due to the @eSiNx:H capping cannot be
attributed only to the lower positive Qf. Indeed, the positive charge density reduction in the
capping is accompanied by a strong increase of the hydrogen release during PCA, that can
definitely make the difference between a good andrg good passivation quality. Moreover, the
new capping is less transparent to UV, so high energy pbotbich could break SH bonds at
the ¢Si surface will be absorbed by the na8iNy:H layer rather than the $i surface. This deep
UV filter function can be interesting for a stabilised passivation over time. The-ofatetween
the Vioc gain due to higher passivation and teeldss (0.815mA.cni?) has to be evaluated at the
device level.

Figure 5. 14: QSS-PC calibrated photoluminescence pictu re (}n=1015cm-3) of a p-type
¢-Si wafer with the optimi  sed passivation stack, i.e. 60  ALD cycles using thermal drift
profile #1; annealed 30 min @ 380 °C; capped with the new a-SiNx:H before PCA.

After 1 month in thedark the sample capped with the nev®iNyx:H layer shows a lifetime
degradation of 7.8% while the sample capped with the forr8NaH shows a lifetime decrease
of 10.9%. OrFigure5.13b it is ckearly visible that the lifetime degradation is nearly constant over
the carrier density for the sample capped with the n8@Na + Z KL O i degkadhtian quickly
increases as the carrier density decrease for the sample with the former capping Fsler.
effect decrease is suspected but cannot be fit by the finite element model that we used i chapter
and chapted. Thus, hisintriguing behaviour cannot be explained at the moment.
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5.3 Conclusion

In this chapter we discussed the impact of the @aairproperties of tha-SiNx:H capping
on the passivation provided by AhbOs/a-SiNy:H stack. Finite elements simulation suggests that
the presence of positive; @ the a-SiNx:H capping decreasehe passivation level provideby
the Al,Os/a-SiNx:H stack. Two solutions were found to overcome this problem: the use of a
transparent buffer layer between #hieO; and thea-SiNx:H or the replacement of theeSiNy:H
layer by another one free of positive;.(Experimentally, the former solution (that seeths
easiest) was not conclusive due to inappropriate material properties of the buffer layer, while the
latter solution provided an exceptionally high passivation level (SR\83cm.sb).

The main key fact here is that the development of a perfect capping laydt €y is
extremely demandingegarding all its specifications. However, a lower transparency of a capping
layer containing lower ¢ran be a good trad#f between V¢ and $c and has to be numerically
modelled at the device level.






Conclusion and perspectives 115

Conclusion and perspectives

The surface passivation properties providedAbOs; grown from trimethylaluminiumand
H,O usingatomic layer depositiohave been investigated in view of their application to solar
cells processed at temperature lower than °4Q0From the results presented in this thesis, we
propose €Si surface passivation ,0; mechanisms described hereafter.

Chemical passivation: D i reduction

In chapter2 we reviewedhow Al,O;3 film properties are highly dependent on the deposition
temperature. The hydrogen content of the films is the property that is the most impacted by the
deposition temperature. However, despite a hydrogen coapetd 6%;;, the passivatiomevel
provided by a thin (€0 nm) Al,O; film after deposition on-Si is very poor ($¢ ~ 140cm.s?).

A postdeposition annealin(PDA) is required toactivatethe passivation properties. Duringsh
annealing, the dehydroxylation &l,0;3 is the main reaction that leads teSc passivation
improvement. An isolated dehydroxylation reaction involving two aluminol groups releases two
hydrogen atoms and one oxygen atom that are most of the time conmbandd,O molecule.

Neverthelessthermal desorption spectroscopy (TD8%periments (chapter) suggest a
different chemical behaviour for thd ;O3 free surface and th&l,04/c-Si interface. Indeed, 4@
molecules are steadily released by the film whenTib& furnacetemperature increases, while
H, molecules seem to be produced and trapped at-8ifAlcO; interface as they are mainly
detected when the film breaks (blisters explosionesEdifferent chemical behaviosican be
ascribed to the catalyticrgperties of tetrahedrally coordinated aluminium atoms that represent
more than 756 of the Al coordination at the8i/Al,Oz interface.

