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Abstract

NPERT(n-type passivated emitter, rear totally diffusealpr cells are gaining more in more interest as

a possible next step for the photovoltaic industry. However, boron diffusion from &Bnmonly

used for the formation of thetgpe layer, is known to beot as simple and beneficial as phosphorus
diffusion, the latter allowing an efficient impurities gettering. This doctoral work aims to assess the
possibility of replacing diffusion by lostemperature (26300°C) epitaxy using plasma enhanced
chemical vapr deposition (PECVD) to form the boron emitter iRERT solar cells. This process,
using widespread equipment in the PV industry, would allow to simplify and shorten the process flow
by suppressing several process steps: BSG (borosilicate glass) foraradioemoval, drivén and

BRL (boronrich layer) renoval. Also, it limits the risks of oxygen precipitates formation in the wafer
and the risk of diffusiofinduced dislocations by reducing the thermal budget applied to wafers.
Moreover, a precise controf the doping profile is therefore possible duehe bow temperature
process. The use of a $iH/Ar gas mixtures combined to the good control of plasma parameters
allows to obtain excellent structural properties of intrinsic and doped epitaxial layers and a very
smooth interface between the substraidthe epitaxial layers.

The first part of thisnanuscript concerns the optimization of the process conditions to achieve high
guality epitaxy and the identification of epitaxy breakdown causes. The quality of the epitaxy has been
assessed via the strucl properties measured by ellipsometry, Ramamctspscopy, Xay
diffraction and transmission electron microscopy. The full dépletion, measured by mass
spectrometry, and a PH[SiFs gas flow ratio under 1/3 have been identified to be a decisive
paraneter to perform epitaxy. As a result, intringpilayers with a 100 % crystalline fraction
deduced from ellipsometry measurements and Raman spectroscopy have been achieved. Raman
spectroscopy measurements remarkably indicate that the FWHM and peagnposft transverse

optical mode for intrinsic edayers are identical to those of é&twafer. In the second part of the
chapter, the epitaxy breakdown mechanisms have been investigated. Interestingly, TEM analyses and
pole figures have shown that twingiwas responsible of epitaxy breakdown in cdsexoessive RF

power or incomplete Hlepletion. However, the epitaxy breakdown caused by an excessive RF power
can be distinguished by the presence of <111> oriented grains in the direction of growth.

Thenwe focused on the growth mechanisms involveadwmtemperature epitaxy by PECVD. A good
correlation between in situ ellipsometry measurements and TEM characterization in the early stages of
growth has been demonstrated, highlighting a Vol#eber growthmode on the initial stages of
growth. Energyfilt ered transmission electron microscopy has been used on carbon covered TEM grids
previously exposed to the plasma to investigate the role of nanoparticles, radicals and ions precursors
involved in epitaxial gowth. A comparative study highlighting differesg in  morphology,
crystallinity and size distribution of nanoparticles depending on the stages of growth has been shown.
Although it is difficult as yet to draw general conclusions about the role of eaglrgoe given the
complex environment, this stugyovides a first step for their identification.

The third part of the manuscript deals with the transfer and-aspatd process conditions from an
academic research PECVD reactor to apl@t line tool alowing the deposition on 6 inches wafers.
Above all, this allowed to confirm the good parameterization of the process window through the H
depletion measurements. Inhomogeneity and growth rate issues have been tackled by fluid dynamics



simulations resting in the design of a new shower head. Thenréselts for borordoped low
temperature epitaxy are described. By adding diborane to the gas mixture and optimizing the process
conditions we have been able to manufacture bodoped epiayers with highquality structural
properties. As a result, boraloped epiayers grown at 300°C with an-deposited hole concentration

of 4.10° cm® and a doping efficiency up to 70 % have been achieved. The growth rate in these
conditions reached 1.1 A/s, keepingaavImosaicity and a low variation of the latticarameter.

Finally, the passivation of intrinsic and doped epitaxial layers has been investigated with both
hydrogenated amorphous silicon-§aH) and aluminum oxide (AlQ, respectively deposited by
PECVD ad atomic layer deposition (ALD). In spite of etlent structural properties, we encountered

a lot of difficulties to achieve decent minority carriers lifetime. We finally succeeded to reach lifetimes
XS WR V IRU D QP WKL FaedLvixiW10 Ln@ \ot. RIQOthHe&Ep&DtY VL Y
passivaed bororGRSHG OD\HUV WKH OLIHWLPH GURSSHG WR
characterizations need to be done to identify the recombination causes but the excellent structural
properties achievable beld®00°C are already promising results for thedtsmperature formation of
epitaxial emitter in nPERT solar cells.



Résumeé

Les cellules en silicium cristallin, en particulier celles intégrant la structugSAKl Aluminum back

surface field, dominent le marché des technologies photowqpltad depuis de nombreuses années.

6LO HVW FODLU T X hassiizatad\nitieF naeK tdbhtad@é\beladra le nouveau standard

GDQV OHV SURFKDLQHYV DQQpHV EHD XEBRNIBgIEJUL ipantrdigrelsisX GH S H
afin de poursuike la course au rendement et a la baisse des colts de production. La structure PERT
(passivated emitter rear totaly diffusedHVW XQ FDQGLGDW VpULHX[ SXLVTX{HO
rendement tout en restacompatible avec les approches bifaciales,ee¢mt intégrant seulement une

couche dopée de tygedans une architecture PERC. Alors que la formation de la couche fortement

dopée de typa par diffusion POGEHVW WUQqV ELHQ PDLW Ughéfigue pGDIQ SEI@ LQ G XV V
GX IDLW G@etterd§ H Fbihlion de la couche de typepar diffusion a partir de BBruant a

HOOH SUpVHQWH TXHOTXHV GLIILFXOWpV GH IDEULFDWLRQ /H
couche excessivement riebn bore BRL) et une optimisation difficd du profil de dopage constituent
SOXVLHXUV IUHLQV TXL OLPLWHQW VRQ GpYHORSSHPHQW LQGXV
cette couche de tygecommencent a émerger.

Cette thése de doctorat post¥ U OTpWXGH GH OD FUs$¢ viztbrd (¢ DW)pat DOH j
dépdt chimique en phase vapeur assisté par plasma pour la formation des couches dopées dans les
cellules solaires en silicium cristallin. En patrticulier, elle évalue le potentigdttketechnique pour la

formation de la couwe de typep | SDUWLU G T XgHFAFdahsPUnkl céllulip-PERT. Cette

approche permet de bénéficier du large déploiement des équipements de PECVD déja présents dans
OTLQGXVWULH SRXU didilnG ptiSsEWortnie cQuckie degassivatiet antireflet.

/ID SUHPLqUH SDUWLH GH FH PDQXVFULW FRQFHUQH OYLGHQWLIL
pour réaliser des couches épitaxiées non relaxées avec une interface epi/wafer de bisdnBayral

cela, les couches ont été carastgs par ellipsométrie, spectroscopie Raman, diffraction de rayons X

et microscopie électronique en transmission (MET). Ainsi, des couches épitaxiées avec une
cristallinité de 100%, mesurée par ellipsométriespetictroscopie Raman, ont pu étre réalis€ase
DWWHQWLRQ SDUWLFXOLqUH D pWp SRUWpPpH j OTDEVHQFH GH
conditions nécessaires sur les conditions de croissance ont été identifiees, comme la déplétion
complete de fiydrogéne moléculaire ¢) un ratio de débde gaz [H]/[SiF4] inférieur a1/3 et une

dépendance entre la puissance RF et la pression de travail. Comme en ont déduit les résultats de
diffraction de rayons X, une pression de travail plus élevée permaetugmentation de la puissance

RF en conseant une qualité structurale similaire. Ensuite, une étude sur les mécanismes de perte

G 1 p S L ¥piiaky breakdownest présentée. La caractérisation des films par MET et figures de podles

a montré que la formath de macles au cours de la croissance &1dtVSRQVDEOH GH OD SHUWV
lorsque la puissance RF dépassait un certain seuil (2 une pression donnée) ou que la condition de
GpSOpWLRQ FRMPYIUW GPV UHVSHFWpH &HISIHRIEDWMW GO pYLE B XI
GLVWLQJX Heulfiors @ grain§ Bientes <111> dans la direction de croissance dans le premier
FDV DORUV TXfLOV QYDSSDUDLVVHQW SDV @DQV OD FRQGLWLRC

La seconde partie concerne les mécanismes lBLVVDQFH SDU OfpWX GlhhitRlBRP SDUD W L
GH FURLVVDQFH SDU 0(7 HW HOOLSVRPpWULH /YfDQDO\VH D SHUF
Volmer:HEHU HQ REVHUYDQW XQH FURLVVDQFH V\VWpPDWLTXH GTL



initiales de croissance. Méme silaque Q UHVWH RXYHUWH QRXV DYRQV WHQW,|
LPSOLTXpY GDQV FHWWH FURLVVDQFH $ OYDLGH GH JULOOHV G&t
par MET filtrée en énergie, la variation dedistribution et de la morphologie des oparticules de

VLOLFLXP SUpVHQWHYV GDQV OH SODVPD HQ IRQFWLRQ GHV pWD
encore difficile de tirer des conclusions directes quant au rble des nanoparticules, radoausans

leur contribution au dép6t et b GIDXWUHV UHFKHUFKHY SOXV DSSURIRQGLI
pPWXGH IRXUQLW XQH SUHPLqUH pWDSH GDQV OfLGHQWLILFDWLR

Le manuscrit développe dans un troisieme temps les étapesndtett et descaleup du procédé a

partr GTXQ UpDFWHXU GH UHFKHUFKH Y H plotexXpermepicdtHa\cidiXddn@(& 9' G H
VXU GHV ZDIHUV SRXFHV /HV SUREOQPHV GTKRPRJIJpQpLWpP HW (
OH GHYVLdoveldinjeztibn de gaz basé surdes sibMVLRQV GIpFRXOHPHQW 69YHQ
développement des couches dopées. Ainsi, des couches épitaxiées dopées bore avec un dopage de type
pde 4.16°cm® HW XQH HIILFDFLWp GH GRS REiabriduéey  ¥efiiement RDW. DLQV L
La vitesse d croissance dans ces conditions atteint 1.1 A/s, soit 15 fois plus rapide que les premiers
résultats obtenus, et ce en maintenant une faible mosaicité et variation du paramétre de maille dans les
couches. Enfinla passivation des couches épitaxiées apf# XGLpH HW PDOJUp GTH[FHOO
structurales, les propriétés électrigues du matériau ne sont pas encore adaptées a une utilisation dans
une cellule & haut rendement. Néanmoins, un temps de vie desl®@té mesuré sur des couches
intrinséquesG H QP GYpSDLVVHXU SDVVLYpHV DYHF QP GTR[\GH GT
TXH OH WHPSV GH YLH UHVWH HQ GHVVRXV GHV —V GDQV OH
un effort particulier ddirwWUH SRUWp VXU O9L Qe eerhbihdrsony darOlessdduchésD XV H YV
épitaxiées a basse température par PECVD.
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Raman peak of-8i around 520 cmhc) Zoom in the spectra at a Raman shift around 500 cm

highlighting the RUMP At 497 CHL.........oiiiiiie ettt e eeetee e enveeeeeaa 77

Fig.

2.55 tEvolution of the FWHM of TO mode of-8i as a function of RF power at#¥l sccm. All these

samples have been grown under conditions of full dépletion. Thegas flow rates are

SiFa/H2/Ar=3.6/1/88 sccm and the pressureix@fl at 3 TOrr............oovvvviiiiiiiiicceeiiciee e, 78

Fig.

2.56 +Raman spectra for efayers grown for dferent b flow rates and at a fixed RF power of 15 W.

The FWHM values have been extracted after fitting by Lorentz functions. The spectrum in

red

corresponds to a layer grown with depletion at the transition, therefore under conditions.C...79

Fig.

2.57 £tRaman spectrum around TO modes 8idd and eSi for epilayers grown a5 W with a H

flow rate of 3 sccm (condition D). The FWHM wvas have been extracted after fitting by al

Lorentz functions for the-8i contribution and a Gauss function for th8iaH contribution............. 79

Fig.

2.58 tRaman spectra in the-8li, stretching mode region obtained from -égjers grown at different

RF power values. Peals 2000 and 2100 cicorrespond to stretching modes oftBand SiH;

DONAS TESPECHIVEIY.......eeiiiiiii i e et eeeea s 80

Fig.

2.59 +Deconvolution with Gaussians of-Hi and SiH, stretching modes for a RF power of 20 W

(PREZ2T0 MW/CTI). ...tttk ettt ettt 81

Fig.

2.60 tRaman spectra centered around 2006 funthe observation of stretching modes ofHgibonds

obtained from eplayers grown for different kflow rates at a RF power of 15.W..............c......... 82

Fig.

2.61 +ta) Raman spectra centered around 2000fomthe observation of stretching modes ot&iand

b) around 2450 crhin layers grown at 15 W with 3 ScCm 0bH......c.ooovviieviiiiieiceeee e 83




Fig.

3.1 £Representation of primary modes of thin film deposition: a) VolWWeber or island gmth

mode, b) Frankvan der Merwe or laydoy-layer growth mode and c) Strandkiastanov or layer

plusisiand growth MOAE [2]........uuuuiriiiiiiiiiiiicceciie ettt e e a e e e e e 90

Fig.

3.2 +STM images of Fe layers (white) on Fe(001) (black) deposited by MBE and their correspon

ing

RHEED beam intensity measurements for different sample temperatures: a) 20°, b) 180°C a

nd c)

250°C [3]. The contrast depends on the filntkiness: light regionare thicker than the dark ones.

In ¢) Major changes in grey level indicate a monoatomic step. The STM images have been

ken

after 5 RHEED oscillations, represented by the black arrow in the RHEED.plats.................... 91

Fig.

3.3 #In situ evolution of the imaginary part of the pseutielectric function at 3, 3.4 and 4.2 eV as a

function of time during the initial phases of growth. The plasma is igaité€0s. Points A, B and

C, corresponding to growth time of 12, 90 and 240 s respégtikepresent specific stages of

growth. The growth has been performed in Cluster. The SiFand Ar flow rate are respectively

20, 3 and 300 sccm. The intelectroa distance and pressure are fixed at 20 mm and 2.5 To

r

The RF power is 40 W (180 mW/&mnthe substrate and RF electrode temperature are both fix

bd

at 200°C. The deposition rate is 0.2 A/s. The ellipsometer used fantkiti measurement is a

LTAYaTo] | F= T g1 10O 93

Fig.

3.4 +Simulated evolution of the imaginary part of the psedidectric function at a) 4.2 eV, 3.4 eV

and b) 3 eV as a fiction of roughness fom mix composed of 50% of®8i and 50% of void at

f& 7KH YHUWLFDO DUURZV FRUUHVSRZ2G=WR @WBKIE&N)RD|

L PXP YDU

D Q Bel)=+1.8 measured kg situ ellipsometry in the initial stages of growth dswn in

Fig. 3.3. The raghness values deduced from these drops do not match...............c..ccecceeennn 94

Fig.

3.5 +a) Simulated evolution of the imaginary paftloe pseudalielectric function at 4.2, 3.4 and 3 eV

for different substrate temperature. b) Simulated evolutibthe imaginary part of the pseudo

dielectric function at 4.2, 3.4 and 3 eV for different thickness of a-Bolgyer deposited on aSi

SUEVWUDWH DW  [i@2eQ=VWREBM=10D. ..o 95

Fig.

3.6 [Raman cross section measurement performed on a 4 um epdaxiple grown by PECVD from

SiH4/H> gas mixture [ In a) is represented the FWHM of the TO mode &icand b) its

position. The surface is positioned at 2 um. The measurements have been performed on two

areas

on the sample (spots 1 and 2). ¢) SIMS peofif a 4 um thick epitaxial sample grown on*a p

wafer by PECVD from SiklH, gas mixture and d) topography and surface potential mapping of

solar cell with a 5 um thick epitaxial absorber grown or*ayafer by PECVD from SikiH» gas

mixture [10]. Themeasurements are carried out by KPFM under freggimodulated voltage bias

for different frequencies. The analyzed region is the same for each frequency...................... 96

Fig.

3.7 tHR-TEM images of the surface in cross section for initial stages of epitaxial growth on Si(1

substrates after an HF dip of 30 s. A, B and C images correspond to three different growth t

represented by #ir respectivgooint in the ellipsometry curve in Fig. 3.3. Process conditions a

detailed in Fig. 3.3. Images: courtesy of F. Haddad................ccovveeeiiiiiie 98,

Fig.

3.8xEvolXWLRQ RYHU WLPH RI HOOLSVRPHWU\ VLIJQDO 0 2%

eV) before and during initial stages of epitaxial growth by VPE at T°C=850°G/(&ildhemistry

and p=0.11 Torr) for a) RCA cleaning and b) UV ozone cleaning it epitaxy [11]. The

EHILQQLQJ RI JURZWK LV UHSUHVHQVHH®E\ B EQDE&EN D

samples with epitaxy after RCA cleaning (AR) and after UV ozone cleaningdd)y15]............. 10

Fig.

3.9 +a) Evolution of the imaginary part of the psetdielectric function at 4.2 eV {4.2eV)) as a

function of time for two epitaxial growths performed on the same sample. b) Zoom in the ini

stages bgrowth for the first epitaxy and c) the second epPitaxy..............ceeeveiiieeeuvereeeeeeeeeenenn. 10

Fig.

3.10 +a) Carbon map, b) silicon map and ¢) map combining contribution of both carbon (in green)

DO)
mes
e

QP F
ILRAD RG
ial
and

silicon (in red) obtained by EFTEM at the stage of maximum roughness orSih&ubstrate [1].

In a) andb) the higher intensity areas correspond to the areastméthigher concentration of the

ANAIYZEA ElEMENT. . ...ttt 10

Fig.

3.11 +TEM and HRTEM images obtained on TEM copper grids with carbon membrane for stages

AI

B and C. Bottom images are zoomed in the top images. These depositibEMayrids have been

carried out in the same respective run as thoseSiraad analyzed by HREM (Fig. 3.7) ........... 10




Fig.

4.1 +a) H depletion and the relatedldonsumption as a function ofilow rate for a substrate holder

temperature (du) of 200°C and a RF electrode temperaturgs(Df 100°C and 200°C. The SiF

and Ar flow rates are fixed at 20 and 300 sccm, respectively.-éhetrode distance, pressure and

RF power are respectively fixed at 20 mm, 2.5 Torr and 40 W. b) Evolution of #ragev

deposition rate of-&i:H on glass, for process conditions leading to &pitan a €Si substrate, as

a function of the inteelectrode distance. The;lflow rate is fixed at 3 sccm, the rest of process

conditions are the same as those USed fAI.8)............ccuuviiiiiarciiiiiiiiiie e 10

Fig.

4.2 *a) Average crystalline, polycrystalline, b) amorphous and void fractions d&ysis deduced

from the modelling of ellipsmetric spectra fodifferent H flow rates, varied from 3 to 25 sccm.

The Sik and Ar flow rates are fixed at 20 and 300 sccm, respectively. Theeleigtrode distance

is 20 mm and the pressure 2.5 Torr. The RF power iS 40. M ............cooiiuiiieeerieeiiiiiiiiieeeeee 10

Fig.

4.3 +Pseudedielectric function of epitaxial films deposited at different substrate temperatures. T

temperature of the RF electrode is fixed at 200°C. RRegower is fixed at 40 W (180 mW/ém

and the Sik; Hy and Ar flow rates are fixed at 20, 3 and 300 sccm respectively.................... 11

Fig.

4.4 +a) Modeled evolution of the imaginary part of the pset @A HOHFWULF | Xi@&W aRaQ

DW H9 C

function of epilayer thickness for diffrent film compositions. b) Experimental results of the

P R QLW R Y3eQ))diRihglepitaxial growth. For this ThéFgH. and Ar flow rates are fixed to

20, 3 and 300 sccm respectively. The RF power is 40 W and the pressure 2.5 Torr. Fhe i

nter

EleCtrOdEdISTANCE 1S 20 MM....itiiiiiee et e e et e et e et e e e s eeemt e eeaa e saase st sesbmneressnnseeen 11

Fig.

4.5 fIlmaginary part of the pseudtielectricfunction of epitaxial films grown with different RHlow

UDWH 7KH PHDVXUHPHQWY KDYH EHHQ SHUIRU Pstis@ilubed/ V)

KH FHQW

in Hy at a concentrationf 0.1 %. The deposition time is 600s except for the sample at 3 Tq

Fig.

4.6 +a) Evolution of the crystalline and polycrgliine fraction (k and k) and b) evolution othe

amorphous and void fraction {Bnd R.iqg) deduced from ellipsometry measurements as function

of PH; flow rate. The amplitude of error bars is the standard deviation of 5 measurements don

e on

aquarterd D 7 ZDLH. Ui 11

Fig.

4.7 +a) Imaginary part of the pseudiielectric function measured at 5 points on a quarter of az4D | H

y

for a film deposited at 60 W and 3 Torr. Each curve is labelled with symbols corresponding to

the

DUHD UHSUHVHQWHG RQ WKH TXDUWHU RI ZDIHU 7KH V

KHHW UH\

region Where FFFp>00%0.........coiuiiiiiii e 11

Fig.

4.8 tPRTOFMS measurement performed on a phosphorus doped layer withfeoWHate of 3 scm

F= LA T o 4 = 1o O I 11

Fig.

4.9 +a) Average pseuddielectric function of boromloped epiayers obtained for different Bls flow

rates from 0 to 3 sccm. b) Zoom on the Van Hove singula&ti@s4 and 4.2 eV. EhRF power is

40W and the pressure is 2.5 Torr. SiRd Ar flow rates are respectively 20 and 300 sccm......11

Fig.

4.10 +a) Evolution of cystalline (k) and polycrystalline (§ fractions deduced from ellipsometry

spectra as functions of;Bs flow rate. The RF power is 40 W and the pressure is 2.5 Torr. TH

error bar corresponds to the standard deviation calculated from 5 measuremenqisaderaof a

" ZDIHU 1 RYFH10U 8Dviatdver theBls flow rate. b) Difference EE; as a function of

the BHs flow rate where Eand k are the first (3.4 eV) anthe second (4.2 eV) Van Hove

SINQUIANTHIES FESPECHVEIY.....eeeeeieiieiieie e eeeee et e e e e e e e e e e e e e e aseneeeeeeeaesenennan 11

Fig.

4.11 +a) Evolution of the position of the Van Hove singularities as functionstd§ flow rate at a) 3.4

eV and b) 4.2 eV. All spectra have ben normalize..................oovvvvieri i, 11

Fig.

4.12 +a) PRTOFMS measurement performed on a highly bedoped epiayer for a diborane flow

rate of 3 sccm. The IBR of bandfor the reference silicon wafer with a boron concentration o

f

2.10° cm® is represented in green (IRR1.10%. Note that the IBR of oxygen is almost constant

indicating that it corresponds to thackground signal from the system. The RF power i$\40

and the pressure is 2.5 Torr. §iB,Hs and Ar flow rates are respectively 20, 3 and 300 sccm. Th

Ho comes with the Bs AilUted @t 0.990.........oieeeiieee ettt e e e ee e e e e e e e e anaas 11

Fig.

4.13 +ta) HRTEM image of a 50 nm thick boresoped epiayer grown with a 3 sccm diborane flow

rate leading to a holeoncentration of a few #®cm® b) Diffraction pattern of the boredoped

epklayer, which is identical to that of the straée shown in c). This demonstrates that the film ig




in perfect epitaxial relationship with the substrate. The RF power is 40 BVnf¥8.cm?) and the

pressure is 2.5 Torr. SiFB;Hs and Ar flow rates are respectively 20, 3 and 300 sccm

Fig.

4.14 +a) HRTEM image of the interface between a highly bedmped layer §>10*cm?) and the

substrate, a Si(100) WaTEE..........cooiiiiieiccieeee e e e s e ee s s e e e e e eeanrnnrr e rrraeees

Fig.

415+D ;5' PHDVXUHPHQW LQ &

FRQILJXUDWLWafer, IHgbly boron SODQHV R

doped epiayers p >10°cm?) and a layer after éjaxy breakdown. b) Rocking curve of a bare ¢

Si wafer and of highly boredoped epiayers for (400) planes. FWHM values are equivalen

showing a low mosaicity in the efdyers. The number of counts has been normalized for eve

Y

scan. The small peak a4.80°is an artefact due to the detectar...............ccocceeeen i 12

Fig.

4.16 +a) Influence of the boron concentration on the batoped crystal latticparaneter a. Data are

extracted from Horn, 1955 [15] and Celotti, 1974 [16]. A linear behavior is observed up to

concentration of 2.2610°° cm® [16]. The blue arrows represent the instrumental limit of the

diffractometer used for our experimentscdrrespond to a shift of 1.19A with respect to the

lattice parameter measured in lowly doped Si wafers for both references. The green arrows

show

the corresponding B concentration measurable with our diffractometer, aboY&cg®0............. 122

Fig.

417+D 9DULDWLRQ RI WKH GRSLQJ FRQFHQW.UDWLR.Q.RYHU28

TXDUWH!

Fig.

4.18 +3D design of the PECVD chamber (PL8 on the Cluster tool) and the resulting gas velo,

ty

streamlines for the existing shower head with 24 nozzles..............cccuvvveeeiiiiiiiiiici i 12

Fig.

4.19 +Cross section of the modeled PECVD chamber (PL8 on the Cluster tdothemesulting gas

velocity streamlines for the initial shower head (24 NOZzZIES)............cccoviiiiieeiiiiiiiiiiiiiiee e

Fig.

4.20 £Gas velocity isovalues at the surface of the substrate ((XY) plane 2 cm above the shower

ead)

for various nozzles density at 2.5 Torr am2dm

Fig.

4.21 +Velocity vectors profile in cross section of the shower head for different nozzle densities...126

Fig.

4.22 +Evolution of the radial velocity as a function of the distance from the center of the shower 124

Fig.

4.23 +a) Evolution of the deposition rate and b) the crystabing polycrystalline fraction as a function

of substrate temperature. The in&dectrode distance is 20 mnhet pressure 2.5 Torr, the RF

power 40 W and SHH/Ar=50/4/500 SCCM..........ccoiiuriiiiiiiiitieiiiiiiee et 12

Fig.

4.24 +a) Crystalline fraction (§ mapping and b) roughne§R) mapping deduced from ellipsometry

measurements. Data points are representedldigk dots (48 points). The crystalline fraction

varies from 99% to 100% indicating the excellent homogeneity obtained in these condition

5 of

growth, namely a pressure ofTarr, an interelectrode distance of 30 mm, a RF power of 70 W

(311 mWi/cm) leadingto a \p of 56 V, Sik, H, and Ar flow rates of 50, 4 and 500 sccm

LTS 0= o 1LY/ R 12

Fig.

425+([SHULPHQWDO GDWD Hayes gtown af B RRpaviRoTHGW (311 mWipand

2 Torr and result of simulation for a 216 nAStH layer with a variation of lattice parameter in

the direction of gravth [001] with respect to that of the substrate (dc/c) of 0.048%. Pendellsu

9

fringes indicate the spatial coherency of thellaper and allow to determine its thickness. This

leads to a deposition rate of 1.2 A/s for these CoNditiaNS.................coeveeeereeeereeeeeeeeeenrne

Fig.

4.26 +Thickness mapping deduced from ellipsometry measurements. Data points are represent

bd by

black dots (48 points). The thickness of thelaper varies from 2090 A to 3150 A, for an average

thickness of 2610 A with a standard deviation of 330 A. This leads to an average deposition

rate

around 1.5 A/s. Process conditions of growth are detail&igind.24. Note that the area with low

thicknessoughly matches with the position of the main gas entry, i.e. upstream the shower

d.