So, at the Si/Al,O; interface, the oxygen atom released by a dehydroxylation reaction is not
incorporatedhs agaseous species. It can remain in the network as an interstitial atom (explaining
thus the excess of oxygen detected at HB¥/Al,O; interface) or more likely oxidise theSi
surface (explaining Sigthickening at this interface due to a PDA). This Si@at grows between
the Al O3 film and ¢Si substrate during the PDA seems esseftiah stable passivation. Indeed,
with thermaldrift atomic layer depositionT@-ALD) process we obtained a very good chemical
passivation (R~5-10"°ev'.cm?) in asdeposited state, but this passivation is not stable against
low intensity UV illumination. Considering that during TALD the deposition temperature
never exceeaell 250°C, the good asdeposited passivation properties might be the result of
hydrogen diffusbn that passivasedangling bonds rather than the oxidation of the silicon. The
small bond energy of SH (3.03eV) compared to SD (8.24eV) results in a <Si surface
depassivation under UV illumination, similar to t8&aebletWronski effect A PDA carred out
at temperaturehigher than 350C seems a prerequisite to form the interfacial ,S4@d then
obtaina stable chemical passivation.



116 Conclusion and perspective

However, the hydrogen contribution to passivation cannatdgtectedand might make the
difference between a good and a very good passivation level.

In orderto further investigate the origiof the passivatiorstability difference between TD
ALD Al ,O; films in asdeposited state and after a PDA, electron energy lossrepeapy and
XPS have to be carried out. The UV stability evaluation of ateg®sited AlO; film grown by
TD-ALD on a ¢Si surface presenting a thin (ain) chemical Si@can also be considered.

Field effect passivation: Q  fincrease

Regarding thdield efect passivationjt mainly results from electrons trapped Ahb,O3 by
point defects that seem to be linked to oxygen (interstitials and/or vacarnciebppter 2, &
showed that injectionf electrondrom the eSi into theAl ;O3 occurs through two méanisms:

x A direct injection if the absorbed photon has energy higher than the difference
between the-&8i valence band and tig¢,05; conduction band.

X An indirect injection that results from multiple particles interactiovhen the
photogenerated carrieedsityin the first nanometrebelow the €Si surface is high
enough to induce Auger recombination.

These electron traps can be filled during the PDA due to temperature related intrinsic carrier
concentration increase or due to direct illumination of theos by the IR lamps of the furnace
After the PDA, the traps can be filled by low intensity UV illumination (direct injection
mechanish or high intensity illumination (indirect injectiomechanismwith or without UV
wavelength).

In this work, we usedhe light-induced field effect enhancemehKE,) treatment to probe
the stabilityof these trapped charges. It seems that this trapping stability is directly related to the
Al,O5/c-Si interface quality. Indeed, as show chapters 3 and 4, as soon as blistering agpear
on the sample, the trapped charges start to be released when the sample illumination is stopped.
Thanks tocoloured picosecondacoustics microscopy (APIC), we showed thathe blistering
seems to resuftom anadhesion reduction that correlates with hydrogen accumulation at the c
Si/Al O3 interface.The formation of blisters occurs thugh a nucleation/growth process linked to
both the initial hydrogen quantity and tA&,0Os film thicknessthe latterepresening a barrier to
gas diffusion. Thus we proposed to use a thermal drift during the ALD process in order to release
the hydrogen durinthe depositionj.e. when theAl O3 film thickness is not completed. An APIC
mapping allowed us to underline how much this-ADD concept provides very good interface
quality between the-8i substrate and thd ,Os film.