Fig.

4.27 +Mapping of k and R for differenB;Hs flow rates under a pressuof 2 Torr and a RF power of

70 W. Data points are represented by black dots. No amorphous phase has besrdrimetimse

K2 10 1] 0] [ PP

Fig.

4.28 +Mapping of k and R for different BHe flow rates under a pressure of 2 Torr and a RF power gf

70 W. Data points are represented by black dots. No amorphous phase has been measured i

n these

L= 1001 0] L= P

Fig.

4.29 +a) Evolution of Eand R as a function of-Bls flow rate. b) Evolution of the depositionteaas a

function of BHes flow rate. Error bas are the standard deviation calculated from the 4

measurement points represented on the ellipsometry mappings.above...............cccccceeiienneee. 13




Fig.

4.30 +a) Sheet resistance {R¢), crystalline fraction (fj and roughness (R) mappings for-&pjers

grown under a pressure of 2 Torr, at 50 W (a),cgey) 60 W (b),d),)). The Bls flow rate is

fixed to 2 sccm. Fand R are deduced from ellipsometry measurgmeData points are

represented by black dots (48 points). The black circles in b),d) and f) represent the regiq

nin

which the SIMS and ECV analys&ave been carried out. No amorphous phase has been meas

ired

in these samples. TheWare measured ors@eposited l1ayersS.......ccccccvvveeeeeiiiiiiccceveeeeeeeeee e, 13

Fig.

4.31 +a) Sheet resistance {l&), crystalline fraction (f and roughness (R) mappings for-&pjers

grown under a pressure of 2 Torr, at 70 W (a),c),e)) and 90 W (b),d),f)). THefBw rate is

fixed to 2 sccm. Fand R are deduced from ellipsometry measurements. Data points

are

represented by black dots (48 points). No amorphous phase has been meathass samples.

The Rheerare measured on-@@posited [aYers...........c.uvviiiiiiiiiiieeeiic e 13

Fig.

432+ & VFDQV SHUIRayePsHIBWR @ HTHir undeifibrent conditons of RF power,

namely 50 W (220 mW/c, 60 W (266 mW/crf), 70 W (311 mW/cr and 90 W (400

mW/cn?). The growth conditions are ShownTable 4.............ocoveeeveeiviiiceee e 13

Fig.

433+ ([SHULPHQWDO GDWD RI D & -laye/Sgoo@n StralRIRpower & 7B (315

mW/cn¥) and 2 Torr and result of simulation for éStH layer of 145 nm witha variation of

lattice parameter in the directioof growth [001] dc/c of 087% with respect to that of the

substrate. Pendellésung fringes show the spatial coherency of ilagepand allow to determine

(LS T [02 SCLST TS 13

Fig.

4.34 +Evolution of the FWHM and the variation of lattice parameter in growth direction [00

measired by XRD for eplayers grown under different conditions of RF power. Up to 60 W th

1%

FWHM and the lattice pameter are the same as thaasured on a FZ wafer........................... 13

Fig.

435+5RFNLQJ FXUYHV & VFD(ayers§tawhl & D Par @ndeiiiferidr tonditions of

RF power, namely 50 W (220 mW/ciin 60 W (266 mW/crf), 70 W (311 mW/cr) and 90 W

(400 mW/cmd). The detail of conditions is shownT@ble 4..............ccoeeeiiivicccerie e, 13

Fig.

4.36 +a) SIMS profile and b) ECV profile obtained ondeposited eplayers grown at 60 W under a

pressure of 2 Torr, an intetectrode distance of 30 mm and Sik/Ar/B,Hs=50/2/500/2 sccm.

The dePOSItION FALE ISILA/S......ccveiveieieieeeieeecteeeeteesteeeteeteeeeetsesseeeseesreesteesbessteeteessenneseesresns 13

Fig.

4.37 +Rsheetmappings for eplayers grown at 3 Torr and a RF pewof a) 50 W and b) 90 W.cF

mappings deduced from gsometry measurements (48imts) for ¢) 50 W and d) 90 W.

Roughness mappings deduced from ellipsometry measurements (48 points) for €) 50 W and

f) 90

W. No amorphous phase has been measured on sheggles. The fR.ecare measured on -as

(o= oTo LS T I = 1Y £ PP 14

Fig.

438+ & VFDQV SHUIR&yersigovilh @t 81 Bdr under different conditions of RF power

namely 50 W (220 mW/cfand 90 W (400 mW/ch). The detailof conditions is shown iTable

Fig.

439x5RFNLQJ FXUYHV & VFD@ayers§tawhl & B Pdi @ndediffé@nt caimhs of

RF power, namely 50 W (22W/cn¥) and 90 W (400 mW/cA). The detail of conditions is

shown ifmable 5 Two scans have been performed on the samples grown at 50 W, one in the

ow

Rsheet UHIJLRQ 8§ DQG DQRWKHULR® WKH..KLIK.5............... 14

Fig.

4.40 £Phi scan (azimuth angle variation) in-&RD at Bragg angle for the Si(111) diffraction. The

blue curve corresponds the low Rneetregion and the red curve to the highnd2 region in

MAPPINGS 1N FIQ. 4.38)...ciiiieeiiiiiiie e eeeee ettt er e e e e e e e e e e eeeeetneneeeeeeesanennanns 14

Fig.

4.41 £Phi scan (azimuth angle vation) in GFXRD at Bragg angle for the SR20) diffraction. The

blue curve corresponds toetHow Ryeetregion and the red curve to the highnda region in

MAPPINGS 1N FIG. 4.3B) .o 14

Fig.

4.42 +Cross section surfagetental mapping obtained by KPFM for different frequencies of electricg

bias obtained on low JRetregion. A layer is recognizable between 2.5 and 3 um by its lowq

=

surface potential than that of the substrate. The deposition time is 3600.S................cccceernnen 14

Fig.

4.43 +a) SIMS profile b) ECV profile performed ithe low Rneetregion.c) ECV profile obtained on

the same layer after an annealing at 350°@ndul0 min. The deposition time is 1800 s. The

electrolyte used for ECV is composed of HCl at 0.5 mole/L angH¥#-ht 0.1 mole/L.................. 14




Fig.

4.44 £+ TEM image of the first 500 nm at the top of a sample for the lawedRegion (process

conditions: CR60803B ifiable §. The black spot correspondsttee damaged area induced by the

energetic electron used for the HIEM in this region of the saple...................cccocceevicceninnnn. 14

Fig.

4.45 +TEM image zoomed inhe surface for the low &etregion (process conditions: CR60803B in

Table 5. A few nm high $lands are observed everywhere on theaserbf the analyzed sample|L4

Fig.

4.46 +HR-TEM image at the surface dlie low Rneetregion showing that the islands are perfectly

monocrystalline. The height of islands at the surface of the sample varies from 5 to..10.nm.14

Fig.

4.47 +a) Layers grown in Cluster on Si(111) substrates for substrate temperatures varying from 2

D0°C

to 300°C. Process conditions argrP40 W, p=2.5 Torrd=20 mm,SiFs/H,/Ar=20/3/300 sccm,

Trr=200°C. The growth time isS 1800S. ........cciiiiiiiiiiieeer et eeeeaeebee e eeeeeeeeeeaeeas 15

Fig.

4.48 +a) Layers grown in Cluster on Si(111) substrdtesvarious H flow rate, pressure, RF power

and deposition time. The substrate temperatufixésl at 300°C Process conditions: d=20 mm,

SiF4/Ho/Ar=20/x/300 sccm, g=200°C. For black, red and blue curves the growth time is 1800

and 7200S fOr the OF8B ONE..........ccceeeiiii it eee s e e et aeeesannnnes 15

Fig.

4.49 +a) Layers grown in Cluster on Si(111) substrates at 300°C with 3 sccmHaf Brocess

conditions are: =60 W, p=3 Torr, d=20 mm, SifH-/Ar/B;Hs=50/0/500/3sccm, k=200°C.

The growth time IS 14400S. ... ..cccceeeeeeeeeee e et e e e e ettt eeee e e e e et et e et e s e e e amanaanaaeaeeaas 15

Fig.

4.50 £ PGCcalibrated B imaging of an eplayer grown at a) 2 Torr and b) 3 Torr. The process

conditions are: SiffH,/Ar=50/4/500 sccmd=30 mm, B=50 W, T4Trr=300/200°C. Substrates

XVHG DUH GRXEOH VLGH PLUURU SROLVKHG LQWULQUWLF

AlO, deposited 8200°C and annealed at 350°C for 5 min. The lifetime is measured at an injec

on

LEVEL DN, L0 OIS, oo e e e e e e e ettt et aamannnnn e nnnenneneeeees 15

Fig.

4.51 +QSSPC measuremesiperformed at the center of intrinsic 4gyers grown at 2 and 3 Torr. The

inset shows a zoorat Dn=13° cm®. The lifetime is measured on a 3 cm diameter disk. Thes

QSSPC measurements are performed with the BT Imaging tool, as a result th€ @SS

measirement is performed at one single wavelength................oovviiiiicicie e 15

Fig.

4.52 +Photoconductaneealibrated photoluminescence imaging of a) as depositddbarannealed

VDPSOHV JURZQ RQ  6igpeSimfarL Mtk daBditionsQCR60803B and doubide

passivatd with 20 nm of AlQ deposited at 250°C. The pa#position annealing is carried out at

380°C AUMNNG 20 IMIN.ciiiiiiiiiiiii ettt eeat ettt e e e ettt e eeameee e s abbreeaaeeaane 15

Fig.

4.53 +QSSPC measurements obtained on layers grown with conditions CR60803B and-sideble

passivated with 20 nm AlQdeposited at 250°C before and after an anmgalt 380°C during 20

101 P 15

Fig.

4.54 +PC-calibrated PL images obtaid@n samples processed with conditions CR60803B on the fro

nt

siG H Rdherically polished etch pieells with a ri diffused layer at the rear side. The freide

is passivated with an A6 nm)/SiIN(70 nm) stack and the rear side with a 70 nm thicks SiN

layer. In a) the thermal budget applied to the sample iAlBg deposition at 250°C, the AJO

PDA at 375°C for 20 min and the SiNx deposition at 400°Cb)lnn addition to this thermal

budget, the thermal budget of the firing (2 min at 750°C) has hddad. The values indicated

below the P&alibrated PL imagebhave been measured by QBS using a Sinton tool at the

Fig.
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1.Introduction and context

1.1. The photovoltaic energyin the global energy mix

In Decenber 2015 was e thetwentyfirst sessiorof the Conference of the Parties (CDRhere195
countries agreed tdN H HIg idcrease in the global average temperature to wetivb@°C above
SUHL QG XV WAttondidg @H Yddédt\publication Mature[1], this ambitious objective would
require b keepone third of reserves of oil, the half the reserves of gas and 80%ittoé reserves of
coalunexploited from 2010 to 2050This representthe most important challenge of tA&th century
knowing thattoday almost80% of theenergy sources consumed in the worldfassil fuels as shown
in while the part of modern renewaglincluding hydropowernepresergonly 10.3%][2]. In
the meantime, global population should reach 9.7 bilbgr2050 @&cording tothe mediumvariant
prgection of the world population prospects published by the United Naf8jnd o support the
development of thipopulation one of heprimary course of action is through support todheess to
energy Thus, according to the International Energy Agency {lERAthe eneryy mix is not deeply
changed this shoul lead toa growth of about 60% of thavorld primary energy demandnd CQ
emissionsby 205Q causingan average glodatemperatureincrease of4-6°C by 2100. This
demographic contextiramatically amplifies the urgemieed for new alternativesatisfying this
ungquenchable demand efiergyand limiting the emission of greenhotgases

Fig.1.1 t Global final energy mix and the estimated share of renewables in )14

In 2013 thetotal global CQ emissiondrom the combustion of fossil fuels reached 3gidatonsof

CO, (GtCOy) andhalf of global emissions came from three countries: China (9 G)Ce United

States (5 GtCg) and India (2 GtCg) [4]. For all of themcoalis the main source of electricity and

heat generation, with a part reaching #ihivds of the energy mix for China and India, while ithe

most CQ emitting developeenergy sourceThe global energyrelated CQ emissons by sector are
shownin As it can be seen, these emissions grew by more than 50% over the last 25 years



[5], particularly due to the doublind emissions from electricity and heat generation in emerging and
develoSLQJ FRXQWULHYV 7ReDApessR AbbUt 4DPL@HIe total emissions and is
now mostly driven by the ne@ECD regions especially China and its intensive generafiam coal.

If the struggle against full carbon energy world is often focused on the electricity production sector,
transport andndustry sector together also represent another 40teafurrent world Ce@emissions.

The challenge in these figures ligsthe electrification of these gecs to limit the emissions.

In addition besides greenhouse effélag burningof fossl fuels induces other pollutapmissions like
fine-particles causing severe health problenf$wus, n urban aregsmore than 80% opeoplelive

with air quality abovepollution thresholds preconized by torld Health OrganizatiowWHO). Not

surprisingly, @velopng countries are more affecte@8% of cities in low and mediwimcome
countres present pollution levels abovecommendations of th&/HO. Consequentlyup to 6.5
million deaths in the world are attritad each year to air pollutigf]. This is a dramatic consequee
mostly due to fossil fuels combustion and in partictiiause of coal

Fig.1.2 t Global energyelated CQemissions by sector and regions expressed in giga tonslEat) 2015
[5].

Since carbon capture and stge(CCS is struggling to proide viable technical solutiongthe CCS
only allowed the capture of 26 Mt G@n 2014 [7] xthe development of competitive lstons for
SEFDUEWRKOH~ HQH U J\isJhbQddtor W taBk@ climate chasgmd air quality issuem a
ZRUOGTV JURZLQJ SRSXODWLRQ FRQWHI[W

Based on this observatioany carborfiree energy would neei play a significant role in thenergy
trarsition. As shownin[Fig. 1.3] if we look at the comparison of life cycle greenhouse gas emissions
(LCGGE) [8], the sdution could arise froomuclear energy and hydropowdndeed according to the
intergovernmental panel on climate change (IPGkenuclear energyand hydropwer have median
LCGGE of 12 and 24 COeq/kWh [9], respectiely, therefore among the lowest GGE of the
differernt electricity supply technologiesThese two energies also bendiibm the best engy
production dasity.



Fig.1.3 t Estimates of life cycle greenhouse gas emissions for different electricity gemetaetionobgies
(in g Ceeg/kWh) [8].

Nuclear energy was considered as the energthefuture sinceit could ensurdow LCGGE, a
tremendousnergy density and low Watthour (Wh) price But recent events in Fukushimaapan
andtherequirement to satisfgew norms applied to this industry to ensure the reactors safake
the future of this energy unclealf it was considered salow cost beforethe new generabn of
reactorsprovide an eargy at 110$/MWh[10]. Moreoverthe problemof nuclear wastg@roduced by
current reactors generatiomduces hilden costs for the reprocessiaigd storagef the nudear waste.
Even if it still represerst a nonnegligible part (2.5%) of the global final energymix , the
nuclear electricity productiostarted to stagnate in 2006 and droppedGhldue to FukushimaFor
environmental and economic reasoti®e Fukushima acciderfbrced governments to reconsider their
energy policy andor some ountries to xor to confirm their intention toxwithdraw their nuclear
program, as Germanyelgium and Italy for example. Above economical aspects, the question of
safety relatedo energy production sources has become aifyrior

The only solution ensirg the best energy independency, a significant drop of greenhousateerd
polluting gas emissionand safetyis to develop an energy mix implementing diffiat renewable
energy source®eyond finding the best energy foetfuture, it is also guestion ofdiversification of
energysources The dependency oone form of energy, whatever it is, inevitably leads to risks of
geopolitical tensions. The idea of an energy sugported by an electrification of the different sexto
(industry, transport« offerssolutions againgglobal warming an@voids the risks of some conflicts
linked to the dependence oan unigue energy resourcBrom an economic point of view, the
development of carberand other pollutantiee energiessialso viable and prodes opportuities for
growthand job creation.

In that context, dropowerbenefits from a lot of assets including those cabdve, dow levelized
cost of electricitywith LCCGE between 4 and 14g @%9/kWh and providesa good enegy



independencyln 2014, hydropower represente@.9%of the global final energy consumptiammmely
50% more than nuclear enerf®j. Today, 75% of the total generation from renewablés comes
from hydropoweiand tis share is projected to decrease by 204@ hydroelectric power generation
capacityhas almost reached saturationthe developed countseand the implementation of this
technology obviously requires the access to large streamflow which isapieddo every region on
earth.

Fig.1.4 t LCGGE for crystalline silicon and thin film based solar efiEsgy

To ensure the complementarity of hydropower other forms of renewadNeto be developed. e
taskwill be tough since only 1.4% of the final emgyy consumption comes from wind, solar, biomass
and geothermal poweseé. The expectations of growth in green energiesnaaly led by
wind and solarenergyaccordingto most ofenergy roadmaps. Thus R015, 118 GW of wind and
solar generation capacity haveebeadded. This represents 53.6% of the global new capacities
installed in 2015 according to tiieoomberg New Energy Finance (BNER)]. For the first time,
without taking into accounthe difference in capity charge, more renewables weénstalled than
fossil. The global investment in renewable power capacity, excluding large-élgdtadc projects,
reached $265.8 billiormeaning more than twice the amount allocated to new coajandeneration
($130 billion) [11]. In particular in the U.S.wind, solar and natural gagpresented 97% of the
electric gneration capacity additions 2014 and 201§12] ard should further represent 90%2016.
The development of a new electricity generation mdmeded on renewables and natural gas (to
manage intermittency) is more and more likely

Solar in particular shows the most impressive cost decfeasefew yearsgiven that wind energy
hasalmog reached its maturityThe global averagievelized cost o€nergy(LCOE) was 122 $/MWh
in the second Haof 2015 while it was$20 higherone year beforgll]. Solar energyn some
countres already reachethe grid parity. Thus, the lowegtower purchaseagreements reach



48%/MWh in Peru[13], 35.48/MWh in Mexico and even 29.9$/MWh fine United Arab Emirates
[14], becomingeven cheaper than caal some regionsconsidered like the most competitive energy
resource.Solar energy benefitkom other advantagesFirst, as shown i it is among the
energy sourceinducingthe lowest LCGGEwith a harmonized mediarsult of 45gCO.eq/kWhfor

c-Si technologies[15] (the harmonization considers amadiation of 700 kWh/n¥/yr, a systen
lifetime of 30 yeurs, a module efficiency of 13.2%r 14.0%, dependingn module type, and a
performance ratibof 75% or 80% depending on installation)16]. The evolution of the energy
payback time (EPB)I the time after which the solar panel produces more energy that what has been
necessary to its manufacturing,aso impressive. Todags shown ifFig. 1.5] with a 14% efficient
mc-Si solar panel, the EPBT is abduto years in Germany (annual irradiation of 1000 kWifym)

and arouncbneyear in southern Europe (annualadiation of 1700 kWh/dtyr) [17]. It should be
mentioned that this study has been led in 26 fhe values have been determined from the published
results in literature prior to 2012. Since then, considerable progress has been doneegs p
optimizationand material cnsumption, in 10 years material usage drop frong/ABp to 6g/Wp
today[18]. The performance ratio kaalso advanced significantly,i# now in the range of 80% to
90%[18] compared to 70% 10 years adiw.addition, today, theverage cammercial siliconmodule
efficiency is 17% [18]. Based on these observatiotisese LCGGE and EPBT values should be
considered as overastated.Moreover,efficiency record continue to increase with6.33%reached

by Kanekafor ac-Si solar cel[19] and24.1% obtained by SuRerfor a ¢Si module[20].

Fig.1.5 tEPBT in Europe for a 14%@#ént meSi solar pnel[18]. Data from[17].

In the meantime,abt deploying solar panels lodke an adapted solution for the new challengeé
the world where flexibility and reactivity are key wortistwo years the Solar Star power plant with a
generation capacity of 58@W ac hasbeen completedConsidering fasgrowing emerging countries,
the response to energy needth a fast reaction timand the possibility to consume the energy where

1 The performance ratis the ratio ofnet energyproductionon total energy productioaf a system. It deducts
from energy production, the losses (line resistance, conversion losses from the inverter, dirt, etc) and the
consumption for the operation of a system (e.g. solar farm).



it is produced is a tremendous assdtjch alsofavors the momentum of the new model fawer
geneation & a distributed etwork.

In terms of material scarcity, silicon (which represents 90% of installedapscity in 201518]) is

the second most abundant element after oxygen in the earth crust. Hence, solar energy does not present
risks ofmaterialshortagdor its active materialSilver reserves, used as @ét contacts in solar cells
area more concerningsue The globasilver mine production reached more than 25tb@sin 2015
while the ultimately recoverable reserves arémeted to be in the range 2-3B.1 million tons, this
would lead to a most likely peak silver production B382[21]. However more and more PV cell
manufacturers use alternative contact fations solutions using more abunaametals like nickel,
copper and aluminungolarpower offers the possibility to recycle the majority of the whatedof-

life PV installatiors. The PV cycle organism developedgaod expertise on the recycling of solar
panelsand recently, they accompl®ed a new record of 96% recycling rate for silicon based PV
moduleq22]. The rest canasily be stored in open air storgites witHow environmentatisks.

1.2. Current status and roadmap for the photovoltaic energy

The installation of PV capacitis a fast growing market with a Compound Annual Growth Rate
(CAGR) of 41% betweer2000 and 2015There was an additionahstallation of 57GW of PV
systemsdn 2015, which, taking into account an average capacity factor of 15% for PV, represents the
energy production of more than 8 nuclear plants GIL Today, solar energy is no loeiga marginal
energy productiosource an@nalysts forecashe installation of 64 GW afew PVsystemsn 2016.

Fig.1.6 t Evolution of the global cumulative installed Papacity[18].



Even if the cost of solar installations strongly decreased dtinmdastyearsto reach grid parity in
some countries (Chile,* HU P D Q there is a continuouseed for research in thigreawhere
companies are in a very competitive market. Moreover, additional cost reductions are tequikel
solarenergya cost competitivaolutionin any regionin theworld and to compensate additioralsts
induced by energy management to tackle intermittency issugsstorage, smart grids, etc

Two main strategies of researatan be identifiedthe implementation of new materials with better
performances but at Higr prices or the cost reductior existing technologiesBoth could allow a
UHGXFWL B :KTnafeaking efficiency requires the formation of tandem solar cells, i.e. the
stacking on the same cell of different materials with different eneaggapsin order to harvest the
maxinum of energyFinding a suitable top cell for8i (bottom cell) is not an easy task as it leads to
expensive materials such as-Mlor (so far) unstable materials such as perovskitBserefore, a
further decrease of pdacion costs in arrenttechnologes isalsonecessaryo compensate potential
additional costinduced by the use of other materifasthe top cell.

Siliconrbased technologies have always beenrantiin the most importaptayer ofthe PV industry

In 1995, a 24% efficient solar cellas alreadyeported by the UNSV|23]. The efficiencyrecord for

c-Si solar cells has not substantially evolved since the 90thburevolution lied in the drastic cost

decrease which happened since thespeciallythanks to benefits of mass producti@eonomie®of

scaleand technologicalimprovements DVHU SURFHVVHV QXPEHU R M&RFHVV \
evolution of module price as function of cumulative production is sho The production

cost of solar cells expnceda rapid learning curve, bad the Swanson lawwhich shows that the

doubling of shippedmodulesinduces a decreasef 20% of the PV modules costs, which is
comparale with that of other industrial fields such as automaotireexample.

Fig.1.7 tLearning curve of-8i and thin film solar cells since 2(Q8].

1.3. Technologies overview in photovoltaics



With more than 90% ofhe PV production in 2015rystalline silicon (c-Si) based technologies
largely dominate thenarket as showhn Theabundancegoodstability andmocerate priceof
silicon PV make it, still today, the best optionfor large production capacitysilicon PV also took
benefit from the innovations and experiembevelopedin the microelectronics industry and the
transfer of process linked well-knownequpmenthasalsobeen easier for thaeason.

The remaining 10%re mostly shared by thin filtechnologies such &dTe,CIGS and silicon thin
films. If CdTe technology provides among thevest cost proddaion on the markie it suffers fran
toxicity of cadmium and scarcity of tellurium. CIGS solar cedlacheda new record of 22.6%24],
meaning that thdifferencewith respect ta-Si solar cells is shrinkingue toa rapid improvement of
cell efficiencyoverthe recentyears.Indeed vhile efficiencyrecord of CIGS solar cellsicreased by
absolute0.1% peryear between 1998 and 2013, #féciency record gaied absolute0.7% peryear
over the last 3 yearsdiowever his technologyexhibits homogeneit problems a large ares the
referenced record has been obtained for a 0%ceth In addition to implyinghighly toxic precursors,
CIGS technologwuffersfrom the scarcity of indum and high capital expenditur6SAPEX).

Fig.1.8 t Share of different technologies on the total PV productimer the past 25 yeand 8].

After a risein the 2000sthanks to the devepment in parallel of facilities for thin film transistors
manufacturing used in liguidrystal displays (LCIR dlicon thin films experienced a setbaak the

2010s due to the strong cost decrease of silicorradf spite of a full integrated approachby
suppressingvafer feedstock constraints, purification and crystallization phases and loss in wafers
cutting thigh CAPEX and low efficiencies haveot allowed them toeachthe hoped successven if

a stablized efficiency of 13.6% has recently been reacf@s], SKLJK"~ HIIL ptoBc@ds\ DS
conducted by-&Si solarcells,have conquered the market.

The combinatiorof thin film technologiewith ¢-Si led to the development ailicon heterojunction
(SHJ solar cells only manufactured at larggealeby Panasonic with the HIT technobgy. It uses
hydrogenateémorphoussilicon (aSi:H) as passivation jeer of the €Si substrate andsdoped layer

for the chargecariiers collection.This structuredemonstrates very high performances and has the
record of €Si solar cells whn used with back contacts.itt¥such architecturé&Kanekahas recently
reached the record of 33% for a practal solar cell [19]. According to Louwenet al. [26]
significantcost cutting for SHJ moduleshould happerfor the next yea: Considering production
costs in 2015 00.480.56 $/Wp [26] (against (6O $/Wp for standardmonoSi modulesat that time



[27]) they prospect them to drdp 0.290.35%/Wp in the nextten yeard26]. Howevercurrent spot
prices for multi-Si and moneSi modules are alreadt respectively 0.48/Wp and 0.425/Wp, and
significant production costs for these tmologies should arise from econawi of scaleand
technological enhancementn addition, heterojunctionsolar cellssuffer from high CAPEX and

metallizationissuesdue to the low temperatureeeded in order to not dage thepassivatinge-Si:H

layer procesed around 20Q [26]. This implies to usenore expensive metallization pastnd the
necessity to deposit more silvier create a good conductive contactichhmeanghat a doubling of
the slver pricewould induce in case of bifacial SHJ structur raise of cost production for Stdf

20%. In a volatilesilver market thigs a big factor of incertitude.

Fig.1.9 t Main architectures potentially implementeid industry. a) Aluminum back gace fidd structure
b) ptype passivated emitter and rear contact ctype passivatecemitter with rear locally diffusedl) n-
type passivated emitter, rear totally diffused.

Among the 93% of Si solar cells shipped in 201%nost of them are honojunction baed
architectures. Thechematicof structureso be the most likely implemented in indusése given in

Fig. 1.9]and their main characteristics are detailed below:

X The Al-BSF structure (Aluminum back surface fieldostly used ormc-Si (multicrystalline
silicon) wafers is the most largely produced technology due to its sandléow cosprocess
flow. It is composed of a multicrystallinetgpe substrate on which & doped ayer (electron
collector or more commonly called emitdeis formed on the franside by phosphorus
diffusion to form the PN junction, using phosphoryl chloride (PGt should be clarified
WKDW WKH WH ko fhd mindvitwdadrdéersdallda bind theback/front surface field
(B/FSH to the majority carriers collectom the rear side, an aluminum layer is deposited by
screen printing to make a metaltiontact and #aBSF. Its principle and processeaasimple,
after annealingthe aluminumdiffuses in the slicon and form an AlSi alloy. The aluminum,
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having three valence electrons, is an electron acceptor for silicon which allowsate a p
doped layeplayingtherole of field effect passivatioat the lack by repelling the electrons.

X The PERC (passivaéed emitter and rearoatact) solar cell is usually composed of -type
monocrystalline substrate. The atebture is similar to that of ABSF but in the rear sigde
instead of a direct contact between thabstrate and the metallic conta@ strongly
recombination sourceg, dielectric layer islepositecbn the full surface of the wafercting as
a chemicalpassivation layer of dangling basdby saturating the electrically active interface
states. Afterwats, this layer is usllg opened by laser to create locaktallic contact with
the substrate to be able to collect charge carriers.

x ThePERL (passivated emitter with rear locally diffugesblar cellhas the same architecture
asthe PERGCsolar cellbut has local 7 doped areas at the opened ar@&ss is now mainly
done by laser dopin@.his allows to have local BSF and fimoves the metallic contact.

x Finally, thePERT (passivated mitter, rer totally diffused) has a*payeron the full surface
instead of only at the contacthis allows holes to laterally mevat the rear side of the cell
with reduced resistance losg28],[29]. As a resulthe solar cell conversiogfficiency should
be improved due ta higher fill factor (F. The schematic {Fig. 1.9}d) applies to fPERT
solar cell vith rear side emitter. It shouldebmentioned that this is a popular but not exclusive
case, this PhD work refers to this architecture explaining the chmidbi$ type of FPERT
solar cell in the schematic.

Fig.1.10 t Roadmap fothe evolution of market shares for different-8i technologie§33].

As shownin|Fig. 1.10[ a chart fromthe last international téoology roadmap for photovoltaic
(ITRPV), GHVSLWH WRGD\{V SUdRyGh¢RVBSRQudtive QR Wifnd 8V Wders),
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there is atrend to move twards nore efficient, but more complex, technologies like PERC
(Passivated Emitter and Rear Cell), PERL (Passivated Emitter, Rear Locally diffused) and PERT
(Passivated EmitteRear Totally diffused)Moreover, one objente of the PV industnjis to redue

wafer thickness in oef to reduce productionosts the AFBSF isnot compatible with this trend
because of the bowing of the cell. Indeed, the difference of thermal expaogfiicient for silicon

and aluminum is sigificant enoud) to create a compssive stresat the back of the solaell resulting

in its deformatiorand potential breakage.

The PV industry is very conservatjivaeaningthatthe purchase of new equipmestareal brake to
the development of new tewologies. This is why-PERC sola cells are considered asgmod
potential for industrial pplications because they dmt requirea lot of change in theurrent fabs
process chainloday the solar cell production is massively dominated-bypp wafersout there is a
trend to move towals ntype wafers due to thienprovedperformances achieved withtype material.
The significant difference betweethese two types of materials hasebknown for a long time but
historical reasonked tothe choice of gype waferdn the industryIndeel, the improved resistance to
irradiation of ptype wafers made themmore suitable for space applicatidi®®], the first sector to
really use solar cell#\lso, the mobility of electrog) the minority carriesin case of gype material, is
three times highethan that of holesAs a resultthe choice of gtype wafers was obvious at that time
[30]. Afterwards, the PV industry aligned itself with the known prases from CMOS
microelectronics industrio develop them at larger scaled for a long timeised their wste as wafers
material source. & now the limiting issue$or the industry are completely differerithere is no
evidence about which solar celtchitecturewill be dominant in the future buhe move towarsin-
type sola cell is completely rationainddoes not involve fundamental hurdle to thaotteret al.[30]
have shown that-type material § more likely to accept chemical and crystallograptatects In
addition,the Czochralski{Cz) growing method for ingot manufacing, used for all commerciatorno
c-Si solarcells, introduces large amounts of oxygen into the silicon wafers. This leadype pvafers
to the formation ofborm-oxygen comfexes (B-O complex9 which under illumination are
transformed inhighly active recombination centgrrespondile for a drastic decrease of minority
charge carrier lifetime. This phenomenaodiscovered in 197331] is known aslight-induced
degradatin (LID). Its mechanism is not completely understood pet is related toexcess carrier
injection by abovébandgapllumination or forward biasing32]. Considering the LCOE measured in
$/Wh rather than the usual $/Wp, the developmémitype high efficiency solar dslis therefore a
big advantage on the losigrm due to a higher efficiency antette stability over the long term.

The process for -type wafers manufacturing is a bit more complex due to the segregation of
phosphorudut should not be a limiting faatoAlso, the formation of thep* layerin n-type wafers is
more difficult to carry outhan the formation of the*dayer in ptype wafersin the standard process
flow for n-PERT solar cells manufacturing, thelayer atthe rear side is formed BBrs diffusion, a
process which can present sogmmplexities as discussed latefhe aimof this PhDwork is to
address this issue by investigating the possibitityreplace the diffusion for thp* doped layer
manufactuing by low temperatureepitaxy using $F4/HJ/Ar gas mixturesin a plasmanhanced
chemical vapor deposition (PECYDeactor.

1.4. Application of silicon epitaxy in solar cells
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1.4.1.High temperature epitaxy

Epitaxy isthe growth of a crysiline maerial on a crystalline substraienposingthe orientation of the
grown material. The substrate and the grown matearial eitherfrom the same chemical species,
referred as homoepitaxy, or differen¢ferred adheteroepitaxyln the solar applations, epitaxycan
be eitherused for the manufaating of theabsorber of theolar cell or for the formation adoped
layersto create the PN junction and the charge carriers selective contacts.

Several techniques areead for epitaxy, weriefly detailbelow their principle:

x MBE (Molecular Beam Epitaxy) is a deposition technique based on the evaporation or
sublimation of precursors interacting with the sample surface to grawfilhis. This
technique is used fahe growth of high purity materials implemented high technology
devices. Most of MBE reactors are used for growth ofVilor 1I-VI materials for
optoelectronics devices used in defense and nanophotonic area. lof gpitellent material
propertiesjt requiresultra-high vacuum (16-1012 Torr) ard is not suitable for PNhdustry
due to avery high CAPEX and low throughputs.

x PVD (Physical Vapor Bposition) or sputterilg, consists in igniting a plasmasually from
argon, between the substrate and gelacomposed of the material we want to deposit. The
ions from the plasma bombard and sputter the target, the pulled off atoms from the target
condense on the grounded strbte through an isotropic depiosn.

X CVD (Chemical Vapor Deposition) iek on chemical reactions from the gas precursors and
the sample surface, it is subdivided in several techniques whose more suitéerfidustry
are:

o0 APCVD (AtmosphericPressuréCVD)
o PECVD (Plasmd&nhanced CVD)

In PV industry PECVD is already widely used for SilNayer deposition tdorm the antireflective

coating ARC) and the passivation layers (SiCxSi:H in case of HITM  « $3&9' LV QRW
FRPPRQO\ XVHG LQ WR G Devii applchtibr@ Gidkexdallent rEcém/reBults could kea

it a game changer.

1.4.2.Epi-foil and epi-wafer as absorbers in €Si solar cells

Companiesand laboratoriessuch asCrystal solar previously Solexeland IMEC develop semi
industrial solutions for makig monocrystalline siton substratesia a drect gasto-wafer method
instead ofpulling ingots bythe standardCzochralskitechnique This approachprovides several
advantagegcomparable to thin films indusfrjpecause it eliminates any dependency orirtget and
wafer supfy chain. It also prevents from Keloss the loss of materials due t@afer sawing.For
instance, with160 pum thick wafers the ketbss forslurry-based and diamond witeased wiring is
respectivelyaround150 pm and 125 un33], it means that on a single ingthe half is lost due to
sawing.

The process flow for Si foils manufacturing performed by IMEC is givefignl.11ta). The process
steps can slightly chige betweemanufacturers but aneughly the samas thesadetailed irfFig. |
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A porous layer is formed at the top of a parent crystalline silicon subdtrate a thermal

treatment is prformed to reorganize the porasibcon andto prepare the surface for epitaxy as shown
in[Fig. 1.11}b). The wafer is heated between 900°C and 1100°Geapdsel to a silicon based gas,

usually trichlorosilangTCS). Crystallne growthoccuss on the full surface anthe epitaxial layeron

which the solar cell will be processdd, detached afterwards by etchitige fragile porous silicon

layer. One big advantage of this approashthe possibilityto tunethe alsorber thicknessThus,

compared to current 160 um thick wafers used in industrythicknesscan be lowered t85 pm in

FDVH RI IRUPHU 6ROH[HOfV SURFHVV DQG —P IRU ,0(& 6L IRLO)

Fig.1.11 t a) Process flow of the Si foil growth and detachmf88]. b) Thermal treatment applied tc
porous silica for the surface preparation prior to epitaxy by APC@B).

Regardingthe quality of themateral, the lifetime in such Si foileand epiwafer is now sufficiently
high to manufacture high efficiency solar cells. lists lifetimes reached bydifferent
laboratories and companiesportedn the literature.Note that astrong differ@ce is observed between
p-type and rtype epilayers. he maximum lifetime measured irype epitaxial silicon is 300 ys and
this result is obtaied afer phosphorus getterirf§4]. For n-type silicon,Fraunhofer reachea mean
effective charge caei lifetime measured by QSPC, of 1580 pson a 5x5 cm epiwafer at an
injection level of 1€° cm®, close to its local maximum of 1720 [85]. Nevertheless,he record is
held by Crystal Solar whicreached3.5ms[36].

Solexel reachedraefficiency record of 21.2% for a 240 énsubmodule with &85 pum thick back

contactsreported cell[37] and Crystal Solar with Choshu Industmandactureda 22.5% efficient
heterojinction solar cell with mepibulk of 130um on a243.4 cm area[36]. More recently IMEC

and Crystal Solar collaborated to make-BERT solar cell with a 180m thick epibulk reaching an
efficiency of 22.5% on 238.9 cm area[38], attaining the same efficien@s their reference de
obtained with standard BBdiffusion ona Cz wafer.
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However, this approacsuffers so far from insufficient yielddue to several reasons. First in case of
thin wafers manufacturinghe probability oforeakageduring manipulations higher than for standard
SWKLFN™ ZIB0-H0 MmRThe radts can also be not reproducildlee to bumpstahe surface of
wafers caused by the difficulties to achieve a flat surface after the nemiost of porous silicon.

Team Process Lifetime
IMEC APCVD PSI[39] 195 ps
APCVD lithography{39] 350 us
APCVD zbhefore gettering-type epitaxial < 20us
MIT *Crystal Solaf34] APCVD tafter getteringp-type epitaxial > 300 ps
Crystal Solaf36] APCVD #n-type 3.5 ms
Fraunhofer ISE40] APCVD *p-type 40um (doping5.10 cm®) Si foil 80 ps
B i 6 ony
Fraunhofer ISE35] APCVD #n-type 150um (doping5.10° cm3) 15ms
Epi wafer
PECVD +n+ eptlayer
IBM [41] (doping 5.16° cm®) SiHJ/H/PH 100 ps
LPICM [42] PECVD #SiH4/H; 10pus

Tablel t Sate of the art forlifetime in Si foils, epivafers and low temperature epitaxy

Thus, throughput can kan issuefor the current and futurdevelopmenbf this technology from an

industrial point of viewMoreoverthe epitaxyfor PV not beng asufficiently important markefor
semionductor equipment manufacturershe development of industrially viablaPCVD reactors
meetingindustrial FRQVWUDLQWY W KU R X J K&ooMmpetd it Wwaddf menufdtiuse\ LHO G «
is not a priority.A new momernim for this technology coming froan industral support is necessary

to bring this technology to the industry.

Thus, he future of epfoils and epiwafers is unclear. Solexekhich wasone of the most promising

companis in kerfless technologyecentlystopped its development of €igi OV EHFDXVH WKH\ Gl
reach their objective tship solar modulesat 0.42$/W by 2014[43]. Even if the currentkerfless

wafers industry &U\VWDO 6RODU is7TddiIRdKgQdRl PrBgidstid/decrease ardinary

wafers costin the meantimeand overcapacitphases makdlifficult the perspetives for this new

approach. Nevertheless epitaggn find another promisingapplication for its implementation in

industryby the formation of the dmed layers in <Si solar cells.

1.4.3.Epitaxy for the formation of doped layes in c-Si solar cells

In the stadard c-Si solar cells whose architectures (ABSF, PERC, PERT, PERL) have been
previously detailedthe doped layers are commonly made by diffusion. FeB@F and PERC, oip-
type material, the PN junction is formed byleosphorus diffused layer. In abe furnacewafers are
heated at around 850°@ phosphosilicate glass (PS5 formed on the surfaceof the waferby
introducing P@Is, a subsequerdanneding called thedrive-in allows to adjust the doping profile. For
the nPERT solar cellthe same diffusion is performead formthe front surface field (FSH) order to
repel minority carers, so holes in that cas&€he phosphorus diffion allows to improve the
performances of the cell by the salled gettering effect
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Fig.1.12 t a) Optical microscope images of a wafer surface after an intentionally heavy planar |

]((pne]}v ~1i) afidreaYang etchi65] showing misfit dislocation§44]. The BBy diffusion has been
performed at 900°C for 45 min, and the driveat 1060°C for 900°C. b) Etaksgormed during movement
of the misfit dislocation netword4].

For the p doped layer, used ashole collector, the common process is the boron diffusion. The
principle is the same borosilicate glass (B9@® formed from bron tribromide (BB#) and dioxygen

(Oy) at the surface of the wafer heated around 900°C. Subsequently, thendrhase is performed

for thediffusion of the elemental boron from the BSG itthe wafer. This BBrdiffusion iscurrently

the standard way to form thé goped layer, but this process is not as simple as phosphorus diffusion
and not as beneficial.

On the one hand, the boron diffusiocan cause misfit dislocations due to the highceatration of
boron in the top lagrs. The atomic radius mismatch between boron and silicon industess
gradient in the silicon crystal, the covalent radius of boron isQ.88ile that of silicon isl.18A. In
case of moderate concentration theistia elastic but above a criticétireshold, diffusiorinduced
misfit dislocations appe480],[44],[45]. The defects induced by thedvy dopingat the surface of the
wafer are shown ri[Fig. 1.12] First, dislocabn lines perpendicular to the {100}lanes form a
dislocations network. Seconthe movement of this misfit dislocation network induces the formation
of etch pits at the inteection ofthe dislocation lineslt is worth noticing that even though
dislocation network may be observed in the case of phosphorus diffusion (but no eféh]pithe
mismatch is lowedue to tle covalent radius of phosphorusrgecloser than that of silicofi.08 A),
compared to boron with respect to silicon.

On the other handjuring the diffusion boron precipitate on the silicon surface anidduces the
formation of a borowich layer (BRL beneath the BS@t the surface of the silicon wafpt6]. A
scanningelectron nicroscopy (SEM image ofa BRL between the BSG and the silicon substrate is
shown iffFig. 1.13}a). This processuffers fromuniformity problems for the BSG deposition, and this
is more likely toproduce aBRL in the case of thicker BSG laygr The reduction of process
temperature to 850°C is beneficial limit the BRL formationbut the proceswindow is narrow,
sensitiveto temperatte variation,which is a problem for large scale industrial applicatidime BRL

is highly recombinant andequires additional oxidatioand removalsteps[47] to recover a high
minority carrierlifetime. Secondary ion mass spectrometBIMS) profiles of BRL before and after
oxidation are shown jRig. 1.13tb). It should be mentioned that this SIMS profile does not correspond
with the SEM image a). It can be seen that before remqvhE boron concentration on
the first tens of nanometeis up to10?> cmv®. The subsequent oxidation/removal stepcessarily
affecs the sheet i®stance. Bron getteringo recover the electricgiropertesis also reported46].
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The e of alternative dopant soursesuch asboron spiron dopant(BSoD) leads to the same
observation [48].

Fig.1.13 t a) SEM image of the twphase layers, the BSG at the top is 200 nm thick and the BRL i
beneath 90 nm thick layd#6]. b) SIMS profile of boron emitters with BRL and reduced BRL (rBRL) obi
by in situpost oxdation from hot HN@followed by a HF dipi8].

Fig.1.14 t Process flow for #PERT solar cell manufacturing with standardsBBfusion (left) and boron
doped epitaxy (right).



17

The use of epitaxy to grow the doped layer insteadifbision allows to avoid the formation of the
BRL and the additional process steps to remove it. By doing so, it simplifies the provess f
PERT solar cellsnanufactuing. The comparison of standard and epi boron emitter process flows for
n-PERT sadir cells is shown (frig. 1.14

This innovative process flow requires two steps less than teeenee one with boron diffusion én
drastically redues the process time to a few minutes in case of AP{2¥Dinstead of 450 minutes

for diffusion, which could allow ignificant cost redctions. Also the epitaxy can be tuned to be a
single side process either due to the equipment configuif®@yor by developing a selective epitaxy

[49]. In selective epitaxy, the growth ocsuon apparent crystalline surfackut not on amorpus
surfaces (dielectric layer used as passivation layer on the other side) so ho mask or additional etching
is required.

Besides, according to the last ITRPV, a strong reduction of recombinationibbsspected by 2025
with a drop fom 30 fA/cnt to 10 fA/cn? for n-type monocrystalline wafers and a reduction of 50% of
J front and rear for fiype materialg51]. This involves a good management of recombination in the
doped layers by optimizing the doping profiledeed, he dopant concentration should be high
enough to create an efficient PN junction and t&ena good electricatontactwith the metal buit

also induces Auger recombination and free carriers absorption.

Fig.1.15 t SIMS profiles of shallo(green)and deep (sky blue) diffused emitters and shallow (red) and d
(blue) epitaxial emitter$s0].

Thus a good control of doping profile is mandatory to move towards high efficiency concepts.
Contrary b diffusion, for which the doping pfite is analytically described by Gaussianor erfc
function, epitaxy allows any kind of doping profile thanks to the easy control of dopant concentration
through the layer by simply varying the dopant gas flmte (BHs, (CHs)sB). Therefore the
optimizaion of the doping profile is muckasier by epitaxy and also makes possible the formation of
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very shallow junctions. Doping profiles can be boxes (constant doping concentration through the
layer) or multisteps.Typically, it is possible with epitaxy to amufacture an emitter with a loveton
concentration in its bulkp limit Auger recombination and free carriers absorption, and a high boron
concentration at its surface to reduce the series resistance thamkgidod electrical contact.
Something much ore difficult with diffusion as sbwn in the comparison of doping profiles obtained
by diffused and epitaxial emitters[fig. 1.15 To achieve a deep and lowly doped diffused emitter (in
sky blue), the boron coratration at the surface is necadly reduced with respect tihvat of the
shallow one. Even thougthe doping profiles for epitaxial emitters shwown[Fig. 1.15are uniform
(boxes), epitaxy does not suffer frohis constraint of tradeff betwee thickness of the emitter and
the boron concenttian within it. Thus, according to Rachogt al. [52] the replacement of a front
surface diffused emitter by feont surface epitaxial emitter, could lead to a 30% reduction, ian]
improved blue response, and low contact resistance. Howavidryecently the efficiency of salr

cells using epitaxial emittersas always been lower than with diffused ones.

This approach of growing doped lagdyy epitaxyon silicon waferbasedsolar cells has first been
reported in 2006 by Schmiat al. [53] at the Fraunhofer ISEAt that time, they reached a 12.6%
efficient solar cell with a phosphorus doped epitaxial emitter and a 12.3% efficient solar cell with a
boron doped epiixial emitterIn 2009,at IMEC, Gonget al. [54] alsosuggested this new apprbaio

form the p emitter by CVD r#her than diffusion. They reached efficiency of 17% with LPCVD

and 16.7% by APCVD while their reference cell with diffused emitter was attaining 17.7%. The most
critical reasons of efficiency losses wéne optical mamgement at the reaideand the eaning prior

to epitaxy, the latteis extremely important to limit recombination at this interface in order to reach
high Voc. Rachow Milenkovic et al. [52],[55],[56] used phosphorus dopexgpitaxial emitters and
achieveda 18.4% efficient solar cellNevertheless, their reference cell (with phosphorus diffusion)
wasstill giving significantly higher perfanances with an efficiency 20.1% soa nearly 2% absolute
difference.But they were focusing on thé tayer formation,so withoutusing thegettering effecof

the phosphorus diffusion, in a-BERL structureBy moving towards RPERL, they achieved a 24
efficient solar cel[49] with epitaxial p emitter by APCVD with a gas mixtumposedf TCS and

B-Hes. But compared to their referencell with diffused emitterusing BBrs, with an efficiency of
22.8%,the results for epitaxial emitters ta shownso farlower experimentagfficiency valuesn

spite of a better theoreticabtential.

7TKDWIV RQ Otly that WMECJrepbrite@he sameefficiencywith epitaxial anddiffused emittes.
They reported a 22.5% efficient solar délf] with a borondoped epemitter in a RPERT structure.
As menioned before, the preparation dfet surface prior to epitaxy is a paramount concéhis
record has been obtained with sulfuric acid and ozone mixtures \S&dning However for
economic and environm#al perspectiveghe use ofa sufur-free mixturebased ordeionizedwater
and ozone has been investigated stmalved a promising 21% efficient solar cell.

A way to get rid of thiscritical step is to grow thevhole cdl in the APCVD reactor in the same
process flow[58], combiningthe absorbers and doped laydegosition capabilityof the APCVD

This led to the same efficiency of 22.5%his approach allows to consideralbdduce the number of
process steps because:ligtte isno need fo a clearing prior to the dopedepitaxy without risk of
contaminations iino additional pumpingstepis requiredandiii) it givesthe possibility ® produce a

very deepand lowly doped emitterto limit Auger recombination and free carriers absorptiome T
emitter thicknesdor the best cell efficencyis greater tan 10 umwith a carrier concentration of
1.10® cm® (which is very low for an emitt¢randleadsto a very low sheet resistandeH O R Z VT
They also assure no degradation of cell performametged tothe substrate reuse and reach
efficiencies of 21.8% after 18 substrate reudésvertheless this approadtill relies on APCVD
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reactors with low throughpat compared to indusal diffusion furnaces, and little information
regarding theyields is provided Thus, according to the ITRPV|tarnative technologies to standard
wafers should enter the market from 2020 but should stay below 5% of market shares in the next
decadd33].

Fig.1.16 t Effect of thermal budget for doped layers formation by APCVD processes on the bulk lifeti
a ¢Si substrate. Data froffs5].

Diffusion and APCVD presnt another problem due to the hjgtoces temperature850°G900°C for
diffusion and 850°€1000°C for epitaxy by APCVD. This represents a higérmal budgeaind can
induce damges in the wafers. Rachow, Milenkoviehal.[55] have sbwn that the thermal budget of
ther process had a huge effean the bulk lifetime[Fig. 1.16]relatesthe influence of the process
temperatug and time on the bulk lifetime. The wafeamealed at 1050°C for 2mimavelifetimes one
order of magnitude lower than the rannealed wafers. The effect is even more critical by increasing
the temperature and/or the annealing titkhdower process temperature is thmandatory to limit the
bulk lifetime degradationbut in the meantimegit results in adecreasef the crystalline qualityf the
grown layer The use of HCIin the gas mixturavhich can preventthis negative effecis therefore
required[55]. Howeverby decreasing thgrowthtemperaturgthe growthrate isalsolowered.

In diffusion processes, amgue problemsof bulk lifetime reduction areencounteed. These
phenomenaare related to oxygen precipitation and/or impurities diffuge®],[60]. Two distinct
phases are identified. The first one is the nucleation phase which occurs arou800TDGnd
produces small size oxygen precipitates (aroli@echm). These clusters are not sources of lifetime
degradation except if they trap metallic impuritiésthey do, his combination increasethe cross
section of the metallic impurity and maki a dramaticactive recombination centein case of a
subsequent pcess step around 1000°Cthese oxygen precipitates can diffuse and merge into larger
aggregate®f about 100nm in diameter. In that case they become potential sources of dislocations
once all vacancies have diffused and the lattice is ngeloable to elastically accept the stress induced
by the aggregate# 1000°C procesby itself does not necessarily indutigs kind of dislocation but

the ramp to reach this temperature can be enough to make the nucleation phase Poesgitee,
APCVD is not always associated with ymen precipitationproblems but the metal impurities
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diffusion is inevitable Moreover, thetrapping of iron by oxygen precipitates makes less efficient the
gettering effect during phosphorus diffusidimus, the getténg in oxygenrich wafersis less efficient
due to these trappg phenomenaThis case is critical because the iron comicgion is not reduced
and the association of trapped iron and oxygen precipitétes-decorated oxygen precipitates)
becomes extreaty recombinant due to an increase of the recombination-sez$®n The use of low
cost oxygerrich silicon wafers is therefe critical for high temperature processddoreover the
loading and unloading of wafer batches in reactorated to high tempa&ture produce thermal
gradiens in the wafers and thus cassethermal stress whiatanmultiply dislocatiors into thewafer
[61].

1.5. Low temperature epitaxy

1.5.1.Advantages of low temperature epitaxy by PECVD

Conventional epitaxy (LPCVDAPCVD) is performed at high temperatuie allow the thermal
dissociation of gas precursdrsthe gas phase, the forthepecies arafterwardschemisorbed at the
surface of the substrate. The growth of epitaxial thin films at tempesdtel@v 400°C is possiblia

the case of plasmenhanced CB, which allows the formation of reactive species from the
dissociation of gagprecursors by their collision with electrons this range of temperaturgas
precursors cannot react with the substratethe problemsassociated to high temperature pesws
relatedpreviously canthusbe avoided irthe case of lowtemperature mrcesses. The use of PECVD
to grow crystallie silicon is a way to limit ththermal budget and to introduae alternative to thp*
emitter formation with already widely saeequipment in the PV industry, therefa@mpatible with
high throughputs.

Our approach is to combinthe advantages oheterojunctionsolar cells,namely theuse of low
temperatureprocesseswith the advantages of homojuncti@olar cells, for which no adnced
metallization paste anmansparent conductive oxide (TC@e required26]. Moreoverit allows the
formation of asharp junction due to theeduceddiffusion of dopants thanks to the low process
temperature (20@00°C).It does not induce oxygen precipitation in the wafer due to a low thermal
budget and theoping concentration is easilyned to limit effects of highoron concentréin in the
layers as detailed previoushAlso, thereduceddeposition ratewith respect to APCVDis a way to
genuinely optimize the doping profil®oreover,epitaxy by PECVDdoes not requir@an additional
mask to avoid wrap aroungdimplifying again the process flovBesides,PECVD has been widely
used inthin film transistorg TFT) industy for the manufacturing of LCD and a stgpknowhow has
been developedt is also well known and implemtsd in the PV industryit is alreadyused for the
manufacturing of the absorbers in silicon thin film solar cells, the passivat®irHaSIO,, SiN, «

the doped layers in SHJ solar celand the silicon nitride (SiNfor the antireflective coatinglhe
reactive ion etching (RIE used for the dry texturation oflisbn wafers, is also done via plasma
processesvhosereactors used for this purpobave similar architectures than deposition orfésis
from an indistrial point of view,PECVD benefits from a strong knohwow, the availability of
equipment with throughput adapted to industrial stand@ dsw thousands of wafers per hoand a
large versatility, which allows to perform in the same type of reactoiffedent process steps of solar
cell manufacturingFinally, as mentioned previously the PV industry is very conservative and the
implementation of new processes is scarce. The move towdP8RE solar celhrchitecture is a
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good example as it requiresgit changs in the manufacturing process flow with most of production
tools already in the industry. The replacement of diffusion by epitaxy using PECVD is therefore
conceivable given that PECVD reactors are already implemented in the industry whistraaca
assetompared to APCVD reactors. A potential industrial transfer should therefore be easier.