In chapter5, we showed that the deposition ofaa8iNx:H film that contains positive charges
on top ofAl,O3; can reduce and even cancel the field effect passivatiovided by theAl,O;
layerat the €Si surface. Finite element modelling suggésto approaches to avoid this effect: i)
the insertion of a thin (~20m) kuffer layer nearly free of charge, such as SietweenAl 0O
and a-SiNx:H ; ii) the reduction of the positive charge quantity in #8iNx:H. The latter
approach has been successfully implemented oAlgD; layer deposited by TIALD. This
Al ,Os/a-SiNx:H passivation stack reduced the surface recombination velocity dod:8 ¢on.st
and showdexceptional charge trapping stability after one month of storage in the obscurity.
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In orderto further investigatehe degradation of the-Si/Al, O3 interface @hesion,in situ
APIC measuremestduring annealing would be very interestifidhe APIC technique might be
suitable to detect passivation degradation on PERC back surface after firing. Indeed, the acoustic
wave generation requsealuminium metallisation fo the surface. For a more academic
understanding, couplinig situ APiC with in situ photoluminescence measurensambuld allow
linking directly Al,Os/c-Si adhesion quality and passivation level during annealing.

More generally, an extended study of the-ADD process would be of interesthe gas
release kinetieduring TD-ALD might have some limitatias Theimplementation of the process
RQ DQ LQGXVWULDO WRRO VXFK DV WK HowMd®Ehe Wity h@resting® /H Y L W
to assess therocesompatibility withtheindustrialdeposition throughput.

At the solar cell levelregarding the use @&l,0O3 in a passivation stack for-fgpe surfaces,
we strongly recommenteplacingthe a-SiNx:H by another migrial containing lower positive
chargedensitysuch as SIONH or AIN, or even negative charges

It can be interesting to use 8k on the P surface of am-PERT exposed to the sunlight to
ensurea daily charging bthe Al,O3 traps and so maximal surfapassivation.Then, for the
n-type back surface passivation, AkO3 layer nearly free of charges can be of interAstthis
back surface will not be exposed to UV radiation, the use 6ALD is an easy way to obtain a
very good surface passivation wotlt the high negative charge densiMoreover, as shown in
chapter5, the charges of the capping impact the effective field effect at-8iesarface. Thus,
depositing a capping that preseathigh density of positive charges on top offdgO; layer that
Is almost free of negative charges might result in an efficient passivation staak fetrype
surface.

Another interesting use of the LIFfhenomenon would be the field effect enhancement of
the ALO; deposited on the PERC back surface. Indeed, aflesurface metallisationthe back
surface receiveonly IR wavelengths. Then, an intense IR laser illumination from the front
surface of the PERC can inject electrons inQAlthrough high carrier concentration at the
Al,Os/c-Si interface.
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Résum é

Ce travail de doctorage focalise sur les propriétés passivantes octroyées par des couches
minces GTR[\GH G D @&pdide® paomic Layer DepositionfALD). Ces couches
synthétiséesa partir detrimethylaluminiumet G { HsbnX destinées awellules photovoltaiques
en silicium ayant des températures de fabrication inférieures &G4Q@ premiére étape de ce
travail a été la caractérisation approfondie des propriétés prysi€d. PLTXHYV GHVWO5R XFKH\
en fonction de leur température de dép6t. Ainsi, les différentes caractéristiques ont été
quantifiées OD YLWHVVH GH FURLVVDQFH stmét@eshept®sdepique,Ha Up I U |
masse volumique par réflexion des rayans O D VW ° F K L BhBgirvéddpi¢ldeSrBrddiffusion
de Rutherfordla teneur en hydrogéne pafihalyse du recul élastique et enfin la teneur en
carbone grace afinalyse par réactionucléaire.La teneur en hydrogéne et la densité de la
FRXFKH P LQ:Fsbht &Y fi€dx parameétres les plus sensibles a la température de dépoét. En
HITHW SOXV FHWWH GHUQLqUH DXJPHQWH SOXV OD TXDQ
volumique de & couche mince augmente. La suite de ce traigal a identifier les mécanismes
de formation des charges électrostatiques négativesH O fRQ GWHQAQWURXRHGH GIDO X|
Pour ce faire, les effet& H OfLO O XPGQ & \WL-REFRIFRNKVWHW OTpQHUJILH GHV ¢
ainsi que la température du stiat ont été étudiés&race a une quantification de la densité de
charges par caractérisatiorfpelyde de semtconducteur par décharge coronaailété montré
TXIDX PRLGW FH TXTRQQDPIPHOHPH QW OHV © xdnkéalik)déy [L[HV
charges piégéegui résulteraientGH OfLQMHFWLRQ GITpOHFWURQV GX VXE)
GIDOXPB@UXPD VXLWH QRXV DYRQV pWXGLp OfOJRIXGHFH
GIDOXPDQOQXR TXH OYLPSDFW -dggétvVsuMe pidgaabePdes) shiargeSaR V W
fortiori, sur lesperformancegassivantes qui en résuiteD X VHLQ GIXQAHK®RS&LOHPH(
SiNx:H, déposé sur disilicium cristallin de type p./HV OLHQV HQWUHof§pSDLV\
G 1D O X Pla Qualéret la durabilité de la passivation ont pu étre ét@dise fait, & meilleur
compromisqui en est ressortiV T H V WseDs¥yethpx alentourde 60 cycles ALD (~&hm)
GITR[\GH G1D pexiettapt 0@ durée de viesdeorteurs de charges minoritaires allant
MXVTXTjV