Although the PECVD has been widelysed fora lot of differentapplicatiors, its potential for the
silicon epitaxial growth so far, has not beerexploited in the indwstry, mostly due to lower
performances and deposition rafdwe recent results obtained LPICM by Labruneet al. [62] have
shown thatsolar cellwith low temperature epitaxial emittgrown with a SikH/H2/B2Hs gas mixture
could reachenergy conversion efficienciembove 14% This is encouraging ubt not sufficient to
suggest fPERT solar cell with low temperatiepitaxial ertter as a viable solution fandustry.In
this PhD work we investigate the potential for low temperature epitaxy by PECVD asing
alternative gas mixture composed of silicon tetrafluoridesjshydrogen (H) and argon (Ax.

1.5.2.Cost of ownership calculations

In order to give some insights dime minimum deposition rate required todda a potential transfer
to industry, cost of ownership (CQ@alculationsfor the formation of doped layers irSi solar cells
by PECVD BBr; diffusion andAPCVD processes have beearried out APCVD and diffusion step
CoO were calculated for a 22% cell efficiency.

[Fig. 1.17]compares relative epitaxial PECVD CoO for different solar cell efficiencia®aling the
minimal deposition rate required to compete with both diffusion and APCVD for a given efficiency. It
shows thafor a cell effciency of 24%a deposition rate of &/s is enoughbut if the cell efficiency is

only 18%thena deposition ratef 5 A/s is required. The break even with APCVD is even tougher to
reach For a 24% efficient solar cela 10A/s deposition rate is requid, while it needs tdoe more

than 15A/s for a 18% solar cell. The deposition rate required to be cost competitive as a function of
cell efficiency is shown iffFig. 1.18| It shows that for a 20% effient solar ck, PECVD can be cost
competitive with diffusion fordeposition rate above 4A/s, but it needs to reach 18/s to meet
APCVD CoO. It must be mentioned that orderto replace diffusion processes in industry, the
deposition rateshould be faster than thabove mentioned break even to justdychange in the
production equipment

Today, the best deposition rate at LPICM for epitaxy by PECVB Ads when usingSiHs/H. gas
mixtures at 300°C. In case of $iA/Ar gas mixtures, itvas3 A/s at the beginning fothis PhD,but
the process conditiongere not as developed as for the St chemistry.

Nevertheless, for both cases, if these values do notintettrial requirements, they are clearly not

far from consistent economic perspectives, since requiredsiiem rates are not several orders of
magnitude higher. Therefore, in order to increase the deposition rate, keepinggdasiEauality,

and thusfavoring a potential transfer in industry, a comprehensive study of process conditions also
needs to be t& This PhD work aims to bring new insights on the low temperature epitaxy growth
mechanisms and to develop doped epitaxial layers to assess thmlitiead epitaxial emitter
manufacturing by PECVD.
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Fig.1.17 t Relative cost of ownership for emitter formation step based onzBBfusion, APCVD and lov
temperature eitaxy by PECVD, as a function tbé deposition rate for different ##/ERT solar cel
efficiencies.

Fig.1.18 t Comparison of the minimum deposition rate required for the formation of emitter IBCR'D to
be cost competitive withdiffusion (in red) andAPCV@in blue) as a function of solar cell efficiendhe
black andgreendashed lines represent the maximum deposition rate obtained so far hyHZWr and
SiH/H2 chemistry respectively.
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1.5.3.0utline

While thisintroductionpresented theontext of this PhD topic, arttie advantages of the PECVD as a
way to replace diffusioby a cost conpetitive solution, w detail belowthe outline of this manuscript.

Chapter 2 is focused on the definition of the process caodg to perform epitaxypy studying the
influence ofchemical and physical properties of the plagmahe material propertie§he objective is
to introducekey processparameters SRZHU [ 0ORZ U D Wid&fderSadetéfixeddessary
conditiors required to perform epitaxfpr the purpose of an easier transterlsoaims atproviding
insights on the understanding dahe growth mechanisms and epitaxy breakdown particular we
focus on the influence i, depletion (related to ggshase reactits) and the plasma potentieelated

to surface and bulk modification®n the material propertie®esides, omparative studiesf the
material propertiesdetermined from several characterization techniquédlipsometry, Raman
spectroscopy and -¥ay diffraction) for different pra@ess conditionsinside and outside the process
window, havebeen led to find out a signaturethé cause of epitaxy breakdown

Chapter 3is devoted tdhe understanding afrowth mechanissifor the process conditions leading to
epitaxy. By studying theagly stages of the epitaxial growttjs chapterims to identify the growth

mode of LTE and which plasma speciesUDGLFDOV LRQV &®igbhvedi v AFOHYV
Volmer-Weber growth modehas been highligted in these early stages and a model for low
temperature epitaxy is discussed.

Chapter 4 deals with the transfer of process conditions for epitaxyGanah semiindustrial PEVD
reactor and the development of doped epitaxial silicon lagtracturaland electrical properties of
boron and phosphorudopedsilicon layersare analyzedOptical and structural properties have been
assessed by ellipsometry andag diffraction onthe doped epitaxial layers. The boron concentration
has been assessed bggwha profiling time of flighmassspectrometry PRTOFMS) and SIMS the
carrier concentration by Hall effecand electrochemical capacitanoatage (ECV technique. In
addition,the homogeneity of dapg is assesseby 4-point probe mappingsn this chapter we also
tackle homogeneity problems encountered lwithe gas injection andie suggesthe design ofan
optimum shower heabtlased on fluid dynamic simulatienProperties of epitaxial layers resulting
from this new design are compared to those obtained with the formeBegises, acomprehensive
study about the influence die pressure anthe RFpowerhas highlighted the significamfluence of
theseplasma parametemm the stratural and electrical propertidsSinally the results of passtion of

the dopedand undopedepitaxial layers by aluminum oxide(AlOy) deposited by atomic layer
deposition(ALD).

Finally, Chapter 5 conclude this manuscript anderspectives to carry on the work on LTE from
SiFJ/H2/Ar gas mixtures are suggested.

«
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2.Definition of process conditions for low
temperature epitaxy by PECVD using Sik/H2/Ar
gas mixtures

2.1. State of the art oflow-temperature epitaxy

7KH ILUVW XVH RI 3(&9' IRU JURZWK RI HSLWD[LDO ILOPV ZDV U
S5HLITV UdloupsDAY thad time, the aim was reduce the diffusion of impurities by reducing the

process temperature and to increase the deposition rate of conventional CVD. By doing so, they
reached growth rates of tens&fs at substrate temperatures from 7563@00°C[1] £3]. It should

EH PHQWLRQHG WKDW WKH WHUP BOREWNLNPSHQDWPHHS XFOERPS
tHPSHUDWXUH HSLWD[\" /7( FDQ UHIHU WR SURFHVV WHPSHUDW
use this naming for processes below 400°C.

2.1.1.0verview of techniques used for LTE

A lot of techniques have been appliedgrow monocrystalline silicothin films at low temperature.
Some tudies have reported that low temperature epitaxy by molecular beam epitaxy {MBE)a
systematichickness imit before epitaxy breaks down when the substrate temperature is kept in the
range from room temperature 200°C[4],[5]. While some publications report the same problem
associated to cigal thickness with PECVD, ber groupshave showrthat the use of plasma allows to
grow thick epitaxial layers (> 5 um) at 200{€]. It should be noted that this is more a practical limit,
due to the impossibility to make deposition over more than one dagr thm a scientific threshbl
above which an epitaxy breakdown is observed.

The use of low temperature epitaxy (< 400°C) in a PECVD reactorepasted forthe first time in

1987 by Shibatat al. [7]. They were investigating new ways to grow crystalline matefaal the
manufacturing ofvery large scale integrated circuits with very abrupt jumsti They showed that
epitaxial growth could occuat 300°Cusing a norconventional deposition methothe hydrogen
radical enhanced chemical vapor deposition {ENRD). Interestingly, they were already using a
SiF/H2/Ar gas mixture and more generally thee of fluorinated gases W K H fv LV RIWHQ UHS
the literature. Using remote microwave plasma with a gas mixture composedaatiH\r reacting

with SiFs injected near the surface of the substrate, they showed that a highly ordered mateaal with
low density of defects came obtained aB00°C withinteresting deposition rates of 10 to R6s. The
hydrogen was considered as the growth control parameter influencing both-ffleagagseactions and

the surface growth mechanisms. Thus, they dematast the role of hydrogen twe responsible for

the amorphous to microcrystalline transition while epitaxial growth occurs in befjeéfrom these
studiesthey concluded that the competimgactions between deposition from & (n+m ”  gas
precursorsinduced by the reaction of Sikvith atomic hydrogeri8], and the etching bifuorine (F)

led to the growth of a ®ll ordered SiSi network. They also investigated doped layers by
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incorporating PHand BFR, and shown that conductivity of, respectively;?10.cm (mobility around

10 cn?/V.s) and 1 .cm could be achieved. It should be mentioned thttdicase of boromloping, a
minimum substrate temperature of 400°C was required, so their technique, in addition to being
difficult to scale up, is not adapted for the growth of bedoped epiayersat low temperature.

Besides, in the same period, Shibata and JBfnfl1] also investigated the feasibility of silicon
epitaxy bysputtering. They used a 100 MHz plasma under an argon atmosphere at low gi€ssure
mTorr), associated to a Diffas on the silicon target (to tune the deposition rate) and a DC bias on the
substrate holder (to vary then bombardment energy) heated at 250°C. They found an optimum for
the ion bombardment energy to be 25 eV. They demonstratetyze rdefectfree eitaxy at a
deposition rate aroundA V. ZLWK D YHU\ VPRRWK VXUIDFH DQG 3GHYLFH
bias currents of a few nA/cén They claimed a 100% doping efficiency with a carrier concentration of
1.9.108 cmv® (concentration of the dopedrgget) for a mobility of 160 cni/V.s. However they did not
assess the homogeneity and the measurement fagwbese current is done on a 1x1 frarea This
technique is also said tequire the use of ultra clean processing environment and ultra clean waf
surface[11], which is hardly suitable fd?V industry.

Electroncyclotron resonance PECVD (EEPECVD) has also been used to produce mot&i thin

films but it encounteid systematic epitaxy breakdown after a low thickness limit. The limit has been
found to be 500 nm at 360°C by Varheteal [12]. Platenet al. obtained similar resultat 325°C by
observing a slow crystalline to amorphous transition beyond critical thickness of approximately 500
nm[13]. They also observedl critical limit thickness on <111oriented substrates to be 35 nm at this
temperature. By increasing ttemperature to 525°C, epitaxial films with thicknesses beyond 1.5 pm
(on Si(100)) have been reportédi4]. In that case a mobility value of 600 #ms for non
intentionally doped 1type silicon epiayers at 2.18 cm®was reached Alike sputtering, they also
found thata plasma potential above 25 V deteriosdtee film structural properties. Ra al. similarly
obtained above 2 um thick efagyers from 510°C witla growth rate around 8/s [15],[16].

In addition, Rosenlad et al.[17] investigated the lovenergy DC PECVD applied to Si homoepitaxy.

In a low pressure plasma (around 10 mToomnposed of SikdH, gas mixtures they showed that the
bombardment of ions with energies higher than 15 eV leads to the formation lohgtiaults in
epitaxial films grown between 400°C and 600°C. They also claimed the hydrogen adsorption as a
cause forstacking faults formation by limiting the surface mobility of Si atoms. The consequence of
these two effects is the accumulation of stefaoughness which favors the nucleation of stacking
faults after a critical level.

Finally, it is worth noticing thathe use of plasma is not necessary to grow crystalline thin films at
such low temperature. In the same period, also Japanese researsfil83419] reported epitaxial
growth using photochemical vapor deposit{photaCVD). The energy is provided by a Wburce

( =253.7 nm) radiating the substrate in presence of gas precursors allowing their dissdevation.
thoughat the beginning of the development of this technique the growth rate was @@ A/s)[20],

they demonstrated the growth around 200°C of 500 nm thick layers at a rate of 2 A/s. With a gas
mixture composedf SiHs, Hz, SiH.Cl, and BHesthey achieved doping concentration up tc%€n®,
However to enhance the dissociation of Sithe addition of a small amount of mercury vapor is
required. Other publications report ph@@¥®D epitaxial growth without mercury ssitivation but to

our knowledge it requires a growth temperature above 6[ZXIC[22].
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2.1.2.RF-PECVD for LTE

In 1987 Nagaminet al [20] demonstrated for the first time LTE using conventional radio frequency
PECVD (RFPECVD) reactas, using a power supply with a frequency of 13.56 MHz which is the
standard in the industry. By using a <100> oriented bdaped dicon substrate heated at 250°C
they achieved the growth of a 120 nm thick epitaxial layer from a gas mixture QfS#i and H.

They were working at pressure of 1 and 3 Torr and achieved growth rates arodisl@nd 1.24/s
respectively. The lowemperature of the process made possible a very abrupt transition between the
highly boron doped substrate and the -lagers. SIMS (secondary ion mass spectrometry)
measurement showed that at the-®pistrate interface a variation of boron is only visddleng 15

nm. It either means that the diffusion occurs on these 15 nm or that the SIMS resolution is within this
range, noclear explanation was provided. One year later, Uensdtali[23] extended the use of RF
PECVD to phosphorus ded (n*) epitaxial growth. Besides, they used more standard/|3iHPH; gas
mixtures fortheir epitaxial growth, instead of full or partial fluorinated gas chemistries, and reached a
minimum resistivity of 4.18 .cm, correspoding to a doping concentration of 224@m?3, with a
mobility of 10 cn#/V.s. The pressure used was 0.6 Torr andptheer density 0.25 W/chwhich is
relatively high and close to what used in this PhD work. However the deposition rate was lower than
0.4A/sand they limited the epitaxial layers thickness to 200 nm. In the same period, in the US, similar
studies were ledt Xerox[24]. They used pure Si#H: gas mixtures and showed that fully crystalline
growth could occur at temperature below 300°C, also in a conventional PECVD reactohianddac

up to 1 um thick epitaxial layers. They suggested that instead of a slow deposition rate, etching
promoted byH radicals was the main requirement for crystalline growth. They also showed that the
defect density was clearly dependent on the temperatud thaepitaxial films free ofH platelets
(accumulation of hgrogen in the {111} planesyere obtained only fdilms with growth temperature
above 350°(25]. In addition, they showedby substituting Hby deuterium (B) in the gas mixtures,

that the origin of H platelets was due to the hydrogearorated via Sikradicals rather thani

,Q WKH HDUO\ ¢V ,0(& VWDUWHG WR \enaX[gs], chbRided\iteReStiHgJ D W X U H
resuts on the low temperature epitaxy by -RECVD in the 206400°C range. They first reached
phosphorus concentrations up to?16m? in epitaxial silicon[26], claiming a full activation of
dopants leading to a mobility of 9 ¢3) cn?/V.s. However no significant mobility improvement was
observed when doping concentration was lowered to'%6chd®. They already claimed a deposition

rate of 1.5A/s at a presse of 3 Torr, i.e. similar at whave use in this PhD work One year later

[27], they succeeded a selective epitaxy by the use of a mixture paB8iHSIk, the SiH flow rate
controlling the depadson rate and the SiFone contolling the process selectivity. Thus on a patterned
dielectric layer deposited on aSi substrate, they can selectively grow epitaxial silicon on open areas
(crystalline) while on the dielectric (amorphoumsaterial no degsition occurs, not even amorptsou

They assumed the selectivity of the process was possible due to the etching by fluorinated species of
the less stable amorphous phase (which is deposited on the oxide, an amorphous material) than the
epitaxial silicon orthe crystalline area (open argago achieve this, they had to work at low pressure

(50 mTorr, i.e. 2 orders of magnitude lower than what we worked with)rendeposition rate is only

0.6A/s.

Later, LTE by PECVD has been extended to boron doped layerSi(100) and investigated on
Si(111) with SiH/H./B2He gas mixtures. Schwarzopt al.[28] demonstreed excellent quality boren
doped epiayers grown at 400°C on Si(100) but with a low deposition rate oA hile the RF
power density was high (0.31 W/énThey also showed that fully crystalline growth on Si(111$ wa
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possible at this temperaturetiwith a high level of defects, a disorder level of 1 was deducted from
Rutherford backscattering spectromegRBS). The feasibility of epitaxy on Si(111) was ditrted to

the boron dopingince intrinsic growth does not work in the same conditions. They also demonstrated
a strong correlation between dider level and H concentrationh@y assumed that defects acts as
SVLQNV™ IRU + UHVXOW L Qodslinhadl ubkiyHddayers RQFHQWUDW

:KLOH SXEOLFDWLRQV UHIHUULQJ WR /7( IRU PLFURHOHFWURQLF
interest for solar cells since then. Thus, in 2002ePlal. [29] demongtated a 13.1% efficient &

cell using VHFPECVD for the formation of pemitter and intermediate intrinsic epyer around

200°C. While the st was 4 mA/cr higherthan the reference (standa(i) aSi:H and (p) pc-Si:H))

the Voc was 80 mV lower. It is worth noticing that they directly deposited indinroxide (ITO) at

the top of the pepilayer. Therdore we can expect better results by using a proper passivation layer.
ThenFarrokhkBaroughiand Sivoththamari30] used PECVD with SildH2/PH; gas mixturs at 250°C

for the formation of (f) emitter in a €Si solar cell without using TC@ut a SiN antireflective

coating and reached an efficiency exceeding 10% witfv@near 600 mV. Later, with the same
chemistry, above 13.5% efficient solar cells with a simp® / (n*) ¢c-Si/ (p) c-Si/ rear contact
structure was achieved with growth at both room temperature and 2B80F.CThey reached/oc

above 600 mV in both cases with a carrier concentration ot®2:a4ff and an emitter thickness 60

nm. InterestinglyalthoughcrosssectionalTEM images and diffraction pierns of the bulk region of
epitaial layersshowa high density of twins and stacking faults at 200°C and a low doping efficiency

of 4%, they achieved relatively high performances for cells with low temperature epitaxial emitters.
Surprisingly, for theilconditions, by lowering the prose temperature to room temperature, twins and
stacking faults disappeared. It should be mentioned though that the area of the cell was not exceeding
4x4 mnt. If all these solar cells have been done on flat <100> orieilteohs(Si(100))solar cell, it

has been shown that efficiency of 13.8% can be achieved with a 50"houési epiemitter grown on
atextured ptype wafef[32], meaning on <111> oriented surfaces. The emittergn@sn at 300°C by
SiH4/H2/PHs chenistry and incorporated in a simple architecture: Al (front ghiliNx:H / 50 nm(n")
Quastepitaxial Si ftextured ptype Cz/ Al (back contact)However, he laye looks highly defective

in TEM images and due to epitaxy breakdown into an amorphous phase, the architecture is more
similar to a heterojunction cell with 5 to 10 nm of (defective) epitaxy.

The use of eaxial layers as intermediatyer between bulk and amorphous layer in silicon
heterojunction (SHJ) solar cells has also been investigated. In 2002 &ldirstly showed that a
12.8% efficient solar cell could be achieved by introducing an intrigsitayer between the wafer

ard the (p*) aSi:H layer. More recently, Hekmatshoat al. [33] investigated le baefits from
introducing doped epitaxial layers in SHJ solar cells. They showed that by growing a 5 nm thin
phosphorus doped epitaxial layer between the wafer anghthdoped amorphous silicon layer {(n
aSi:H), it results in a rise of open cirtuioltage (\bc) from 620 mV to 650 mV, reaching an
efficiency of 21.4%. The improvement of electrical properties is attributed to an enhanced field effect
and an increased incorporation of hydrogen at the interface with the wafespfiin@mthickness of

5 nmis considered as a tragdéf between advantages mentioned abovigich tends to adopt a thick
eptlayer, and the limitations due to Auger recombinatiahich favors the use of a thin elgyer. The

hole lifetime in this f epitaxial layer with anajaity carrierconcentration N=5.10° cnv® has been
assessed to be around 100 ps, corresponding to a hole diffusion length of 200 nm, therefore only three
times shorter than forfrc-Si with the same doping levgB4]. The differenceis explained by the
higher defect density in the low temperature grown epitaxial layers. By movintype wafers, the
optimum thckness moves to 7.5 nm but the efficiency is maintained at 2138} More recently,
Carrereet al. [36] studied via numerical simulations the effect of the addition of a thin and highly
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doped (p) or () c-Si layer at the (i) &i:H/substrate interface on the performances of'¥iJolar

cells. While the(n*) ¢-Si layer does not shosgignificant enhanceent on the cell efficiency, the*)p

c-Si layer could improve it by almost 1% absolute (simulated). This is attributed to a better field effect
passivation[36] and a eduction of contactesistancg37] resulting in a higher ¥ and FF. The
improvement of performancesm manufactured sat cells via this approach has been confirfgg

but the process flow relies origh temperature poesses (950°C) for the activation of the boron
implanted by plasma immersion. This can lead tiecrease of the bulk lifetime due to the damage of
the substrate because of tlighthermal budgef38].

Thefirst work on LTEat LPICM resulted from observations of the interface betweSnbulk and a

Si:H layer for the formation of heterojunction solar c¢l9],[40]. In some conditions, instead of a
perfectly abrupt junction, a local epitaxial growth can occur along a few nm at this interface leading to
a significant dromf Voc. Other research grouppsl],[42] also mentioned this negative effect of local
epitaxial growth during the deposition of the passivation layer and try tesdlutionsto avoid this
phenomeaon. The LPICM has devebed a strong expertise in the optimization of this interface and
has brought new elements of understanding allowing to either obtain abrupt interface (without epitaxy)
or, at the complete opposite, to grow several microns of epitskéan.

Subsequenyl a lot of research has been led to perform silicon epitaxy on various substrates such as
Si, Ge and GaA#3] 445] paving the way to the manufacturing of myithction solar cellsSo far,

low temperature silicon epitaxy was mainkgedat LPICM for manufacturingcrystalline silicon
absorbers. This application réggs several pm thic epitaxial films to favor light absorptiot has

been demonstratetthat solar cells with good electrical properties could be obtained sétleral
micronsthick absorbers growny RFPECVD at 200C€ [46]. In particular Cariowt al. widely studied

and optimized silicon epitaxy by PECVD using 3 chemistry. They achieved a 8.5% efficient
solar cell using-5 um thickepitaxial layers aabsorber, thus showing the goguhlity ofthe material

[46] and a 7.3% efficient solar cell with a reported {iff) epi-Si bulk on glasg6]. The minority

carrier lifetime reached in these layers is not easy to evaluate, it has been assessed by time resolved
microwave conductivity (TRMZTthat the bulk lifetime was around 10 ps. Recent results obtained by
Kelvin probe force microscopy on the cross section of an epitaxial silicon solar cell under modulated
frequency electrical bias have provided similar rssyd7]. While microwave detected
photoconductancelecaytechnique |(-PCD) showedthis lifetimeto be in the range of 5050 ps[43].

The use oL TE with SiH/H, gas mixtures has been extended to the formation of doped laye& in c
solar cells. Thusabruneet al.reported ora 14.2% efficient solar cell with atgpe low temperature
emitterusing a Sik/H2/B.Hs gas mixture[48], incorporated in hombeterojunction solar cela front
contact(Ag) / ITO/ (p*) epiSi/ (n) ¢Si/(i) pm-Si:H/ (n) aSi:H/ITO / rear contact (Al).

In parallel, severaVW XGLHV RQ PLFURFWBHVADLOCIONM Qake Kledlédrdrspong F
potential of the Sik/H2/Ar chemistry. Ahigher crystallinity and lower defect densitave been
obtained by using silicon tetrafluoridgSiFs) precursors instead of silar[d9],[50]. Dornstetter
demonstrated a recolMbc of 553mV in a peSi:H solarcell [51]. BesidesSiFs chemistryallows to
reducethe amount of oxygemcorporated intdhe layers[52], which should enhance the quality of
epitaxy. Morenoet al.[53] havealreadydemonstratethe strong potential of SiFor epitaxial growth
by RFPECVD, in particulardue tothe very smooth interface which is possible to achiBeenstetter
et al. [50],[54],[55] also provided a betteunderstanding on the plasma reactionswshg the
influence of the Kidepletion on the amorphous to microcrystalline transition with this cherfis}y
This PhD work addresses the use of.Sifstead of SilH to investigate the potential for low
temperature epitaxial emitter basedtbe better understanding of galsase reactions SiF/HJ/Ar
plasmas.
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2.2. Experimental seup

This chapter is deted to the definition of theonditions required to perform intrinsic epitaxy. Firstly,

it allows to define a process window which makes a processféraand scalep much easier.
Secondly, to separate the effect of gas doparthermpitaxial growth,equired to manufacture doped
eptlayers, it is first necessary to understand the conditions of epitaxy breakdown for intrinsic material.
This part brings insights on the understanding on low temperature epitaxy and epitaxy breakdown,
putting apart the inflence of dopant gas on the crystalline growth, which will be studi€thapter

4.

2.2.1.Basics of PECVD

In this section we detail the principle of a capacitively coupled PECVD reactor, which is the most
common PECVD reactor found in thedustry. As previousl said, the use of plasma allows to
dissociate gases which are stable at the PECVD working temperature.

Fig 2.1 ta) lllustration of the principle of DC sélfas voltage for asymmetric discharge. b) lllustration
plasma potential (M), excitation electrode voltage and DC duHs voltage for three designs witbC and
capacitive coupling79].

The gas dissociation, due to thelisodbn of electrons wittgasmolecules,nduces the formation of
reactive species which will contribute to thepdsition. For that, gases are injected in a chamber and
the pressure is regulated to be typically in the rangen20rr to a few Torr. In this chamber two
parallel electrdes face each other and are separated by a few centimeters (typically finom th0D
mm). A sirusoidalradiofrequency (RF) voltage, with a frequency of 13.56 MHz is applied to one
electrode (RF electrode) while tls¢her (where the substrate is lyingy grounded. The 13.56 MHz
frequency (and its harmonics) is a worldwide standard é&ecy established by the International
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Telecommunications Union in 194@hosen to avoid disruption with radio communicagiohhe RF
excitation induces the ionization ohg between the two electrodes where the glow discharge occurs.

The plasmagnition is induced by the electrical excitation applied to the RF electrode. Given that
electrons are much lighter than ions, the electron flux is larger than that oT fensletron andion
fluxes, % and + respectively, are given by:

4. 205
c L— -
el 4
and
4. 28y
olb— =
elU

where B=ni=ne Kk is the Boltzmann constant. @nd T the electron and ion temperature, amd m
electron and ion mass.

As an example, the ratio of mass betweamsrs and electrons(mi/me) in a hydrogen plasma is 1836.

This induces that at the ignition of the plasma, electrons are lost to the walls which hence induces a
potential drop. To have a stable discharge, the conditi +needs to be satisfied. As a resualt,

positive charge spacregion between the plasma and the wallsreated, called the sheath, in such a

way that the electrons are confined in the plasma and the ions are accelerated towards the surfaces.
This allows to equalize the electron and ions fluxes (+) on a RF cygle.

At the frequency of RF discharges (13.56 MHz), the electrons are much more mobile than ions. The
plasma pulsation8, which corresponds to the maximum pulsation to which a speciesncespdhe
plasmais defined by
NIV

AL oAl

fix B
whereng is the density of the species (electron or iomjts massg the charge of an electron, arfd
the vacuum permittivity.

In mostof casesthe plasma pulsation of ions is lower than the RF pulsation whilge ftigher for
electrons. As a consequence, electrons instantaneously follow the RF oscillations while ions only
respond to the average RF electric field.

It means that for thépositive) first half period of the RF cycle a lot of electrons are attractie tRF

electrode while only a few of ions are attracted to the RF electrodes during the (negative) second half
period due to their lower mobility. This situation would leadhe plasma stop because there would

be no longer equilibrium between electrordaon density in the plasma, its neutrality would not be
respected. Thus a sdifas voltage (¢ LV GHYHORSHG RQ WEKM L5\ 'HW KAWY RrFGRKD W/
with a DC voltage for which ions can respond, to satistydbndition <> +>; on a full RF cycle

(at every momenti(t) and +(t) are differentout their integral ovea RF period are equal). As shown

in[Fig. 2.1}a), the \4c allows to compesate the lower mobility of ions by the longer time during

which they are at#icted to the RF electrode, while the electron flux towards the RF electrode occurs

for a short time, when the potential barrier between the RF electrode and the plasma is low.
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The formation of this selbias voltage is possible due to the presence ofckibig capacitor between
the RF electrode and the generator. Different architectures of reactors are JFay@.ijb), leading
to theformation (omot) of negative opositive sekbias. To roughly assess the values of thislsialf,
the reactor can be simplified by an equivalent system as shgkig.i8.2] The relation between the
potentialat the RF electrode gy and the plasma potential {)/can bedescribed by a voltagewider
given that the sheatban be considered as capacitance. Hencthe relation between 8¢ and &
depends on the area of the capacitamziherefore on the area of the RF and grounded electrodes.

Fig.2.2 t Equivalent systermf a CCP reactor withe@he blocking capacitor, #the area of the RF electrode
Ac the area of the grounded electrode rMhe RF potential, 3/ the plasma potential, ¥the potential
between the RF electrode and the plasma=M=Vp). Zz and £ are respectively the impedance of the
sheath at the grounded and RF electrode, ar@Ad Athe area of the grounded and RF electrode.

Thus in asymmetric reactors a strondetiénce between the,\Mand the e is observed, controlled by

the difference of Wc. This alsomeans that in symmetric reactors the amplitude of thes\Much

higher than in asymmetric ones, which means that symmetric reacéonere likely to generathigh

energy ionsmpingingon the substrate @tedonthe grounded electroddhis is a ctiical feature for

the material properties of our films. It should be noted that even if RF and grounded electrodes have
the same area, the walls of the reacteradso grounded, so even in symmetric reactors a D®iself
voltage can be observeginally, it is worth noticing that in typical capacitive discharges the fractional
ionization is about 1610*, meaning that most of gas is not ionized but only dissed.

2.2.2.PECVD reactors

'XULQJ WKLV 3K' ZH ZRUNHG RQ WZR GMAWMWNHIWW 3WHWKWRUYV VR 133}
shown i This is a researcteactor with a 4nch substrate holder diameter which operates
from room temperature up to 300°C for the substrate holder (grounded electrddgpranroom
temperature t@00°C for the RF electrode. The pressure can be varied from 40 mTorr to 10 Torr. The
surface of the RF electrode is 75%and its power supply can deliver up to 100 Wr@=1.33

W/cn) at a frequency of 13.56 MHz (RF). A piaa box[Fig. 2.3}c)) is fixed to the reactor in order

to contain the plasma and to avoid it to spread all over the chamber. Two holes have been drilled in the
plasma box for té incident and the reflected light beaf ellipsometry and another one for thgical
emission spectroscopPES measurement. It is important to mention that in that case, the reactor is
asymmetric, the @unded area is larger than the RFcilede, due to the presence of the plasma box.
Thus, for Philix a significant DC selfias voltage is expected.
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Fig.2.3 t a) Picture of Philix PECVD reactor with the residual gas anédl&&) connected on the left b
Picture of opened Philix with the substrate holder at the bottom c) Picture of the RF electrode an
plasma box with openings for ellipsometry and OES.

Philix has been used to define the process conditions for intrinsic eptébgequently transferred to
the Cluster in which doped epitaxlayers were developed.

The Cluster is a semindustrial tool connecting 6 PECVD chambers, one sputtering
FKDPEHU ZLWK WDUJHWYV $J ,72 $0 « RQH FKDUDBWKHUL]DWL
and one internal transfer zone (I transfer substrates from one chamber to another for depositing
different materials without breaking the vacuum. It is worth noticing that in this case, samples are
loaded in he PECVD chamber via a lodock, contrary to Phik, reducing contamination and also
increasing theeactorthroughput.The process chamber operates from room temperature to 300°C for
the substrate holder and from room temperature to 200°C for the RFo@éecThe pressure can be
varied from tens of mTioto 10 Torr. The base vacuum before process is below 3.40. Contrary

to Philix, there is no plasma box in the PECVD reactor and the chamber is symmetrigetibias
voltage should be expectes shown i This has an impact on the transfer from one reactor to
the other and in particular for the maximum power suitable for epitaxy. Given that surface of walls is
not negligible with repect to thaof electrodes a sebias is nevertheless observed but is much lower
(basically one order of magnitude lower) than in Philix.

Fig.2.4 ta) Pictue of the cluster tool with 6 PECVD chambers, the characterization chamber on the
the sputtering chamber at the top left corner and the ITZ in the center. b) Inside of a PECVD chamt
bottom electrode is the RF electrode (on thistpre) and the top electrode (not shown here) is th
substrate holder lying on the racks (on the left and right).

2.2.2.1. In situ characterization
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In addition to RF voltage (M) and selbias voltage (¥c) measurementsn situ characterization

tools are usetb monitor the evolution over time of both plasma and material properties. The standard
GLDJQRVLVY WRROV XVHG LQ SODVPD SK\VLFV /DQJPXLU SUREH «
the deposition on the probe, thus affecting the quafitthe meastement. This reduces the possible

choice of characterization tools. We detail below the characterization techniques esuyatlyed on

the PECVD reactor.

Optical emission spectroscof®ES) is a nonintrusive tool for the diagnosis of readiplasma
providing information about chemical species in the plasma. It measures the emission intensity which
originates from electronically excited states of the species in the plasma. Given that the proportion of
electronically excited species depends the electronenergy distribution function (EEDF the
intensity of emission is a function of both the density of the chemical species in the plasma and the
EEDF[57]. This is a significant issue sstudy therfluence of one parameter on the density of species
sincethis parameter can change the density of plasma species and the EEDF as well. To tackle this, in
most of experiments involving OES, the emission intensity of the species is compé#natl ob a

nole gas slightly addedo the gas mixturand used as a reference. In most of casesigisn Ar).

In our case Ar is the diluting gas so a variation of one parameter is hardly detectable drstheahr

The equipment we used is a Maya@@®rospectrometer from Ocean Optics.

In addition to OES for the plasma characterization, a residual gas analyzey liB&SBeen connected

to the reactor. It is used to det the gas species at the outlet of th€¥B reactor. While driving
guantitative conclusions from OES are not straightforward due to the interdependence of the
parameters, this tool based on differentigllymped mass spectrometry allows to easily estirttee

species which are consumed.(I5iF: «) and formed (HF Sik «) in the reactive plasma. The
principle is to compare the partial pressure of the gas species before and after plasma ignition. This
approach considers¢ KH SODVPD DV D 3E O DthEdy icde{dil & hESsetad (staDIR akd V
unstable) present in the plasma but provides appropriate information on the plasma behavior for a
process development and transfer. The RGA used is a Microvision 2 filkg avid is connected
downstream the chambén, the pumping gas line before the process pump[F&pe.7). During this

PhD it was mostly used to measuhe H depletion resulting from the reactions in the plasma, which

has been correlated to material prdjes.

2.2.2.2. Spectroscopic ellipsometry

Spectroscopiclpsometry (SE) is a very convenient tool for the optimization of process conditions

for epitaxy.lt allows a fast characterization of dielectric properties of the materials by comparing them

to referene materials (&Si, pyc¢Si;H, a6L + « RU PDWKHPDW L/ARUMH @W G HEOD/X FKD X
It is based on the change light polarization induced byhe beamreflection on the sample. By
comparingthe spectra of themaginary part of the pseudbelectric funF W LiRr@m @he grown

materials to reference materials we can determine the thickness, the roughness and approximate the
structural compositiorof the sample by using the Bruggeman effective medium appration

(BEMA). The spectra for-8i, large and small grain pelyi and aSi [58] are shown iEig. 2.5ta).
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Fig.2.5 ta) Imaginary part of the pseueltielectric function of €Si, large and small grain pedy am &Si. b)

Model of the epitaxial layer grown on aSt substrate (semnfinite medium) composed of an interfac
represented by a porous layer (50% e®icandb0% of void), a bulk composed of a mix €3icpolySi (large
grain) and &i and a roughnesdso represented by a mix of 50% e%icand 50% of void.

It can be seen that the presence of grain boundaries in the film affects the absorption and so the
pseudedielectric function, especially the height of the peaks at 3.4 eV and 4.2 eV which correspond to
the Van Hove singularities of silicoRitting ellipsometry results with a model compos#diifferent
materials(c-Si, poly-Si, a 6 L <«provides informaion on the quality othe sampleby extracting the

fraction of each material. The model used for the characterization is sH&ign 2bib).

This malel allows to take into account the potential interface between the epitaxial film and the
substrate by representing it by a porous layer composed of a 50%/50% m&i aind void. The
50%/50% mix is arbitrarily fixedonly the thickness of this interfatagyer is calculated in the model to
avoid fitting on too many parameters. The deposited layer is modeled by a mki,ofacge grain
poly-Si and aSi. Practically, the amorphous fractiony)(Bften is equal to 0 ananly the crystalline

(Fc) and polycrgtalline fractiongFp) are needed tfit with the experimental data.

Fig.2.6 t a) Simulated imaginary part of the pseudilectric function of &Si for different roughness
values. The roughness has bemondeled as anix of ¢Si and void (50%/50%), the value R correspond:
the thickness of this layer b) Evolution of the imaginary part of the pselielectric function at 3.4 eV
(black) and 4.2 eV (red) as a function of roughness.
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The presence of amterface can negatively affect the structural and electrical properties of the
epitaxial film but it also allows to easily mmae the thickness of the film and hence to deduce its
deposition rate. In case of $iA/Ar, the interface is often undetectalidy ellipsometry and the only
solution isto usetransmission electron microscopyEM). However, by purposely contaminatiriget
surface of the-&i on which the epitaxy takes place, for example thanks topdalsima or by exposing

it to the air for a log time afterhydrofluoric acid HF) dip and prior to epitaxy, a deteriorated surface
can be achieved and oscillations at lovergy (0.7 +2.5 eV) can be observed allowing to determine
the thickness using the optical model andngtasurements.

The pseudalielectricfunction is affected by the crystallinity of the material but is alsy gensitive

to the roughness. As an example, the effect of roughness on a pesientiltstrate is shown

This graph shows that by introducing a roughness of only 1gh®eV)dropsfrom 46 to 39 and

down to 14 for a 10 nm roughness. However the first singularity at 3.4 eV is less affected by the
roughness, and the latter needs to be above 2 nm to observe a significant differ@ndéese
differences and the strong effect of rdG@® H V \{4.R=Q) &re related to the energy dependence of the
absorption coefficient . and therefore to the penetration depth . §(3.4eV) QP DQEg .G
(4.2eV)=5 nm).

Fig.2.7 t Schematic of a PECVD reactor with associated characterization techniques: probesbi@ss
voltage (W9 and RF peato-peak voltage (W), anin situ ellipsometer, an optical emission spectrosco|
(OES) systemmnd a residual@s analyzer (RGA).

Besides, ellipsometry can also be useditu. This allows to monitor the evolution of the material
optical properties during a process. Depending on the technology, the monitoring can be done at one
single wavelength (épsometer with gratings) or for the full spectrum (CCD sensor). The first
techrology is used on Philix, an Uvisel 1 from Horiba Jobin Yvon is set up on the reactor, this
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ellipsometer can only measure one wavelength at the same time. Most of the tinmerglyeoé the

light beam is chosen to be 4.2 eV, due to the high sensitivit@Burface properties at this energy.
This allows to assess in real time the crystalline quality/roughness of the growing material. It will be
shown in Chapter 3 that the tparature also has an effect dhand in particular for both silicon
singularites. A M-2000 Woollam ellipsometer is used on the Cluster. This ellipsometer uses a CCD
camera to acquire the signal, ththe full spectrum(0.756.45 eV) can be obtained aduaction of

time. A summarizing schematic of the PECVD reactor with its agsolirasitu characterization tools

is shown i

2.2.2.3. Ex situ characterization techniques

In addition toin situ monitoring of theevolution of epilayers optical properties, ellipsometry is also
usedex situto measure the imaginary part of the psedsdectric function after depositiorat
ambient air and room temperature. Other characterization techniquesx siecire detaild below.

Raman spectroscopy

Raman spectroscopy allows to detect vibrational modes in materials by using a laser light interacting
with molecules. From these interactions, Rayleigh scattering (same energy as excitation), Stokes
Raman sca¢ring (lower endagy than excitation) and anBitokes Raman scattering (higher energy than
excitation) can be observed. In our case, only Stokes Raman scattering will be considered from which
we can extract the properties of a sample by deconvolutingahmRsignal by theansverse optical

(TO) modes of &Si:H at 480 crit [59], [60] and eSi at 520 crt [61] (SedFig. 2.8la)) and comparing

their full width at half maxhum (FWHM). The properties of the films are further analyzed by
studying the incorporation of hydrogen througk thbrational modes (stretch) of-Hiand SiH, at
respectively 2000 and 2100 &rf59],[62]. An example of fit for the Raman spectrum of the stretching
mode of SiH andSi-H, bonds in a p€Si:H layerafter epitaxy breakdowis shown ipFig. 2.8tb).

Fig.2.8 t a) Raman spectra for the TO mode of a bai® evafer and a-&i:H layer deposited on aSi

wafer. Raman signals at 480 ab@d0 cm! correspond, respectively, to transversetizal (TO) modes of
amorphous and crystalline silicon. Note that the acquisition time is three times higher for$iéldayer
than for the eSi wafer. b) Raman spectra around the stretching mode-bf (8000 cmt) and S, (2100

cnt?) groups for a Sayer after epitaxy breakdown.
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X-ray diffraction

Transmission electron microscopy has been used to give insight on the quality of the interface between

the epilayer and the -Si substrate, the type diefects, and the presencetbplatelets at a local level.

To extract macroscopic structural information from samplesayXdiffraction (XRD has been

performed. This technique is based on eastattering of Xrays by atoms electroifi€3]. In a crystal,

these atoms constitute a regular array of scatterers which induce a regular array of spherical waves.
Some onstructive interferencarisesfrom the crystaivhich dependsn the Xray wavelength and the

incident angle in accordancetotheUDJJYV ODZ 7KH SULQFLSOHKFi®R2%% UDJIJITV OD

Fig29t” Z u 8] }( EGC+*S 00}PE %Z] %0 Vvs v 3Z & PP[* 0 AX

In our case the incident-Mays wavelength is the CuK( = 1.54056A), is the incident angle
(known) andd the interatomic distance, which caary depending on the material. In the case of low
temperature silicon epitaxy, the gas mixtures and the process condd&idtsn lead to differences in
the lattice parameters. In case of {mmperature epitaxy fror8iHs/H, gas mixtures for exampleye
asgrown lattice parameter of the dpims is larger than that of the substrate. Thus, we will compare
the results obtained from SiF./Ar to thoseobtained fromSiH«/H, as regaré with the lattice
parametepf epitaxial layers.To provide a good undstanding of theexperiments performed with the
Bruker D8 diffractometerwe used, basics of high resolution XRD (PRD) are briefly detailed
below.

Fig.2.10 t Schematic of XRD setup with illustratiof 6 v } vPo e« dandigwale vectors.

Threetypes ofscan will bedetailedin this chaper, WKH & VFDQ WKH & VFDQ VRP
Yocking curve but depending on the authorsHh 3 U R F N L dn BIxoUtefed fo th&2 V A Brid
the reciprocal space mapping (RpWhich consists of a series &2 scans for different relativé&e D W
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the stat 7KXV WZR DQJOHV DUH XVHG LQ WK[FAiy B.10/ WD @&t on& DQG
corresponds to the angle between the surface of the sample and the inerdgnbeam and the
second oneorresponds tahe half of theangle between the incident-tdy beam and the detector
GLUHFWLRQ sg&hl& WhutndforWKH & VFDQ

Fig2ll t K i 3]A « }( §8Z “Ii} « v ~}v 8Z o0 (8 v "« v ~}v §Z E]I
the difference of lattice parameter of the epitakilayer with respect to that of th e «SE& § X dZ
assesses the mosaicity of the grown material and can be used to determine the dislocation density.

As shown iffFig. 2.1]] theobjective Rl WKH & VFDQ LV WR HYDOXDWH WKH GLI
of the epitaxial layer with respect to that of the substieted & VFDQ DVVHVVHV WKH PRVL
existence of tilted monocrystalline domainfsthe grown materlaand ca be usedo determine the

dislocation densityf-or a better representation of the scans, their definition in the reciprocal space, i.e.

the Fourier transform of the Bravais lattice, is required. The wave vectoasdkg), WKH DQJOHV &

and 2) and thecrystallogaphic planes ithe reciprocal spacespresergdas pointsareshownin

212

Fig.2.12 t Representation of characteristic argland vectors in the reciprocal space.
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The orientatios which can diffract depend on thé-ray wavelength. The large halircle with a
radius of 2E in[Fig. 2.12]defines the orientation which can be observed with €(K= 1.54%6 A).

By varying & DQG LI W Ksido @3 iirtls.toNhe vectokwgwhich reaches the orientation
point (hkl), the diffraction ofthe (hkl) planes occurs. The (004) planes are the only parallel planes to
(001) which induce a reflection with consttive interferences and detectable with the GuKhis is

due to the structure factor of silicon which has systematic extinctions for (akklf h, k and | are
from different parities.

Fig.2.13 tPr]v ]% o0 }( "11} « (003 plan&s shown in the reciprocal space. In that scanA & ]
such away that E¢ 171 Afi}i.e "i A}

Fig21ldt WE]V ]%o0 }( "~ ¢ v ~}E E} I]JVP UEA « }v §Z ~iid* %0 V
8C% }(* VU 1} Jo | %38 }ved3 v3 v Je ¢« & & 3A} §Jus+3Z €& PP v
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& scarsand & V Bdffgrentiate themselves through the angles swept byokind the investigated

point ((hkl) plane)of the reciprocal spad€ig. 2.13 showsthe principle of the& scan on (hkl)

planes for which Kis parallel to g« E<ZKLFK PHDQV BA/TBWtak allows to measure the
difference of lattice parameter between the substrate and the epitaxial layers. If the lattice parameter of
the epitaxial layer is larger than that of the substrateifiiiction peak appears at smaller angles, as
H[SHFWHG IURP %UDJJYV ODZ

The quality of the epitaxial layer is assessed by comparing the F\&HNkEe diffraction peakvith
respect to the substrad@e. In case of perfect monocrystals, if the lattice pamrnéthe epilayeris
the same as the substratigen the two diffraction peaksverlap and the FWHM is defined by the
instrumental broadening.

7KH SULQFLSOH RI W[Kigi2&4VFQ QVKD & YMBHHL@ EXW LV IL[HG LQ W
LW UHVSHFW s &ovihJ Bilths can be omposed of different crystalline domains

with the same crystallographic orientation but tilted between each other, which is called mosaicity.
&RQVHTXHQWO\ WKH GLIITUDFWLRQ KDSSHQV IRU GLITHHW& HQW & [
angle for theinvestigated crystallographic orientation) and induces a broadening of the diffraction

peak.

The results of XRD on LTE layers are rather scarce. We deffibir?.15/the state of the art of LTE
layerscharactered by XRD.

Fig.215t « "I11} » v (}& §Z ~iido* €& (o S8]}v }v %o ]SCAJmMGSidHECh@&mistB/C
for power density of 310, 465 and 620 mW/efa8] « “I7} » v (}& 8Z ~iides €& (o §]}v
grown at LPICM at 200°C from itk chemistry[80].

Fig. 2.15ta) and-b) show & VFDQV IRU /7( -PEQ/DGrom \SiB/H, gas mixtures. For
Fig. 2.15ta), Schwarzkopf eal. [28] have grown the layers at 400°C aiiod RF power of 100, 150

and 200 Wcorresponding t&®F power density of 310, 465 and 620 mW{aespectively. The values

are relatively high ampared to what we ugeur power density is commonly around 200 m\Wicrim

the case of lowRF power (310mW/cn¥) they achieve egayers with excellent structural properties.
Indeed the peak of the layer and that of the substrate partially overlap, gh¢aainthe lattice
parameter of the efiyer is very close to that of the substrate. The layer peak is dfigdsby 0.05°

with respect to that of the substrate. It also means that the in plane compressive strain is low in that
case. To our knowledgeishis the best result fan epitaxial layer in terms of structural properties
reportedn the literature.
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However when the power is increased the FWHM of the diffraction peak strongly broacessing
that a variation of lattice paramee is observed alg the layerdue to the presence of defects.
Moreover thediffraction peak of thdayer is shifted tdow angles and no longer overlaps with that of
the substrate, meaning that in average the lattice parameter of dagezps significantly larger than

that of the substrate. They assume the difference of structural properties between low and high power

to be assciated to the different growth rate. In case of low power, the growth rate is onfys0.1
while it is 0.25 and 0.22 for high power. However @o not think that a too high growth rate is the
actualcause of these differences singe reachedyrowth rats of 3 A/s for epilayers with similar
properties athose obtained in theliow powercasecondition.

As a comparison for our worEig. 2.15}b) shovs the results for the layers grown at LPICM with
SiH4/H2gas mixtures at 200°C. The growth rate for the Sample A (in redhis Bhile it is 8 A/s for

the Sample B (in blue) which is grown at higher powdre Tespective power densities these layers
havebeen grown at are 90 mW/érand 240 mW/crh The properties of the Sample B are similar to
what is obtained by Schwarzkopfadtin case of high power. In case of Sample A,can see that the
diffraction pe& of the layer is shifted by around 0.15° tod&tow angle but is sharp. This means that
the lattice parameter is significantly highdia(8.103 A, [43]) but it is homogeneous along the layer.
The scan of Sample A can be used as a rafmrefor our epitaxial layer given that it has been
measured on the same equipmaith the same configuration asir epitaxial layers.

When the lattice parameter of the epitaxial layer is different from that cfubhstrate, the epitaxial
layer can be stined, relaxed or a combination of both. The RSM allows to identify in which situation
the system is. THEig. 2.16|illustrates the representation inetreciprocal space dilly relaxed (in
green) and fully strained (in red) epitaxial layers.

Fig.2.16 t Representation of fully relaxed and fully strained epitaxial films in the reciprocal space. Be
a zoom in the 224 point and the representation tietreciprocal space mapping (RSM) obtained fr(
multiple " 11} scans with different™ at start. The green and red dots respectively features the position
fully relaxed and fully strained films in tiheciprocal space for the (224) orientation.

As an example, Carioat al. performed (004) and (224) RSM on 5.15 pm thick-lagers grown
around 200°C with the SiH» chemistry. Results are shownkiyg. 2.17| The (004) RSM (on the left)
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confirms that the lattice parameter of the layer in the direction of growth is eliffédrom that of the
substate: 0=, 8.10° A, [43]. Note that our calculations provide &=, 8.10% A instead.The (224)

RSM, by comparing Qpositions of the substrate and ¢gojersdiffraction peakallows to affirm that

the layer is strainedndeed, wL W K ,0(224% = 4.16 A, the case is similar to the red casfFig. ]

Thus, they found a low relaxation parameter, defined a@Rg +as)/(aoep-as), of 5.5%, where

ay.epilS the inplane lattice parametessthe substrate lattice parametard agepi the lattice parameter
for thefully relaxed epilayer with a cubic unit cell.

Fig.2.17 tOn the left: (004) RSM and on the right: (224) RSM of 5.15 laygris grown at 200°C. The lo
difference in Q ~ 4Y224) = 4.16 A?) for the (224) RSM indicatethat the layer is strained.

2.3. Definition of process conditions for intrinsic epitaxy

2.3.1.Hydrogen influence on material and plasma properties

In this part we study the influence of the hydroges) @ldw rate on the material propertidd/e will
see that the Hdepletion is a more suitable parameter to describe the behavior of the process
condtions, given that to some extent it allows to take into account the variation of the RF power.

The temperature of the substradixed at 200°C ad that of the RF electrode at 100°C. The pressure

is fixed at 3 Torr and the int@lectrode distance isd@n. Thus the produgi Hl (pressure multiplied

by the interelectrode distance) is 6 Torr.cm which is the optimum for the deposition rate as observed
by Djeridane[49], and more recently Dornstettfgl]. They have shown that for pressures varied
between 1.7 Torr and 3.8 Torr, the optimurteirelectrode distance needs to be fixed in such a way
thatp HI=6 Torr.cm. This also represents the condition for whictHth@epktion as a function gi Hi

reaches a plateau, meaning that this is the optimum to reduce the silicon precursors wasta. The Si
and Ar flow rates are respectively fixed at 3.6 and 88 sccm. Such a high flow rate of Ar is necessary to
ensure a good dissodit of Sik [51].
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The evolution of the imaginary part of the pseuelectric function as a function of Hlow rate
(B,) for aRF power of 10 W (=130 mW/cm) is shown ifFig. 2.18

Fig.2.18 tImaginary part of the pseuddielectric function for different Hflow rates (1, 1.5 and 2 sccm) ¢
a RF power of 10 W ¢g=130mW/cn).

It can be seen that for low:lflow rate the epitaxy is excellent (in black), both peaks at 3.4 and 4.2 eV
are similar to those of a$i wafer and a crystalline fractionRround 100% is found. When the H

flow rate is increased to 1.5 sccin transition occurs: epitaxy and amorphouisil appear on the

same substrate (in blue) with the same process conditions leading to highly inhomogeneous films.
These conditions are highly unstable for epitaxy, either it leads to epitaxpidf drom the initial

stages of deposition or after somepdsition time. Finally when the flow rate is increased up to 2
sccm the material becomes microcrystalline.

As shown ifFig. 2.19 when the RF power is increased to 15 pa€200mW/cn?) it canbe seen that

the optimal H flow rate also increases, moving from 1 sccm to 2 sccm. Ror B sccm both
@(3.4eV) and@4.2eV) values decrease with respect to those obtaineg=t30 mW/cni, meaning

the sample becomes roughker case of W= 2 sccm, Q3.4eV) is above 36 buf4.2eV) is lower than

40, which could mean that the roughness is also inateasea matter of fact the measurement has
been done two months after the deposition due to technical problems, so a native oxide grew thus
affecting @4.2eV). After modelling ie native oxide with a 2 nm thin layer composed of,&iad
voids at the top fothe stack, we found a crystalline fraction between 95 and 100%, varying with the
proportion of each material. The complementary part is only a polycrystalline fraction (nohauomr
phase). We know fronm situmeasurements that the spectrum of the lesysimilar to that of p==130
mW/cn?and H=1 sccm.