La deuxiéme partie de ce travail doctorainsiste a étudier, et mettre en évideries,
mécanismes de dégradatide la passivation/D IRUPDWLRQ GH FOFRIAGBM s OLQW
le premier mécanisme de dégradation étudié. Grace a la microscopie acopstpgeonde
colorée(APIC) OD GpJUDGDWLRQJ/CH a@tf lcapivheeORBM GH OfpSDLVVL
GHRO\{GH GIDOXPLQLXP &HWWH GpJUD&EideNe RrQddlapdddcdidhP HQ W
de b température de d¢pv  Fefdite/al augmentanalteneur en hydrogérau sein du film
GTR[\GH G 1D Des PesieX psctroscopie de désorption thermicgaggéerent que la
déstydroxylation GH OfR[\GH G PROXPH QGXPOTHDX GDQV OH YROXP
GLK\GURJqQH j Ofct@QWHYDBWH YS$IONp FDWDO\WLTXH GHV VLWH)
tétraédrique, particulieremeptésentsjy FHWWH LQWHUIDFH HVW SURSRVpH F
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la formaton de ce dihydrogéne et potentiellement responsable du cloquage observé a cette
interface. 8QH GpULYH WKHUPLTXH-AEH Q @t QtiNséd fichf ' résdudre ce
probleme de cloquagé.a été montré queIDXJPHQWDWLRQ FRQWLQHRstalGH OD \
pendant le dépptIDYRULVH OD OLEpUDWLRQ GH OfTkKkSAU®RJIQNH | SL
procédeé, particulierement adapté aux réacteurs de dép6t de type ALD spatial, a été utilisé dans un
réacteur temporel en utilisant le temps de thermaisahécessaire au porseibstrat pour

atteindre la température du réacteur de dépour 60 cycles ALD, le TEALD a permis
GIDXJPHQWHU OD GXUpH GH YLH GHVVS BbsuUpptixerle cogudg& D U J H
qui était présent pour les plémrtes teneurs en hydroger®our conclure ce travail doctoral,al

été mis en évidencgar simulation numérigyeO fDIIDLEOLVVHPHQW GH OD SDV
champ résultant des charges positives dans la couche de pro¢ectibrure de silicium amohe
hydrogéné&SiNx:H) /HV S UR S U{SpNyHb aht Etélexpéritnentalement optimisggrace

j XQH DSSURFKH SDU deQype)BBEAKkem EHHQEeBQ GITH[SpULHQFH
possible la modélisation des paramétres physiques, chimiqudsceiques des couches de a

SiNx:H en fonction des parameétres du dépbt chimique en phase vapeur assisté parUdasma.
nouvelle couche minc& T H Q F D S G XHINR:- MW doRénant 506 de charges fixes positives en
PRLQV D SHUPLV G 1R EWld<brteurs@dichargds ¢l 38 SYRHU F\FOHV
TD-$i/' F {4+8re/une vitesse de recombinaison de surface exceptiomegitbasse de 0,8

cm.s.
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