Finally, when the Kflow rate reaches 3 sccm, the material is similar at what is obtained with 2 sccm
at pjre=130 mW/cm. Thus the process conditions for epitaxy do not only depend on #%Fdratio
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given that the optimum changes when the RF power is chahggeled, we observéhat the H
transition from epitaxy to -&i:H/puc-Si:H shifts when the power is increasdderefore another
parameter to define the material transition is required. We wilttsstethe H depletion is a much
more relevant parameter.

Fig.2.19 tImagnary part of the pseuddlielectric function for different Hflow rates (1, 2 and 3 sccm) at
RF power of 15 W g=200 mW/cnd). At H=2 sccm a native oxide has grown before the measurement.

In order to assess the chemical properties of the plasma and the influpnoeesfparameters on the
plasma species, OES has been performed. The idea is to find a difference in the speatuat 3§
the plasma species and to correlate them to fferelices observed in the material properties.

Fig.2.20 t OES spectra obtained at 10 W (130 mW#ior H=1 sccm and 2 sccm around a) SiF emiss
%o le v e v v &E u]ee]}v % IX
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The power is fied at 10 W (130 mW/cfhand the H flow rate is varied from 1 sccm to 2 sccm, the
corresponding material properties are sho The two spectra shown([Fig. 2.20}a) do not
present significant differences and rfrhe H. HPLVVLR656 HM[bY] is not
detectable in our measuremeainditions. Ar peaks are slightly higher in the caseélgf2 sccm and

this is consistent with the work of DornstetfBi] but these differences have not been considered to
be significant enough to correlate them with material properties. Thus we can see that no significant
difference is observable between botlectm while, as seen material properties are
strongly different. OES, at least in the specific conditions we used, is not suitable for the
characterization of SiH./Ar plasmas to correlate them #tructural properties of epayersand
another approach has to fouridiote that a more detailed characterization of/SifAr plasmas by

OES can be found ifp1].

The residual gas analyzer (RGA) is a powerful and very convenient tool for the reactive plasmas
characterization. Bycomparing thepartial pressure of molecular hydrogen,)(Hbefore and after
ignition of the plasma, as shovin[Fig. 2.21] we can deduce thezHepletion involved in the gas
phase reaction and calculate the total consumption, &frHeach process conditions. Namely, a full
(100%) depletion of Himeans that the totality dhe hydrogen injected has been consumed in the
plasma. Conversely, 0% oépletion (same kpartial pressure before and after ignition) means that no

H. molecule has been consumed in the plasma.

Fig.2.21 t Example of measurement performed with the RGA. The partial pressfieach species is
measured before and after ignition of the plasma. The hydrogen depletion is calculated from the \
obtained by the RG/51].

The collision of Sik molecules and electrons lead to fleemation of Sik radicals (x ” 3). The
deposition of silicon thinilims (aSi:H/uc-Si:H) is ensuredy the removal of monoatomic fluorine
produced in the decomposition of iR the plasma (byproducts of Sikradicals).Dornstetteret al.
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have shown if56] that the deposition of silicon thin films-@&i:H/uc-Si:H) could be approximated by
a phenomenological model which consists of three kinetic equations:

SiF < Sikz+ F, (1)
H, < 2H, (2)
H+F< +) 3)

They demonstrated that ttemorphous deposition regime occurs when monoatomic fluorine is in
excess (full depletion of H while the microcrystalline regime is obtained when the molecular
hydrogen is in exas. The measurement ot Hepletion is therefora good indtation to know lie
regimethe plasmas in. Thisis calculated fronthe partial pressures measured byRI@A before and
after plasma ignition

Fig. 2.22| shows the correlation between; Hepletion and crystalline fraction extracted from
ellipsometry measurements by using the BEMA model descriljéig)i.5

Fig.2.22 t Evolution of H depletion as a function of Hflow rate for a RF power of 10 and 15 V
corresponding to a power density oéspectively 130 and 200 mW/émNe can identify twaegimes: the
epitaxial growth regime corresponding to the full depletion (>85%) o0&l the microcrystalline growth
regime for which the Hdepletion is not full.

Interestingly, when the Hilepleton is maximum, i.e on a plateau, which occurs for the leviidiv
rates, the crystalline fraction is maximum as well (>80%). After thedépletion transition the
crystalline fraction rapidly drops meaning that the deposited layers are no lorigeiaépThus
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instead of considering the#$iF; ratio, the H depletion is a more relevant parameter because, to
some extent, it allows to take into account the variation of the RF power.

In the same way as a full depletion is required to depgSitthfrom SiR/H./Ar chemistry on glass, it

is thus observed that the full depletion of 14 a necessary (but not sufficient, as shown later)
condition to perform epitaxy. Based on these observations we can measure the depletion fogevery (P
; B ) couple and draw a mapping bk depletionto identify a process window in which we can

expect epitaxyThe mapping is shown|ikig. 2.23

Fig.2.23 t Mapping of Hz depletion at gien pressure and integlectrode distancg3 Torr, 2 cmkas a
function ofthe RF poweandthe H: flow rate. Black dots represent the experimental data.

Fig.2.24 t lllustration of the influence of Hlow rate on the evolution of material properties at a given |
power.

TheFig. 2.24|gives an illustrative summary concerning the material properties as a function of the H
flow rate. For pure SiUFAr plasmas, no depositiors iobservable and the plasma is in the etching
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regime. When Hlis added to the gas mixture thegta is in the epitaxy regime, the quality improves
with H: flow rate until the conditions approach the di&pletion transition. At the transition the films
corsist of inhomogeneous epitaxial and amorphous area. Note that & figplétion is a necessary

but not sufficient condition. By further increasing thefldw rate, the films become polyrystalline

and then peSi. In this regime the resultebtained fron ellipsometry measurementsetween
deposition on Si substrate and glass are similar. The fimy be crystalline (not amorphous) but

are not epitaxial given that the orientation of the films is no longer determined by the orientation of the
substrateThis regime has not been widely studied given thaSild is already well detailed in the
literature. Nevertheless a XRD2 scan would be interesting to carry out for samples on glass-and ¢
Si to compare the preferential orientations in the films.

2.3.2.Effect of RF power

In order to study the effect of the RF power on the optical properties of the laypmsatbehas been
varied during depositio and the imaginary part of the psetdlelectric function at 4.2 eV has been
monitored byin situ ellipsometry This allows to determine a RF power critical limit for these
conditions of Sik-flow rate and pressure, namely 3.6 sccrd a@rirorr respectively, as show
The plasma potential can be evaluated measuring the RF potential and-tiasseditage, and
calculated by:

& . E8yv

L
& n

Note that under our collisional sheath conditions thisesponds to the maximum ion energy.

The plasma is purposely ignited in process conditions leading to epitaxy, naenety RF power of
15 W for a H flow rate of 15 sccm. In these conditions the growth rate is 1.6 A/s. The RF power is
increased and kepF RQVWD QW X QW L O i(W2eW) iV d¢iideedOthed BRIL iR @veRAig0)
2.25

As it can be seen, from 15 W 17 W the evolution is mgigible but when Reis increased to 19 W,

@4.2eV) slowly decreases (which is due to the roughening of the surface) and a period of almost 20

min, corresponding to more than 200 nm, is necessargaithrthe stabilization. ially, when the

SRZHU LV LQFUHDVHG WR . FRUUHV SR Q&2eQ) YapMiig dBcr&a@ed VP D SR
indicating DQ HSLWD[\ EUHDNGRZQ 7KH @24&/patii@ @lasvhk igniic@RHDV H R
stop respectiely along with theoscillations observable at 19 W and 21 W will be discussed in Chapter

3. Thus, a RF power around 20 W, corresponding to a plasma potential threshold of 60 V, is identified

to be responsible for epitaxy breakdown.

The effect of the RF poev on the materigbroperties at b+1 sccm has also been investigated by
ellipsometry but for 6 different samples, results are shoyg.26
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Fig.2.25 t Evolution of the imaginary part of the pseud@lectric function at 4.2 eV as a function of pow
and related plasma potentialpVFlow rates are kept constant: 8H/Ar =3.6/1.5/88 sccm and p=3 Torr

Fig.2.26 t Ellipsometry spectra for 441 sccm and for various RF power values. ThefliF rate and

pressure are fixed to 3.6cem and 3 Torr respectively. By increasing the RF power from 5 W to 25 W
film goes from amorphous to epitaxial to microcrystalline. b) Evolution of the mand polycrystalline
fraction as a function of RF per. The transition occurs for a plasmatguatial between 54 V and 58 V.

Firstly, this decline of the quality by an nease of the RF power confirms the observations based on

in situ ellipsometry for H=1.5 sccm. Secondly, it shows that this secone tyfptransition, promoted

by the increase of RF power, is interestingly similar to that observed with the variatiofia# tHate.

When the RF power is too low the film is amorphous, because the process conditions are close to the
transition of H depleton. But an increase of the RF power leads to an increase of tteplétion and

allows to reach the stable full depleticegime (S¢€ig. 2.23). Thus at 10 W the film is epitaxial with

a smooth surface given th&f4.2eV) is above 40 in that case, corresponding to a roughness of a few
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A. At 15 W the film is still monocrystallineut §(4.2eV) begins to drop indicating an increase of the
roughnessyntil the threshold of 20 W where it becomes fully microcrystalline.

Thus we observe the same trends on the material properties betweenttarsidfon and the #?
transition, if the His too high or if the Reis too high the films become poly/microcrystalline. The
mechanisms induced in this epitaxy breakdown will be discussed in detail in the next section based on
TEM and XRD observations. The evolutions of the crystalline fractidnpalycrystalline fraction are
summarized iffFig. 2.26lb). The transition occurs for &F power between15 W to 20 W
corresponding tglasma potentialof 54 V and 58V respectively Note that except for the filmta

Pr=5 W which is fully amorphous, all the depositions are crystallipgeRF8L00%).

Besides, a further increase of bw rate to 2 sccm (Sfig. 2.27) does not have the beneficial effect
previously observedt imeans that it is not possible to indefinitely increase théldw rate if Rkeis

also increased. So the; ldepletion is a necessary condition but not sufficient. This is a significant
issueto improve the deposition rate, since to do sdlélv rate neés to be increased and the-Bs

well to stayin full H2 depletion regime. Thishows the importance to limit the RF power below 20 W
(270 mW/cnd) in these conditions of pressure and.Si6w rate.

Fig.2.27 tImaginary part of the pseuddielectric function for a RF power of 20 Wk&E267 mW/cn3) and
Hx=2 sccm.

Based on this observation, the mapping efddpletioncan be updated and the plasma potential
threshold can be added to define the process conditions for epitaxy for the fixed conditions of pressure
and Sik flow rate |q:ig. 2.28).

Interestingly, similar results hay®en obtained by Brunea al. [65] for epitaxy using SiklH; gas
mixtures. They showed that in similar conditions of pressure epitaxial films deposited with a plasma
potental above 60 V leads to a significant decrease@@f.2eV). They assumed that above this
threshold, the ion bombardment energy is too high and energetic ions damage the upper layers of the
films impeding the good arrangement of atoms. Above all, thishbtd is much higher than what

was observed so faRosenblackt al.[17] highlighted a maximum ion energy of 15 eV foitagial

films grown by DC biased PECVD. Above thihreshold, staking faults start to appear. This
significant difference between Rosenblad and Bruneau studies is attributed to the different pressure



55

used for their processes, in case of Rosenblad theupeassvery low (10 mTorr) whilé is 2.2 Torr

in the study fromBruneauet al.. BesidesBruneauet al. showed that by reducing the total pressure to
850 mTorr, this threshold shifts to 35 V, confirming that the ion energy threshgidessure
dependent.

A lot of causes can explain this behavior butrist likely arei) an increase of pressure induces an
increase of the probability of collisions between energetic ions and other species in the collisional
sheaths meaning that the ienergy distribution function is shifted towards low values. ii) @ngase

of pressure promotes the formation of high order silicon precursoidy(Svith x > 1) and/or
nanoparticles which reduces the energy per atom of the impinging species whithdiaéimage in

the Si bulk. Briceet al. [66] showed thathe critical energy of ions to induce damages in the Si bulk
reaches a minimum for masses between 10 and 20 atomic mass units (amu) and then increases when
mass increases, meaning thaavier species are less likely to damage the Si bulk at constanyenerg
values.

ce o

Fig.2.28 t Process conditions for epitaxy considering ellipsometry results taking into acceutgplétion
and plasma potential threshold for a given pressure (3 Torr) andl®iFrate (3.6 sccm). The points A, B,
and D correspond to specific gmess conditios studied in detail in the next section by advanc
characterizations.

The fact that the ion bombardment energy threshold is pressure dependent means that an optimum RF
power is valid for a given pressure. We also studied the effect of pressure psetitedielectric

function of our eplayers. The evaK W L Ri@.2BV) for different values of pressure varied from 3 to

1 Torr is shown ifFig. 2.29] It shows that even at low pressure (1 Torr) the epitaxy is stable in these
conditions of RF power. That means thaB Torr, a RF power of 20 W, and thereforead¥ 60 V,

should not be the cause of epitaxy breakdown. Thus, the evolution as arfuigtressure of optical
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properties of SiFH2/Ar plasma is different from what is observed wiiHs/H, chemistry if the
considered figure of merit is the imaginary part of the pselielectric functionThis result should be
taken with caution since nadditional characterization has been performed on these layers grown at
low pressureln Chapter 4 additional resulebout the influence of the pressure dependency on the
plasma potential critical limit will be provided thanks to XRBaracterization.

Thus, the Sikflow rate has been increased to 10 sccm to see if the dilution] HipSiF4] ratio
needs to satisfy sae conditions. The idea is to find other necessary conditions in addition to the full
H. depletion to define the press window. Hence, the;Hlow rate is fixed at 2 sccm and the RF
power increased at 3% (pre=470 mW/cn¥), leading to a plasma potentidlave 60V, so normally

out of the conditions which lead to epitaxy. The result is givgign2.30

Fig.2.29 tIn situ A} o p 3]} N4.R€Vx for different conditions of total pressuressPL5 W (200 mW/cr)
and Sik/H2/Ar=3.6/1/88 sccm.

The sample is highly inhomogeneous with most of amorphous area but epitaxial growth has been
obtained for a pwer density above 47@W/cn?, whichleads to a plasma potential of 8Q i.e. above

the limitsreported so far to groepilayerswithout defects induced by highly energetic ions. It means
that with Sik/H./Ar chemistry and in some specific process coadgj it is possible to exceed the ion
bombardment energy threshold determined before in the literature. Moreovecrbgsing the H

flow rate to 3 sccm the layers are still monocrystalline (not shown here). This is an important result
with respect to ouobjective ofreachimg deposition rates up to 1 nm/s.

The additional influence of pressure and.SiBw rate on epitay clearly shows thathe process
conditions are a several dimensions space. The evolution of epitaxy as a functigendf Rk only
shaved a 2D representation of the process conditiffig. 2.28). If the H flow rateis increasedhe

Prr also needs to bimcreasedand inversely, if the & is increasedhe H flow rate alsoneeds to be
increasedThis condition is effective for a certain getio, thus the process window is also dependent
from the Sik flow rate. From our experiments we showed that for a stable epitaxy following the [100]
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direction on a <100> oriented substrate armbeding to dipsometrythe [H]/[SiF4] gas ratio needs to

be lower than /3 for every casdn addition, the increase okpPif the SiF; flow rate is too low leads

to an epitaxy breakdown. This phenomenon is not understoodihyet.for a technology transfer it is
recommended to choose a high Silbw rate to awid beinglimited by this conditiorand to satisfy a
[H2)/[SiF4] gas ratiobelow 2/3 Once this condition is met, it is required to take into account the
pressure dependency to adapt the ffom the pressureThe increase of pressure allows the
acceptancef an increase of therPon the material propertidsy keeping a high crystalline fraction
above théon bombardment energy thresholdevertheless, we will see that this negatively affects the
homogeneity bthe epitaxial layers, thus we will alsee h Chapter 4 that optimizing tlgas injection
patternis mandatory to achieve homogenous layers at these high pressures.

Fig.2.30 t Ellipsometry spectra ford2=35 W (p=470 mW/cnd) and Si#H2/Ar=10/2/88 sccm. The film is
inhomogeneous and leads to amorphous layers at the edge and epitaxial layers at the center of the
W 8_ A (EX dZ PEIASZ E Slajer.iXo6 s (JE 3Z  %o]

Note that vhile the structural properties will be comfied by transmission electramicroscopy
(TEM) and XRD for the conditions represed by the points named A, B, and Din[Fig. 2.28 we
are not able t@onclude about the structural properties of thelaymrsgrownat 1 Torr and for those
at 35 W. Theproperties of these films ne¢d be confirmed by XRD. Indeed we will see in the next
part that a high crystalline fractionf~,=100%)extracted from ellipsometry is a necessary condition
to perform epitaxy with high structural properties suhot sufficient. The structural properties need
to be assessed by the values of full width at half maxinkWWHM) extracted from XRD scans.

2.4. Advanced materials characterization

In this part we focus on the structural propertiéghe layersdeduced frm transmission electron
microscopy, Xray diffraction and Raman spectroscofy a few process conditions, inside and
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outside the process window.liBsometry allows to provide information on the optical properties of
the layers and the results of crystadl fraction are extracted from a mod€hus, his sectionalso

aims to verify the quality of the layers inside the process window usimgplemerdry
characterization techniqueBesides, as seen previously, the two different causes observed for epitaxy
breakdown (H depletion too low or g too high) lead to the same result by ellipsometry, namely a
deposition of peSi:H. In this part we study moir detail these conditions in order to provide insights

on a possible signature of the different causehefédpitaxy breakdown on the material properties.
Finally, the use of TEM to identify the cause of epitaxy breakdown during a technology transfer is
efficient but long and demanding, thus the objective of this part is afgovale guidelines tanake a
technology transfer easier using simpler and nondestructive characterization techniques XRE&h

and Raman spectroscopy.

2.4.1.Roughness measurement

Prior to study structural properties of the-&pjers, it is interesting to look at the smoothness of the
layer to confirm results from ellipsometry. The roughness of the epitaxial layers has been investigated
by atomic force microscopy (AFM and compared to that of a FzZwafer

Fig.2.31 t Topograpic images obtained by AFbf a FZ wafer and an epitaxial layer for condition A w
scan area of 2x2 pfm5x5 punt and 10x10 prh

The resllts of AFM scans for 2x2, 5x5 and 10x10 fiarea are shown JRig. 2.31| The root mean
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square RMS) value of the wafer roughness is 0.2 nm and is only 0.4 nm for a 200 nnegiiakial
layer grown with the following conditions:rp=130 mW/cnd and H=1 sccm thus confirming the
smoothness of the epitaxial film. This value of 0.4 nm is consistent it as been deduced from
ellipsometry modelling for which a roughness of @rf was determined. As a comparison, 250 nm
thick epitaxial layes grown with SiH/H, gas mixtures have RMS around 0.5 nij@3].

2.4.2.TEM analysis

The characterization by TEM of selected samples has dene in collaboration with F. Haddad.
Further details on TEM characterization can be found in her f&gis

[Fig. 2.3%}a) shows TEM imageof a 750 nm thick epitaxial film for process conditions A, namely a

full depletion and a low power. It shows dmast free of defectBlm and suggests that dislocations,

if they exist,are ina very low concentration. In addition, we did not obsendrdgen platelets ithis

film, which can sometimes be observed in low temperature epitaxiabrsitiue to an excsive
hydrogen content. This is a significant difference of the/B#Ar with respect to SildH, chemistry,

for which H platelets are systatically observed for process temperatures below 35525(]:

b) presents a zoom of the surface region and confirms the observations from ellipsometr

AFM about the smoothness of the surface of the epitaxial films, where we can see that the roughness
is comparable to that of a mechanically polished wafer, i.e. atomically smooth.

[Fig. 2.33la) shows a 2.5 um thick epitaxial layer obtained when thiéok# rate is increased to 2 sccm

and the power to 15 W (conditioC), for which a F of 95% was deduced from ellipsometry
measurementle(g. 2.22}. Various types of defects appear in that case but the film is still
monocrystalline as shown|Fig. 2.34where the diffraction pattern of the epitaxial film is identical to
that of the wafer. We can also seEig. 2.34_1|that at high magnification the interface seems smooth.
However at lower magnifi¢en the interface is visible as showr|Fig. 2.35ta), most likely due to
contamination of the surface before the substrate loading in the reactor, and to a higher concentration
of hydrogen at the interface, costgint with the increase of the How rate to 2 sccm. In the bulk of
theeptlayer, different types of defects are observable. First, dislocations originating from the interface
are visible[Fig. 2.33}a) andFig. 2.35a)) and spreading up to the surface of the epitaxial film through
{110} planes. These dislocations may result from the impurities at the surface of thewkafer
loaded into the reactor. They are not visiblethe other analyzed samples and may be cleaning
process dependent.
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Fig.2.32 ta) HRTEM image of a 759m thick epilayer grown at R=10W and 1sacm of H(condition A)
b) Zoom in the surfaceegionof the epilayer. The growth rate is 0.6 A/s.
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Fig.2.33 t a) Cross section TEM image taken from a sample deposited at 15 W and 2 scenb)of
lllustration of the atomistic model of (100) H platelets and c) its simulated distribution of the s

}u%}v wB[68]. The red areasiin tension and the blue one in compressidine unit is the GPa. Th
growth rate is 14 A/s.

Another possible explanation for the presence of dislocations would be that they could originate from
the relaxation due to the accumulation of stress indker$ induced by a highéncorporation of
hydrogen than in the previous case at 1 sccm .0fSdme other dislocations along {110} planes
originate from the bulk of the epitaxial film and also spread up to the surface. We think these ones
originate from Hplatelets which are extded defects induced by the segregation of hydrogen in
{111} planes. A schematic view of a H platelet is give[Fig. 2.33lb). They are easily recognizable

in the films at low resolution by the black spots theyrfoThe higher contrast around the H platelets

is due to the streghey induce on the silicon lattid€ig. 2.33c) [68]. The presence of H platelets in

this case is also consistent wihe process conditions for which more hydrogen is injected in the gas
mixture, so more hyrogen can be expected in the epitaxial layers. tsal. [25] have shown that in

the case of SildH, chemistry H platelets were 17 times more likely to result fromy, 8ibh from H,

except when the hydrogen dilnt is too high, in which case the H platelets come from the H
Interestingly, we can sabat we have a similar effect with SIR./Ar gas mixture when the hydrogen

flow rate is too high. Thus, even if ellipsometry gives excellent results for this teppkioking at

TEM images shows that the material incorporates a lot of defects.
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Fig 2.34 tZoom in the interface region by HREM between the Si(100) substrate and the epitaxial layer
the same sample #8ig.2.33[and their associated diffractiongpterns.

A high crystalline fraction extracted from ellipsometry is therefoneeaessary but not sufficient
condition to reach high structural quality. The increase of defectevisrtheless consistent with the
fact that the conditions are close to theddpletion transition and that material properties approach
polycrystalline depsition, which has been observed in ellipsometry measurements. If the threading
dislocations in thg110} planes come from the H platelets, two causes may be identified: either the
hydrogen impurities impede to reproduce the silicon lattice or the stréisseid by the H platelets
makes the film relaxing on top of the H platelets.

Extended defects alonfi11} planes are also identified, they may originate from segregation of
hydrogen and accumulation of H platelets in the {111} planes. Similar planar sld¢fact been
observed in hydrogenated silicon obtained by the exposure-8i avafer to a hydrogeplasma[69].
Most of the time they originate from (110) threading dislocations and/or staf0h dislocations.

The influence of all these extended defects on electrical properties is diffiagisess, their role is out

of scope of this thesis and the investigation of electrical properties will be focused on structural defect
free epitaxial lagrs. However the effect of the incorporation of hydrogen in thdagprs on the
electrical propeits needs to be discussed. On the one hand the incorporation of hydrogen in the layer
could have a beneficial effect on its electrical properties by pasgjvihe local defects such as
vacancies. It can also act as a hydrogen reservoir for the passikatéw, like highly hydrogenated
silicon nitridedepositecbn top of AlQ. On the other hand, hydrogen induces some stress in the layers
which can lead t@a progressive relaxation and dislocation formation. It can also diffuse to the surface
or the interce in case of thermal annealing for the passivation or metallization for example, inducing
the blistering of passivation layers. In any way, the effebtydfogen incorporation at this point needs

to be taken into account for the integration of thisidayehe final solar cell. Finally, marks parallel to

the substrate in the {001} planes, observe&im 2.33Jat about 500 nm, 2 pm and 2.5 pm may come
from variations of Hflow rate during the deposition.
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Fig.2.35 ta) Low resolutioTEMimage of the interface and b) surface region fee=R5 W (200 mW/cr)
and H=2 sccm. In both regiond: platelets and{111}dislocations are visible. The formation of platelets
consistent with the conditions of relatively high flow rate. The growth rate is 1.4 A/s.

It is worth noticing that concerning these conditions TEM images reveal a lot of defects while
ellipsometry gives a crystalline fractiong(fof 100%|Fig. 2.22), thus a spectrum similar to a wafer
and to the eplayers in conditions A for which TEM images showed defieee layers. Thus two same
crystalline fraction could lead to completely different obserwatio TEM. Ellipsometry is therefore a
very convenient, easynd quickto-use tool for the coarse developmehepitaxy but is not sufficient
because not sensitive to H platelets, {111} planaectistind {001} dislocations.

When the H flow rate is furher increased, to 3 sccm qH{SiF4]=80%), a new regime of growth is
observable and the epitaxial growth @&longer stable. This is consistent with the fact that the process
conditions go out from the full depletion region. In these conditions thaepletion is around 70%.

The film reveals a three phases growth with at first a défeetepitaxial growth. Aer 50 nm, twins

appear and a monocrystalline phase with a high density of twins occurs over a thickness of around 200
nm. Finally a transitioiowards a mix of €5i:H and ueSi appears. This case is really interesting in

the way that no dislocation is ii¢e contrary to the case at the Hepletion transition where the
epitaxy is stable but with a larger lattice parameter due to hydrogen iehid$ to the formation of
dislocations. In that case the energy should be released in the stacking faultshantoté that in

that case the growth rate is up to 4.4 A/s. Even though, the film is not monocrystalline, it demonstrates
the interest of théncrease of the kflow rate to improve the growth rate. This is consistent with the
observations from Dornstettf51].
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Fig.2.36 t a) Low resolutionTEM imageof a film grown at 15 W and 3 sccm of (Ebndition D) Three
phases are distinguishable, a first one of epitaxial growth, a second one of twinned monocrystal grow
a third one of a mix between-8:H/uc-Si:H b)2oom in the interface region and the transition between tt
first phase (epBi) and the second one (twinning) after 50 nm of growth. The growth rate is 4.4 A/s.

The case of full depletion and high power£ sccm, R=20 W) is investigated The
power is set at 20 Whal the H flow rate is kept low at 1 sccm. Interestingly, this case looks like the
previous case of low depletion regime despite the conditions being completeterdif confirming

the obseration obtained by ellipsometigoncerning the similar trends thiH, and Rr increasesA
three phase growth scenario is also observed in this case with a first phase efreefepitaxial
growthover a thickness of aroundQ nm, followed by the appearance of twins after. After a certain
thickness of growth, thevins formation leads to u8i:H deposition. This result is very interesting in
the way that these conditions lead to amorphous deposition on glass, and eveitafiebeeakdown

the layer is microcrystalline. This also confirms the ellipsometry spebtaned at high power for
which a peSi:H signal was observed.
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Fig.2.37 t a) Low resolutin TEM imageof a film grown at 20 W and 1 sccm ok,Horresponding to
condition B. Three phases are distinguishable, a first one of epitaxial growth, a second one of tw
formation and a third one of uSi:H deposition b) Zoom around the interface dhd transition betwesn
the first phase (ep8Si) and the second one (twins) after 150 nm of growth. The growth rate is 0.7 A/s.

Keeping the same RF power but increasing thdldwv rate is not efficient to recover the material
properties as shown This also confins the observations obtained by ellipsometry for
these conditions. Interestingly, the material is highly defective butrstitiocrystalline up to a critical
thickness of approximatively 1 um. Above this thickness limit, either grain boundaries appear,
meaning that the film becomes polycrystalliffég 2.38}a), or amorphous cones app§fig( 2.38}b)
depending on the analyzed region. A zoom of the materials in the liase gdefective epitaxial
growth) is shown ifFig. 2.3%a) in which a high density of twins can be seen. The diffraction pattern
in[Fig. 2.39b) extracted from the first phe of growth shows a monocrystalline phase with extra spots
confirming the presence of twins inetHilms. An interesting feataris that an increase of the RF
poweralone does not allow to increase deposition rate, the combination of an increaseeRiR
power and the kflow rate is required (keeping a fil depletion, i.e. in a Hlimited regime)

The diffraction patterr(not shown here) of the cone[Fig. 2.38}b) displays a large diffuse spot,
charactestic of an amorphous phase. The epitaxy breakdown in césgholkr therefore seems to be

a multrphase phenomenon in which a first phase of epitaxy is maintained despite the high density of
twins and subsequently, after a critical thickness, some pmindaries appear. The appearance of
amorphous cones happénsa similar way. Note that the formation of amorphous cones has also been
reported for SiHH; epitaxy[70]. They assumed the epitaxy breakdown into amorphous cones was
due to the accumulation of strain induced by the coalescence of excess hydrogen and in particular H
platelets. The same explanationnist viable in our case where the segregation of hydrogemdias

been observed. The amorphous cone broadens along the deposition and the height of the amorphous
cone is larger than the height of the epitaxial layers in its vicinity. The higher growtlofrate
amorphous phase with respect to that of epitaxial phagesrtaat amorphous cones overcome the
epitaxial layers. These phenomena of broadening and random formation suggest that for sufficiently
long deposition time, the full film should be amorphouthattop. This case confirms the necessity to
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to respect a ctin gas ratio (< 1/3) to perform epitaxy 00> oriented substrateespite a full
depletion of H.

Fig.2.38 t TEM image of edayers grown at 20 W and 2 sccm ofdtitwo different regions on the sample
The growth rate is 1.5 A/s.

Fig.2.39 t a) Zoom in the first phase of growth (defective epitaxy) obtaibgdHRTEM revealing a higt
concentration of twins in the layer. b) Assateid diffraction pattern showing the monocrystallinity of th
film and confirming the presence of twins.

2.4.3.XRD analysis
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TEM provides a lotof information but only for small area, RD is a comlementary technique
because it allows to measure structural properties on larger area, typically a¥ewainst pmfor

TEM. Moreover the dopant impurities necessarily have an effect on the lattice parameter and likely on
the mosaicity, thus it is mdatory to assess macroscopic structural properties of intrinsic epitaxial
layersbefore introducing an additial potential surce of defects.

Epitaxial thin films havebeen characterized by-bay diffraction (XRD) using a Bruker D8
diffractometer. Omega/Beta measurements and rocking curves have been perftomespectively
evaluate stinkelaxationand mosaicity of the lars The analyzed crystallographic planes @&@4)
and (224), therefore planes parallel and inclined to the surfgoectevely. The setup is composed of
a Cu tube for Xray generationa Goebel mirror, a 1 mm larghvergence slit, a double reflém
Ge(220) monochromator for the primary beam optics (emission side) iamehadetectorof 14 mm
with a 1 mm largeanalysis slit forthe secondary beam optics (detection sii#@asurements are
performedXVLQJ WKH .nof OWDaGdat?\&tepR per sead with a step of 0.0001°.

The & VFDQ DQG WKH U BrRDBoddeasdd Yira viiader apitaxial layers almost
free of defects (cond. Adre given inFig. 2.40| The results have been normalized and centered on
theoreticalvalues of diffraction peak fof004) planes in a <100> oriented silicon sudistr namely

& f

Fig.2.40 ta) Normalized™ 1} ¢ w©n (004) and b) rocking curve on (004) for a wafer and goodtyu
epitaxy in conditions A.

In both cases the diffraction peak of the-lgyiers and that of thsubstrate overlap, leading to very
close FWHM valus. Indeed a difference of less than 3320n the FWHM is observable for th&
scanwhich means tht the lattice parameter of epiyers is very close of that of the substrate, and we
are now limitedby the resolution of the equipment which, according to our calculations, corresponds
to a difference of lattice parameter of 1318. The use of a monoobmator with a better resolution
around &34.5° (Ge(004) 2 or 4 reflections) is therefore more suthdslthis type of epitaxial layers.

This small difference of lattice parameter limits the potential problem of relaxation in theyers.

The slight shoulder at 34.60° on the right of thiralction peaks is a measurement artefact. This can
be avoidediy reducing the slit size or the detector size but this detrimentally affects the flux. To our
knowledge suclelosestructural properties confirmed by similar diffraction scans betweelapgs

and wafer haveever been reported so far.
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The RC gives atsvery close values for the FWHM of the wafer and thelaprs with a difference

of 2.10°% °, which means that the epitaxy presents a very low mosaicity. This is an important result for
epitaxal emitters because in that case the lateral currethieirmitter to reach metallic contacts will

not be affected by the grain boundaries or dislocations.

XRD measurements have also been performed on layers grown in conditions B and C. Results are
given in Interestingly, whereas electron diffraction pattern shows a perfectly
monocrystalline phase for conditions C (in green), XRD shows that the film presents a variation of the
lattice parameterlang the thickness, related to the large broadening of the diffraction peak at lower
angle. It also means that the lattice parameter is larger (in average) than that of the substrate. These
results are consistent with the process conditions used forathigles for which the hydrogen flow

rate has been increased. Indeed an increase of the hydrogen incorporated in the layer is expected and is
characterized, not exclusively, by the presence of hydrogen platelets in the layers. We will see later
that the incease ofhydrogen incorporation is confirmed by Raman spectroscopy. The most likely
explanation is that the incorporation of hydrogen (especially by the presence of H platelets) distorts
the crystal lattice. This case is similar to what is observed witlW/I%il¢hemistry where systematic
compressive strain is observed in as grown epitaxial Idy&tslue to a larger lattice parameter. After
annealing above 300°C the strain decreases and the diffraction peak oflthaejs shiftel towads

that of the substrate. This effect is attributed to the desorption of hydrogen which allows the lattice
parameter to become closer to that of the substrate.

Fig.2.41 - Normalized™ 17} « wf (004) diffraction for growth conditions A, B and C, namely lovildiv
rate/low RF power (10 W,2H1 sccm), low Hilow rate/high RF power (2W, H=1 sccm) and a higher:H
flow rate/moderate RF power (15W2#P sccm).
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Although ellipsometry gives similar results between conditions 4 @ XRD slows that significant
differences appear between these conditions due to the distortion of the film. XRD is therefore an
excellent tool to differentiate epitaxy with good structural pri@er(conditions A) and at the;H
depletion transition.

In the case foprocess conditions B, i.e. full depletion and high RF power (20 W), a broadening at
lower angle is also observed. It also means that in these conditions the lattice pardargger isan

that of the substrate but its dispersion is reduced, apgdptothe case of conditions,Glue to its

smaller FWHM. Given that this diffraction peak of the layer is relatively narrow and similar to what
obtain in best case of epitaxy with SiH,, we think it only results from the contribution of the first
phase of epaxial growth and not of the p8i:H deposition after epitaxy breakdown. In order to
further analyse the structural properties of these layers, reciprocal space mappings have been
performed, this should allow to determine if the layers are strained aedeila conditions B and C

due to thdarger lattice parameter we observed.

2.4.3.1. Reciprocal space mapping (RSM) on (004) planes

Fig.2.42 t RSM on (004) planes for a <100> oriented silicon wafer used as reference. The light stair
top left of the diffaction peak is a measurement artefact.

[Fig. 2.42)featuresthe RSM on (004) planes for a Faype (85 FP ZDIHU 7 KiHg 6f th@ JW K H
diffraction peak is dudo the lack of crystal analyzer (monochromator on the detection $ge).
reducing the slit size, these artefacts banreduced but it induces a dramatic loss of intensity. The
resolution is coect enough to clearly distinguish the layer from the substrate in case of epitaxy from
SiH4/H2 gas mixture, so it has been considered that in this configuration the systemhawvalc
sufficient resolution to discriminate conditions by their XRD scansiaugérticular RSM. The light

stain at the top left of the diffraction peak is a measurement artefact, it correspondsatodghetefact

at 34.6°previouslyobservedn the scans. This can also be avoided by reducing the slit size or the
detector size hyin the same way that for the lengthening of the diffraction peak, this lowers the
intensity.
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The RSM of good quality epitaxial layers grown in conditions shows that no
significant differences arobservable with respei that of a bare FZ Si wafebiffraction peaks of

the epitaxial layer and that ofdtsubstrate overlap, indicating that no significant difference of lattice
parameter is observable, thus confirms the excellent structural pespefrthe epitaxial layers. Thus

no strain but especially no relaxation is expected for these conditionsel@kation of the epiayers

would induce the presence of dislocations which would affect the performance of the device. From
these measurement® dislocation at the interface or in the bulk duanoaccumulation of stress

the layer should be expected

Fig.2.43 tRSM on (004) planes for dplyers grown with conditions A (low power and lowfldw rate).
When the power is increased, to reach conditions B, the RSM displays a shouldering at low Qz, as

shown inFig. 2.44] This indicates a slight dispersiai the lattice parameten the direction of
growth.

Fig.2.44 tRSM of (004) planes for elpiyers grown with conditions B (high power and lowflblw rate).
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The increase of hydrogen flow rate at low power in order to approach the transition has a more
pronounced effect on the XRD measureméig.(2.45). The large broadening at low Qz indicates a
strong dispersion of lattice parameter in the epitaxial film, consistent with the process conditions. The
increase b H, flow rate should induce a rise of hydrogen caonicsgion in the layer and thus
contributes to the increase of the lattice parameter in the epitaxial layers.

These results, not surprisingly, confirm the conclusions deduced fror& the V F DoCkNow if as
grown layers in the case of conditions B an@r€ strained or relaxed, RSM on asymigegplanes
have been performed.

Fig.2.45 t R of (004) planes for egayers grown with conditions C {2 sccn

2.4.3.2. RSM on (224) planes

Fig. 2.46/shows the RSM on (224) planes for a bare FZ wafer used as a reference for comparison.
Once again, measuremeattefacts are observed. The same extra spot is observed for which a
reduction ofthe slit size can avoid this effect but again it strongly affects the flux.
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Fig.2.46 tRSM of (224) planes for a <100> oriented silicon wafer used as reference.

Given that no significant lattigearameter difference has been observed for conditions A,SMed®
(224) has not been performed for this sample.

In[Fig. 2.47|]the RSM on (224) is daiied. It is difficult to conclude on the strain/relaxation since the
broadening in this RSM is similar to that of the refeenHowever the broadening in the direction
normal to the vectogzz4is characteristic of a mosaicity following these planes.

Fig.2.47 tRSM of (224) planes for elpiyers grown with conditions B (high power and lowflblw rate).

Similar observations can be done with the RSM on (224) planes for epitaxy in conditisher€ the
effect is even more pronnoed. Again, it is difficult to get quantitative information from these results.
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Fig.2.48 t RSM of (004) planes for elaiyers grown with conditions C {2 sccm).

Therefore, HRXRD gives additional information on the epitaxial layer and allows to discriminate
high quality epitaxy and epitaxy at the tdansition where ellipsometry imable to differentiate these
cases. Nevertheless this type of scan is not relialderhpare results between conditions B and C.

2.4.3.3. Pole figures

In order to focus on the diffence between conditions B (high power) and D (higlildw rate), for
which elipsometry spectra gave the same resultsSjpid), another approach has been investg.

Fig.2.49 t Representation of the stereographic projection and associated angley "X o ~iiie
figure of a <100> diamond film with primary orientations (in red), first order twinnings (in blue) and se

order twinnings (in grey))72]. For a perfect monocrystal, only (111) planesa64.7° (primary orientation)
must be observed.
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Knowing that the type of defects for both cases are different and as a consequence, electron diffraction
patterns arélifferent, pole figures have been perforntedry identifying a different signature in order
to avoid using a time consuming and destructive characterization technique like TEM.

The principle of a pole figure is given [Rig. 2.49%a). It consists of the repsentation of the
stereographic projection of the diffracted planes for a given crystallographic orientation on a same

figure, as a function o% LWW DQG 3ThE [1L1R)XpulKfigure of a <100> oriented film is
shown irfFig. 2.49}b) illustrating the 4 (111) planes (in red) and the posgiisition of the first and
second order twins in such a filfn2]. Due to the absence of twinning in a perfect FZ wafer no other
diffraction peaks that the primary orientationsYat , fhe 4 (111) planes, should be observed on a
(111) pole figure. A (111) pole figure has been performed on lay¢ameld under conditions

. The absence of extra spots confirms the fact that no twins are formed in these conditions, as
observed by TEM.

Comparatively, a pole figure on epitaxial layers in conditiorisaB been performed fo 90;20°]

and [70;85°], results are showrffig. 251] 7KH VSRWYV OER2EYE) and the 8 spots
DURXQG [Big. 251b)) are characteristic of first order twinning. However no second order
twinning has been observed in these layers.

Fig.2.50 ta) Partial (iis % }0 (] PdbE60*P-6f a <100> oriented FZ silicon wafer b) (111) pole fic
of the <100> oriented film grown in conditis C. The 4 (111) primary orientations are present but no e:
spots are observable indicating the absence of twins @séhconditions.

When process conditions aie conditions D(15 W, H,=3 sccn), i.e. out of the full B depletion
region, we have gm that after a few tens of nanometers a twiniigiced epitaxy breakdown occurs
lFig. 2.36}. This observation is also confirmed by the (111) pole figure performed on this sample as
shown ithig. 2.52| The presence of the 4 spotsarodd PQG WKH VSRWV DURXQG %
the formation of twins in the layer.
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Fig.2.51 ta) (111) pole figure of a <100> epitaxial Si film groyv % &} <+ }v ]S]}ve (}c
and 20°. b) (1110 }0 (JPHE }( DIliE %]3 £] o *] (Jou PE}AV Jv % E
v OREX }3Z %}o (JPHE » E v (}JE " A E] (E}u if 8} TI0i£X

Fig.2.52 ta) (111) pole figure of a <100%&]3 &£] o ~] (Jou PE}Av Jv }v ]8]}ve (
o ~jiis %}o (JPHE }( DIliE %]% £] o *] (Jou PE}Av pv E o},
and 85°. Both pole figuresar }v. (}E& ” A E] (E}u i£ 8} 10i£X

Thereforethis result is identical to thabbserved at high & and low H flow rate (condition B).
HRZHYHU LQ FRQWUDVW ZLWK FRQGLWLRQ % D GLIIUDFWLRQ R
are <111> oriented in the direction of growth. Thus, the poly/micrtadlye material obtained from

conditions B orand Dcan bedifferentiated by their té¢uration, i.e. the orientation of the grains. It

should be noted that these observations do not exclude other orientations in these films, such as <110>
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or <311> grains. VFDQV FRPPRQO\ XVHG LQ SRZGHU GLIIUDFWLRAQ
orientation in the textured films.

As a conclusion, these results are consistent with TEM observations and give an interesting approach
for a fast characterization of sampl@sorder to identify the source of epitaxy breakdown and to
optimize epilayers. Ellpsonetry, HRXRD and pole figureare complementary characterization
technique whiclallow to differentiatethe growth under conditions A, B, C adl The existence of

twins iscaused by either a too high RF power or a too low depldtiewertheless hiesecases can be
differentiated by the KHdepletion, using a RGA, or by the presence of <111> oriented grains in the
case of low depletiorfcond. D) Besides, conditions A @nC can be differarated by HRXRD
comparing theinf & V FIb@3 ellipsometry, RD (HR-XRD and/or pole figure) and RGA are
complementary techniques for the full development of process conditions in order to determine the
optimum conditions for struatal defectfree epilayers and thus succeeding in ahtieology transfer.

2.4.4.Raman spectoscopy

Raman spectroscopy is an easy way to obtain complementary information on the structural properties
of the epitaxial layers. In this part, each spectrum has been obtained for a laser excitation wavelength
of 473 nm.

Fig.2.53 t Comparison of high quality epitaxy (process conditions A) Raman spectrum and that of a
c-Si FZ wafer. Spectra have been normalized for a better cosgpa FWHM values are extracted froi
fitting with a Lorentz function. As shawboth peaks excellently fit with a Lorentz function. The position
both peaks is 521.5 cin
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The penetration depth in® at this wavelength is less than 600 nm and all the studied films are
thicker than that, meaning that the signal is mostiyning from the grown film rather than from the
substrate. Moreover the penetration depth i¥Sjiel and aSi:H is lower than in <Si, as a result 600

nm is the upper limit of penetration depth for every layer we have studied. Therefore in case of epitaxy
breakdown, the contribution from the substrate is even more negligible. Nevertheless it is worth
noticdng that the contribution of # epilayers before epitaxy breakdown is also affected. A
comparison between Raman spectra ofl@pers, obtained under gd conditions (A) and for a wafer

is given irfFig. 2.53 Both Raman spectra have been dtteith a Lorentz function and FWHM values

of 3.1 cm! and 33 cnt! have been respectively extracted for a wafer and th&aggi grown under
conditions A. The very close value of FWHM obtained from fit with Lorentz funatamfirms, once

more the qualiy achievable by LTE with Si#H2/Ar chemistry. To our knowldge, so close values of
FWHM between eplayers and a FZ wafer have never been reached for epitaxy at 200°C. When the
RF power is increased, the Raman peaks broaddrshift towards low Raman &hvalues which is
characteristic of uSi:H material.

244.1. Infl uence of RF power

Up to 15 W, the Raman spectra are similar to these of a perfect silicon monocrystal. This confirms the
ellipsometry results ifFig. 2.26] for Pre=15 W, and shows that the drop @{4.2eV) is due tdhe
roughening of the surface. From 18 W, and when the RF power is further increased to 20 W and 25 W,
a broadening of the Raman peak ebicaround 520 crhappears, associated to a shaftvards low

Raman shifts values.

Fig.2.54 ta) Raman spectra fa constant Hflow rate of 1 sccm and various values ef®) Zoom in the
Raman peak of-8i around 520 crhc) Zoom in the spectra at a Raman shift around 506 highlighting
the hump at497cnr?,

The theordtal value for eSi Raman TO peak is 520 ¢mwhile in our case the Raman peak for a
silicon wafer isat 521.5 cri, this is attributed to the lack of control of the temperature in the
measurement environment. itshift towards low wavenumbers could b&iltited to a tensile strain.
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However, this result is not consistent with the conclusions extractedXRD measurement where an
in-plane compressive stress was observed.

Fig.2.55 t Evolution of the FWHM of TO mode oftas a function of RF power ai=H sccm. All these
samples have been grown under conditions of fulbEpletion. The gas flow rates are #i:/Ar=3.6/1/88
sccm and the pressure is fixed at 3 Torr.

However TEManalysis revealed the mence of ueSi:H at the top of the layer antle formation of

grain boundaries is known to affect the position of the Raman peak, in particular it also shifts towards
low values, so the most likely explanation of this shift towdogs wavenumbers is thergsence of

grains boundaries in the 8i:H layer. The band at 497 chrhas been reported to be attributed to
faults or dislocation on the nanometer scale in polycrystalline silicon fi8jsor to the preence of
nanocrystal$74],[75].

The evolution othe FWHM as a function ofdRis shown ifFig. 2.55 The tend in this figure shows
that a RF power threshold (here 15 W) for these conditions M $§tF4] ratio is inaccordance with

the trend observed by eIIkpmetry|Fig. 2.26).

2.4.4.2. Influence of H 2

Raman spectra for different;Hlow rates are shown As it can be seen, evert H=2
sccm,Raman spectra gives low FWHMles, very close to FWHM values of Si wafer, while XRD

and TEM shows that defects were present in the layer. Thus looking at the FWHM of the silicon peak
at 520 crrt is not the best figure of merit to assesaddtiral propeies of epitaxial layers.
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Fig.2.56 t Raman spectra for ep@yers grown for different Hflow rates and at a fixed RF power of 15\
The FWHM values have been extracted after fitting by Lorentz funcfidresspectrum in red correspond
to alayer grown with Eldepletion at the transition, therefore under conditions C.

Fig.2.57 t Raman spectrum around TO modes eBigH and Si for epilayers grown ail5 W with a Hflow
rate of 3 sccm (contdon D). The FWHM values have been extracted after fitting by a Lorentz functio
the ¢Si contribution and a Gauss function for th&ieH contribution.
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When the Hflow rate is increased to 3 sccm at the s&fepower (18/V), the process conditions go

out from the full H depletion region and an epitaxy breakdown occurs through the formation of twins.
Subsequely the deposited material becomes a mix e8idl and peSi:H as deduced from
ellipsometry, XRD and TEM. This result is also observed in the Raman spectrum a@unddE of

c-Si at 520 crmt. A peak at 519 crh characteristic of wSi:H and another around80 cm!
characteristic of #®i:H are obsemd. We purposely fitted the signal bgtrmore than two functions.

The best fit is obtained by summingrentz and Gausan functiors for the peSi:H and aSi:H
contribution, respectively. FWHM values ©0.5 cmt' for the Lorentz functiorand 73.8 cm for the
Gaussian function have been foulnterestingly, in these conditions an amorphous phase is observed
contrary to te condition B, also leading to %#i:H deposition after epitaxy breakdown.

2.4.4.3. Study of the inc orporation of hydrogen by Raman spectroscopy

As we can see Raman spectroscopy i and aSi TO modes allows to onfirm previous
observations but d@snot provide significant additional information. Another approach is to look at
the presence of $i, S-H, and other SH, bonds in the layers. las been reported in literature that
GHIHFWLYH OD\HUV DFW [IBV NdWlaRdf tausaRyphskbeeniprvdd Qo far kthe
more defective the layers, the more togkn is incorporated. Moreover we saw that most of our
defects in TEM images are also associated tordggh. Thus by studying the incorporation of
hydrogen in the layers we can have a better idea of the introduction of defects.

Fig.2.58 t Raman spectra in the -6k stretchingmode region obtained from epayers grown at different
RF power values. Peaks at 2000 and 2106 camrespond to stretching modes of-Biand SH: bonds
respectively.
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ThelFig. 2.58/shows the redts of Raman spectroscopy for Raman shifts betwl&E€® an 2600cn*

to assess the presence eHzaibonds through their vibrational modes. Stretching modes-Hf Si-H-

and SiHs have respective frequencies of 2000, 2100 and 2150[¢6). The laser wavelength is 473
nm and the acquisition time is 30 For everyspectrum the baselindias ber extractedWe can see
that the spectra @ FZ wafer (in black) and that of epitaxy grown under conditions A (in red), namely
10 W and H=1 sccm, aresimilar. This demonstrates thatsmall amount ofiydrogen is incorporated

in the layers for which propges extracted from XRD, TEM, Raman TO medef ¢Si and
ellipsometry are close to these of the wafer.

Fig. 2.59 t Deconvolution with Gawssans of BH and SH: stretching modes for a RF power of 20 '
(pr=270 mW/cnd).

Nevertheless, it can be seen that at 2124 ensharp peak appears and when the RF power is
increased to 18V the amplitude of this peak increasesaming a rise of higher order-8j bonds in

the layers. This peak is not widely reported in the literature but would correspond to the stretching
mode of (SiH)s [77]. Moreover Li and Wang78] reported a Raman signal at 2125"cthat they
observed in Hmplanted Czsilicon wafers annealed at 500 and 700°C and in bare Carsiiafers
annealed at 700°C. However tharespondence to a specific bond is unclear. This may be associated
to segregation of hydrogen in the films and in particular H platelets and woutthbistent with our
observations. But given that the intengifythe peak is very low for the efayers,the density of this

type of bonding, anea fortiori hydrogen, should be very low as wélhis is an important resutb

finely optimize the quality bepitaxial layers since FWHM values 65 TO modes of egayers with
different defects density aregtisame as that of theafer. hterestingly, no peak at 2000 and 2100'cm

are visible, meaning an absence oHSand SiH, bonds in eplayers. Afterepitaxy breakdown, at 20
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W and 25W, peaks at 2000 and 2106v¢ appear which is characteristic of thecnoicrystalline phase
at the top of the layers while no contribution of higher orddd.3onds are observed.

Fig.2.60 t Raman spectra centered around 2000 tfor the observationof stretching modes of $in
bonds obtained from epiayers grown for different EHlow rates at a RF power of 15 W.

The sharp peak at 2433 2rfor a RF power of 18V (in blue)is difficult to assignAccording to tie
National Institute of Standards and Teclogy (NIST), ths vibrational energy may correspotul
C:DaFe, which is highlyunlikely to find in ourepilayers. By integrating each caiiution (SiH and
Si-H2) we can see that the-Bibond is preferentiabhen the RF power is increased

Conditions Area Si-H Area SirH» . Ratio_
(2000 cm?) (2100cm?) Si-H,/Si-H
FzZ wafer
(reference) 0 0 /
10 W (A) 0 0 /
15W 0 0 /
20W (B) 18500 5500 0.30
25W 19630 3910 0.20
15 W +3sccm (D) 7260 14560 2.0

Table2 t Area linked to the concentration of-Bi and SHz bonds resulting from the deconvolution of
Raman spectra at 2000 and 2100 traspectively.



83

The resultof fitting with Gaussians is given iﬁig. 2.59| and the corresponding asstor different
process conditiongre summarized jfiable2

Interestingly, for the evolution &i-H, bonds with the in@ase of Hflow rate (at fixed RF power of
15 W), similar results are obtained, as show[Fig. 2.60 When the H flow rate is increased to 2
sacm the peak at 2124 ctincreases. This isonsistent with TEM images given that a lot of H
platelets were observed in that case. Again, Rbl 8nd SiH> bonds are observable ab42 sccm
which still corresponds to epitaxy conditions and confirm thisar&able results that hydrogen
incorporationn SiF/H/Ar epitaxy does not rely on-$l or SiH» bonds.

When the H flow rate is increased to 3 sccm, the deposition is a mixQifH/puc-Si:H and much
more hydrogen is incorporated in the film as showhig 2.61

Fig.2.61 t @) Raman ectra centered around 2000 chfior the observationof stretching modes of $in
and b) around 2450 ctin layers grown at 15 W with 3 sccm of H

Interestingly, in contrast with g8i:H at high R, the area of the mode at 2000ti®m lower than that

at 2100 cr. It would mean thatin that casghydrogen incorporation relies more onksi bords
rather than SH. However, the contribuin at1954 cm' has not been successfully determined and
corresponding vitational modes in Ramatatabase daoot fit with consistent molecules. Interestingly
in[Fig. 2.61}b), we can see that for these conditidresgharp peak at 2433 dris present. Once again,
we are not able tassignthis peak to the vibrational mode opeecisemolecule in our layer€Even
though we are not able to identify all the Raman peaksuskeof Raman spectroscopy allows to
differentiate all the process condition® investigated.

2.5. Conclusion

First of all, this chapter provides information about the material properties we are ablesewith
LTE at 200°C from SiFH2/Ar chemistry.For optimized layers,dw strain epilayers wth a difference
of lattice paramier lower than 1.1® A with respect to that of the Si ¥ea have been obtained. A
100% aystalline fraction extracted from ellipsometneasurement and the same RamR#HM (3.1
cmt) in Raman spectroscopy of the TO mode-&i are possibléo achievewith these layers. Finally,
Raman spectroscopy of-Hi, stretching modes shows tHatv SiH, bonding are present in the layer,
indicating that little hydrogeis incorporated in tisicase of fully optimized layers.
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This chaper also allowed to define the process conditions for epitaxy considering RF powes and H
flow rate through the Hdepletion parameter. It has been shown that a futldpletion is a necessary
condition but not sfficient for epitaxy. A [H)/[SiF4] ratio below 2/3 is also required, under full
depletion condition, to avoid the formation of twins. Howe®diH,]/[SiF4] ratio below 1/3 is required

to avoid the formation of H platelets in the layer and to oldaidlifference oflattice parametewith
respecto that of Si wafesmaller tharl.10% A, as shown by HRRD. Thus, once proper conditions

for epitaxy are found, i.e. H platelditge, the increase of ttgrowth rate requires an increase of the

H. flow rate, which requires an increase of tharPto sty in the full H: depletion regimegor H.-
limited regime) which in turn requires an increase of thesSi6w rate to keep the [H/[SiF4 gas

ratio below 1/3.

Besides we have showrthat for epitaxy breakdown diwced by a too high & or a too low H
depktion, a twinninginduced mechanisns involved in both casesAfter epitaxy breakdown, the
pursuit of the process leads to the deposition of a mixQifth and peSi:H. Nevertheless, the two
cases can be diffeniated by the grains orientatiom the case of too low depletion, contrary to the

high Re case,<111> oriented grains halmendetectedby pole figurs. In addition, these two cases

can be differentiated by the -Hi, bondingsin the layers after emky breakdown using Raman
spectroscopy. Theatio of the contribution of SH, and SiH bondings: SH./Si-H, is one order of
magnitude higher in the case of an epitaxy breakdown induced by a too low depletion than that
measured ithe case of an epitaxydakdown induced by a too high RF power.

This chapter can be considered as a reference for the technology transfer, development and scale up
regarding the influence of each parameter on the material properties assessed by &ilipSaive

XRD and Raman pectroscopy. A good correlation between thbsecharacterization methods has

been observed-inally, this shows thainly one or two of these characterizations are required for the

full development of the process conditions imte of structural propads. The electrical properties

and the presse dependency of the process window will be addressed in Chapter 4.
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3.Growth mechanism in lowtemperature epitaxy by
PECVD from SiF4/H2/Ar gas mixtures

3.1. Growth modes in epitaxy and standed techniques of surface
analysis

This chapter deals with the growth mechanisms involved in low temperature epitaxy (LTE) by
PECVD. The possibility to grow monocrystalline silicon layers at temjpeea below 300°C is not

fully understood yet. In this chapter we will provide insights on the mechanisms by combining
ellipsometry and TEM analyses at early stages of growth. This studiyeleasled in collaboration

with F. Haddad; additional informatian the growth mechanisms can be found in her thigksis

Three primary growth modes have been identified so far to explaidifferent mechanisms involved

in the deposition of thin film. The schematics in Fig.1 present the primary modes encountered in
epitaxial growth, which refers to most of processes used in thin film deposition techniques, and were
first classified by Buer[2] in 1958.

Fig.3.1 t Representation of primary odes of thin film deposition: a) Volmé&¥eber or island growth
mode, b) Frankvan der Merwe or layeby-layer growth mode and c¢) Strangkiastanov or layeplus-island
growth mode[2].

The VolmerWeber or island growth mode, representdim 3.1}a), relies on nucleation of isids
composed of several atoms at the surface of the substrate. These nuclei grow and coalesce with each
other to form a full continuous layer. In that cdse interaction is stronger between the adatoms than
between the adatom and the substrate surfdue.3D growth mode is common in lel@mperature
processes due to the low surface diffusion of adatoms. This mode is reported as providing reduced
electric poperties of films due to the possible presence of grain boundaries formed at the interface
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betweenislands and to an increase of the roughness. This growth mode is for example found in the
homoepitaxial growth of iron by MBE at low temperat{B8F asshown ifFig. 3.2

The Frankvan der Merwe or laydny-layer growth moderepresented ifFig. 3.1ib), as its name
suggests, is based on the growth of flms monoatomic layer by monoatomic layer. In that case the
adatoms preferentially interact with the surface than between each other. This growthk pusigbie

if adatoms have engh energy to diffuse at the surface of the sample to reach preferential sites of
adsorption. This 2D growth mode usually occurs for high temperature epitaxy. Due to the high
mobility of adatoms provided by the high temperataf the substrate, they caiffdse at the surface
towards the closest terrace and form thin films with an atomically smooth surface.

The StranskKrastanov or layeplusisland growth mode, representefFig. 3.1}c), is a combiation

of these two growth modes. The first layers of the film are grown through abgyayer growth

mode. Afterwards, from a critical layer thickness, the growth is ensured by an island growth mode and
follows its mechanism (nucleatiaand coalescengeThe critical thickness depends, not exclusively,

on the surface energy and the difference of lattice parameter between that of the substrate and that of
the film. This growth mode appears when the interface energy increases as theitkyerss
increaes[4], for examplehrough an accumulation of stress

Fig.3.2 t STM images of Fe layers (white) on0Bd{ (black) deposited by MBE and their corrextiag
RHEED beam intensity measurements for different sample temperatures: a) 20°, b) 180°C and [8].2¢
The contrast depends on the film thickness: light regions are thicker than the dark ongsdjoc changes
in grey level indicate a monoattc step. The STM images have been taken after 5 RHEED oscilli
represented by the black arrow in the RHEED plots.

To identify which growth mode a specific thin film deposition process is associatieddifferent
surface analses techniques are used. Most developed and reported techniquesemergyvelectron
diffraction (LEED), reflection highenergy electron diffraction (RHEEDand Auger electron
spectroscopy (AES However these techniques require high or even-hlga vacuum (<18 mbar)
conditions, for LEED especially. Thus, these techniques can be sddabiesitu analysis in the case



92

of MBE, for which the working pressure is in the same range of pressure as that required for the
analysis. As an example, a correlation betwsesnning tunneling microscopy (STNmages and
RHEED beam intensity measurements for Fe layers deposited on Fe(001) bidMBEs shown in

The STM imagesndicate that when the sample tempera is increased the density of
islands decreases while their size increases until forming terraces at 250°C. The latter case is therefore
approaching the layeby-layer growth mode. This behavior can be observed during the process with
the RHEED intensit which in the case of a deposition at 250°C shows well defined oscillations
corresponding to the variation of electron scattering inducetthdyeriodicity of the morphological
changes from rough (low intensity) to smooth (high intensity) surfaces.ifidieates that the layer
grows in a layeby-layer growth mode; one oscillation corresponds to the filling of one single
monoatomic layer. Ithe case of the island growth, at 20°C, the RHEED beam intensity progressively
decreases with low amplitude osatlbns, typical of an island growth mode. Thiassitu techniques

such as RHEED can differentiate the growth mode during the process. Hdhesetechniques are
much more difficult to implement for PECVD, due to the high working pressure, especialiyéase
around 3 Torr.

The PECVD reactors in which letemperature epitaxy (LTE) has been processed are equipped with

in situ ellipsometers (& schematic in Fig. 2.7). This allows to monitor the evolution of growth of the

layers in real time and to verify the growth is stable or if an epitaxy breakdown happens. Optical
characterization techniques are less invasive than electron spectrtsdopgues since in the latter

case the source and detector are placed inside the reactor, inducing possibiaatates. Moreover

GXH WR WKH 3KLJK” HQHUJ\ RI LQFLGHQW HOHFWURQV XVHG LQ
eV for LEED up to dew tens of keV for RHEED, the measurement can affect the growth. Besides, to
answer to an increased demandirokitu monitoring for industrial applications, i.e. different from

MBE, the development of optical diagnostics (Raman spectroscopy, laser skgittering,

S KR W R U H | OddiaNelIqthigh pressure processes, such as CVD, earned a significant interest.

3.2. Initial stages of growth in low-temperature epitaxy

3.2.1.In situ ellipsometry analysis

In this chapter, the ellipsometric analysis is focusedtten early stages of growth. Even if a
complementary study involving electron spectroscopy techniques is requéradn already provide
insights on the growth mechanisms of LTE.

By purposely selectinthe appropriate wavelength of the ellipsometry sigti@ optical responses i

either more bulkor surfacesensitive. Obviously, this study aims to use wavelengthe sensitive to

the surface (short wavelength) rather than the bulk (long wavelength), knowing that the range of the
ellipsometer used in thisection goes from 1.5 to 4.5 eV for Philix and 0.7 to 6.4 eV for Cluster. For

that, monitoring the imaginary paof the pseudoGLHOHFWULF | X Qi@\®dVR (3 shitable H9 O
for the study of the surface properties. At 4.2 eV, which corresponds to the energy of the second Van
Hove singularity of e6L WKH DEVRUSWLRQ FRHIILFLH{ReV)M. BAOARVH WR W
cm! ZKLFK OHDGV WR D SHQHWUDWLRQ GHSWK RI QP 7KH 3W\S|
part of the pseuddielectric function at 3, 3.4 and 4.2 eV in the initial stages of growth is shown in

The process conditions for this experiment are a RF power of 40 W (180 mM\doninter
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electrode distance of 20 mm and a pressure of 2.5 Torr. The-bi&nd Ar flow rates are respectively
fixed at 20, 3 an@00 sccm.

Fig.3.3 tIn situevolution of the imaginary part of the pseudelectric function &3, 3.4 and 4.2 eV as .
function of time during the initial phases of growth. The plasma is ignited at t=0s. Points A, B
corresponding to growth time of 12, 90 and 240 s respedbtiveepresent specific stages of growth. Tt
growth has been perfored in Cluster. The SjA+ and Ar flow rate are respectively 20, 3 and 300 sc¢
The interelectrode distance and pressure are fixed at 20 mm and 2.5 Torr. The RF power is 40 \
mW/cn¥), the substrate and RF electrode temperature are both fixed afQ0The deposition rate is 0.
A/s. The ellipsometer used for this situmeasurement is a Woollam 42000.

Prior to the ignition of the plaB D i(4®eV) is (unsurprisingly) stable around 43. When the plasma is
LIQLWHG D VWUiRQeV)GHIFsEED &id itRilogs to 38.3 after 90 s of process reaching its
PLQLPXP )URP;(A2&H sloviryQncrBases for about 400 s before Braltion. If no epitaxy
EUHDNGRZQ KDSSHQ\4R2eW btayg $2dbl& t is WokhHQticifg that for every epitaxial
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growth performed in our process conditions, taking into account the environment, the cleaning and the
plasma parameters, thectutiR Q R4.2€V) is associated to this shape. Nevertheless, amplitude
variations and stabilization time may change.

,(OQWHUHVWLQJO\ |Z4N) haY RO sameldRape RUt drops by 3.2 points and reaches its
minimum after 240 s of growth. Thuthe HY R O X W(B.ReY) R delayed with respect to that of
@4.2eV) by around 120 s. This might be attributed to the different penetration depth of light at 3.4 and

H9 s ._H9 QP DQRG H9_ QP 3$V H3.WeWMKI€syensifive to the first
stages of growth. However, it may not be the only reason as detailed below.

7TKHVH GURSW RI Did.2eVDd can be attributed to different causes. The most likely
explanations are:

- An increase of roughness in the early stagegrRZWK 7KH URXJKQHVV42eM\JURQJO\
I[URP D IHZ c¢ ZKL @32eV)Wrom ld FeWw Wh/ This roughness can either be induced by a
deposition or an etching process.

- An increase of the temperature of the surface of the sample indutieel tigsma.
- A variation of the crystallinity in the early stages of growth.

Inare shown simulation results of the evolution of the imaginary part of the pd@léctric
function at 4.2 eV, 3.4 eYFig. 3.4}a)) and 3 efFig. 3.4}b)) as a function of roghness for a mix
composed of 50% of-8i and 506 of void. Notethatthe choice of this mix is a strong assumption and
can be restrictive for the simulated valuesfoudifferent mixes the trends remain the same, the effect
of roughnessRQ 0 H9 LV PXFK VWURZEYHUe ubshape &Qthe layer representing
the roughness, are both fixed at 200°C. For, taé¢mperature dependent model is used.indgtaph
DUH UHSRUWHG WHOH GUIR S DM Measured bin situ ellipsometry during the
initial stages of growth as showrnhig. 3.3

Fig.3.4 t Simulated evolution of the imaginary part of the psetdielectric function at a) 4.2 ¢\8.4 eV
and b) 3 eV as a function of roughness for a mix composé&fd%f of eSi and 50% of void at 200°C. TI
A E3] o EE}As }EE *%}v 3} §Z4.2eVEPMOUKSMe®FiX]i} v vax3eV)=+1.8
measured byin situellipsometry in theitial stages of growth as shown The roughness value
deduced from these drops do not match.

The idea is to verify if roughening alone can be responsible foriihd @ G R E V Hai diffelentt RU 0
wavelengths. Initial values of roughness are considered with respiecsito LQLWLDO MDOXHV R
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200°C prior to epitaxy. The drop at 4.2 eV woldéd to a roughening between 5 and 7 A and
coincides with the rougheérg corresponding to the drop at 3 eV. Therefore, the stage A would be in a
phase corresponding to a slight roughening of the surface. This is also consistent with the small
increase ofQ(3.4eV) in this phase observe Indeed, up to a roughness of 10 A, simulations
VKRZ VBH&NNnEeases up to roughly 0.5 points.

However the drot 3.4 eV observed in stage C would indicate a surface roughening of 30 A. These
values of roughness would strongly affect the signal H9 | Q iW2c)\Woudddvod b§ up

WR SRLQWYV ZKLOH LQ WK H3Hd\§ rebachésh WIL® xFReN)DnlyZdsesQ 0
3 points with respect to its initial value at 43. Similarly, a roughening of 30 A would involve an
incrHDVH RI90 XS WR ZKLOH LWV YDOXH LQ BWdY)tHustcanMtR&) O\
explained by an inease of the roughness.

As shown ia), and as reported i8], theincrease of the temperature also induces important

Y D UL D W,LIR @ditiéh| tide increase of temperature causes a shift of the Van Hove singularities
towards low energy, which further affec KH K H L(@Ra&V)[8I The evolution of simulated

® H9, O0OH9 D(@eW) & a function of substrate temperature is shofFign3.5}a). For
WKHVH VLPXODWLRQV WKH URXJKQHVV RA4VKdI32 pdn&owdd LV IL[HG
imply at least an increase of the temperature to 500°C, if we assume a measurement error of 0.3. Thus,
WKH G URB&VR¢tarthot be associated to a unique increase of temperature since corresponding
YDOXHV RH90 D(@e¥) &t 500°C do not nieh experimental data. If we consider a higher
roughness, the increase of temperature exacerbates this behavior, i.e. the increase in absolute value of
WKH VORSHENARAE.2RV as a function of the temperature is significaigher than that at 3.

H9 1RWH WKDW WKH @R&YHiplo BFICDE-2KI0? Rt 0D Q@eW up to

minimum 700°C (a=2.2L02 K1) allows to measure the temperature of a sammpsitu. Besides, this

is not limited to crystalline silian the temperature of arphous silicorbased materials can also be
determinedn situ[7].

Fig.3.5 ta) Simulated evolution of the imaginary part of the pseutielectric function at 4.2, 3.4 and 3 e
for different substrate temperature. b) Simulated evolution of the imaginary part of the pselislectric
function at 4.2, 3.4 and 3 eV for different thickness of a {Rillayer deposited on a%i substrate at 200°C
/v 8§ P i(ARe¥)xi v 43eV)=1.5.

J)LQDOO\ WKH Gib8 th® @ysliniy & ithé grown layer is shown|Fig. 3.5tb). To

consider the growth of a defective layer in the early staggsoofth, the first grown atomic layers
have been modeled by a pay layer. If we consider a defective material in tinst fstages of growth,
the values measured situ at a growth time of 240 s reasonably coincide with those modeled with a
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dense poSi OD\HU 7KH,; & W.R S.¥ ardl 3@V reported would correspond to apolgyer

with a thickness of 12, 17 ar2D A respectively, i.e. to values in the same order of magnitude and

quite close. The cause of the growth of a defective layer betstage A and C is therefore more

consistent than a further increase of roughness or an increase of temperature. Notditbet fitting

provides relevant results, due to the complexity of the case and likely to a combination of the three
phenomena detd HG DERYH +RZHYHU ZH FDQ LBSQMWRH) &dkrRdle WUHQG'
VHQVLWLYH WR W K84/ )RoNiokeQ@ehsitive Zathe@iistalline quality.

Fig.3.6 tRaman cross section measurement performed on a 4 um epitaxial sample grown by PECV
SiH/H2 gas mixture[8]. In a) is represented the FWHM of the TO mode-8i eand b) its position. The
surfaceis positioned at 2 um. The measurements have been performed on two areas on the sample
1 and 2). ¢) SIMS profile of a 4 um thick epitaxial saggde/n on a p*wafer by PECVD from %H: gas

mixture and d) topography and surface potential mappifga solar cell with a 5 um thick epitaxi
absorber grown on a‘pwafer by PECVD from %iHz gas mixturg10]. The measrements are carried out
by KPFM under frequenayodulated voltage bias for ddrent frequencies. The analyzed region is tl
same for each frequency.

7KH H[SODQDWLRQ i(R4eWy &t 24 Iy SheRforn@ation of a defectiveelays also



97

supported by observations made in the case ofagprs grown by PECVD from Si#H,. A similar

HY RO XWLRBIR ID@42VDover time has been observed by Ca@pdor LTE using $H4/H>

gas mixtures. As a result, an analogy between both chemistries is relevant, even thymugirdgs

are measured in the case of 3t JDV P L[W X U#H2EV)dedre&sir by up to 8 points in the
initial stages of growth. In addition, Cariou investigated the evolution of the Raman signal on a 4 um
epitaxial layer in cross secti¢@]. The average scan line for the FWHM and the Raman shift position
of the TO mode of-Si over the eplayer and the substrate are showiig. 3.6ta) and-b).

The FWHM measured in the substrate region far from the interfigcat (east 2 um) is 4 cf At the
interface the FWHM strongly increases to 7.5dior spot 1 and to 7 ctfor spot 2 indicating that

the inteface is defective. In the bulk of the dpyer the FWHM slowly decreases to reach FWHM
values of 6.5 cmi for spot 1 and 6.3 cifor spot 2. Thus, the author suggests that the quality of the
epilayers increase with the elaiyer thickness. This conclasi is also supported by the evolution of

the Raman shift position over the sample. As showhign 3.6tb), the Raman shift position at the
interface drops by 1.2 points with respect to that of the substrate. This peak shift is either attributed to
a tensile strain in the layer or to the forioatof grains. Given that XRD measurememtdicate a
compressive strain for these lay@8$, the second explanation is more likely even thoughTHE

images do not show grain boundaries at the iaterfof these layers but only dislocationbe3e
observations are consistent with our ellipsometry curves and their comparison to results of
simulations. At some stage, a defective layer is formed followed by a recovery of the structural
properties. Simildy to the evolution of the FWHM along theidayer, the Raman peak position
shifts towards higher values indicating the recovery of the structural properties. The author suggests
that these evolutions of FWHM and Raman peak position, indicating theergco¥ structural
properties along the layés the result of defects healing induced by hydrd§gn

Even though the scales related in these experiments are micrometric and in our case inaitometr
appears that the interface is a catiissue affecting the structural properties of the wholdagpr.

Indeed, in addition to featuring a FWHM at the interface almost twice that of the substrate, it
influences the growth at least over 2.5 umugtiocusing on the early stages of growtkeslaot only
provide insights to understand the growth mechanisms but also to improve the structural properties in
the bulk of the eplayer.

Besides, Narchet al. [10] investigatedminority carriers lifetime in LTE layers dhe nanoscale by
correlating SIMS measuremec)) with Kelvin probe force microscopy (KPBMunder
frequency modulated voltage bias measurerjféigt 8.6}d). They showed that the epi/wafer interface

in a solar cell with a 4 um é@pxial layer grown on a*p wafer by PECVD from SikiH, gas mixture

has a lifetime shorter than in the bulk of the-lkegier. The objective of this technique detailedli],

is to determine a difference of surface poténbietween various regions of the sample via their
different response to a frequency modulated electrical bias. This allows to assess the minority carriers
lifetime in thelayer and to compare it with that of the substrate. The principle is to apply an AC
voltage to the cell to switch from forward bias, for which there is an excess of minority carriers at the
junction, to reverse biaspif which there is a lack of minority carriers at the junction. The time to go
from forward to reverse bias is longer ththe time to go from reverse to forward bias due to the fact
that the injection of minority carriers is faster than the recombinafidtineoexcess minority carriers.
Based on this, the reverse and forward recovery times depend on the minority cagtiers. IFor the
mapping showed ifFg. 3.6]d), the surface potential of the*pwafer is not affected by thbias
because it is grounded. For frequencies of 5 andlB@, the frequency is too high to observe a
distinction in lifetime between the different regions of the sample because one full period is shorter
than the lifetime in every region of the dayer.At 1 MHz and 500 kHz, the epi/wafer interface is the
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only region of the sample where the surface potential changes, indicating that the lifetime in this
region is shorter than in the rest of the-kyer, which is likely duego a higher defect density. &h

the frequency is further decreased to 100 kHz, trguéracy is sufficiently low to observe change in

the eptlayer. In light of this, a lifetime around 1 ps and 10 ps can be deduced in the near interface
region and the bulk of the efaiyer respectivgl.

From these measurements we can conclude that ancaligtactive defective layer is observed at the
epi/wafer interface. To explain its origin and to provide a clear explanation of the involved
PHFKDQLVPV WKH LQWHUSUH @& WhieRrth& ¢any Ktatesl ¥ RAD SUffidieRtQ R 1 0
Additional characterizations at the nanoscale are required.

3.2.2.Analysis of early stages of growth by HRTEM

In order to gain further insight on the growth mechanisms, a complementary study-biMRas
been led. To correlate with ellipsometry measurements, thregesmafter the specific growth times
represented ilfig. 3.3| by the points labelled A, B and C, have been analyzed byTEHR. The
images arshownin|Fig. 3.7

Fig.3.7 t HRTEM images of the surface in cross secfaminitial stages of epitaxial growth on a Si(10
substrate after an HF dip of 30 s. A, B and C images correspond to three different growth times repre

by their respective point in the ellipsometryve i Pro@ss conditions are detailed
Images: courtsy of F. Haddad
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The HRTEM images indicate that the staje ZKLFK FRUUHVSRQGV WRAZKWH SHULR
UDSLGO\ GH K8eNDapidly inbréag&esNfeatures a roughening of the layer in the form of a few

nm high islands. A significant resu#t that these islands are crystalline and no defectsisilde at

this stage. This increase of roughness of a fully monocrystalline layer during the phase in which the
stage A is contained correlates with the deduction made by the interpretation afighemetry

curves concerning the roughening. But a rowggs of 4 nm is much too high compared to the 6 A
deduced from ellipsometry simulations (where we assumed a void fra¢tib®h), such a difference

could be explained by the restrictive conditiom the roughness remented by a-Si/void mix of

50%/5®6. When the growth time is increased up to stage B, the layer becomes smoother which does
QRW FRUUHODWH ZLWKHSKH/ R FOXWLR® KRH ¥ WD2EM)) ¥houRILQL P X P
show the largest roughness, instead of stage A. This may betetirio the fact that at the moment

WKH SODVPD Z®2W WaR Isa8d-heady reached its minimum. Indeed the time after which
@4.2eV) reaches values below 39 is very short (16 s), so very close from the targeted time of 12 s,
knowing that the @quisition time of than situellipsometer is 5 s.

The epilayer in stage B is smoother than in stage A which corresgorttie phase of coalescence of

the islandsRegarding the HR7 (0 LPDJHV WKH VO RBZe®) he&wedrDstagesRA ad C

can beattributed to the increase of the thickness of this defective layer associated to a progressive
relaxation. This would be consistent with the cross section Raman measurement performed by Cariou

and crosssectional KPFM measurement by Narchi. Moreovertticker the layer the more sensitive

WR LWV SUR.&N)HWeltdHitg penétration depth of 11 nm. In stage B the layer thickness varies

from 4 to 6 nm. Therefore it is difficult to decorrelate the decrease of the structural properties from the
increase of the thickness of a layer already defective. In the meantime, between stages B and C the
HR-7(0 LPDJHV VKRZ WKDW WKH OD\HU VPRRWKHQ¥2e¥)KnthkeK FRUUH
same phase. Afterwards, in stage C the layer looks moestigefwhich could be the result of a
UHOD[DWLRQ ZKLFK LQGXFHG WKH IRUPDWLRQ RI4ewWatHHsWV 7KL\
stage which indicates the formation of a p8lylayer. After stage C, the structural properties of the

upper layes LPSURYH DV REVHUY H Gi(Z4eW)KTHhE kekEbviel® &f dtruEiirat pieperdies

can be explained by the healing of defects (those defects being induced by the relaxation). The phase
after stage C is also associated to a smoothening of fliad=<ddr DV REVHUYHG E{42eK)H LQFUH]
up to 500 s to finally reach an atomically smooth surface as seen-fTENRimages in Chapter 2.

@A3.4eV) reaches its maximum after 700 s and finally stabilizes after 1200 s, these differences with
respect to4.2eV) can be associated in that case to their different penetration depth. All the steps in

the early stages are not fully understood yet. Nevertheless we can affirm freREMRmages

associated to ellipsometry that LTE by PECVD relies on a Velveler growth mode.

To sum up the stages of growthmodtl can be suggested as follows:

i) Roughening of the surface through strained monocrystalline islands corresponding to the
nucleation (Phase up to stage A)

i) Coalescence of islands and relaxation leadingdefective layer (Phase from stage A to
C).
iii) Smoothing and recovery of structural properties due to defects healing (Phase after stage

& XS WR VWD EL OH Pi3@e\R) Qrhigs Ipiase can be divided in two periods as
observed iffFig. 3.9jand in[8]:

1. )DVW LQFUHDMB RI@@eVDcorresponding to a fast
recovery of structural properties.
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2. 60RZ LQFUHDWHN RI@0EEVDcorresponding to a slow
recovery of structural properties.

iv) Smooth and stable epitaxy

Fig.38t A}opus]}v }A € §Ju }( 00]%-*}u SEC «]Pv 0o ~4+ 3§ i0d vu
eV) before and during initial stages of epitaxial growth by VPE at T°C=850{E88tedmistry and p=0-1
Torr) for a) RCA cleaning and b) UV ozone algaprior to epitaxy[11]. The beginning of growtlis
E % E& « v§ C 0 | EEIAIVVXANIADM%BE}(]JO » }( » u%o0 » A

cleaning (AR) and after UV ozone cleaningQa\J15].

However the roughening anlde formation of islands in initial stages of growth must be related to the
process itself but also to the surface state prior to epitaxy. Pickering shoyidd that the surface
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state and especially the carbon contamination of the wafer substrate prior to the epitaxy was extremely
FULWLFDO de@edsirét iy &li@sometry. The evolution of laser light scattering )(lang
HOOLSVRPHWU\ 0 VLJQDOV IRU WK HPERPBICUSWICSIMH ja¥ LOLFRQ
mixtures at a working pressure between 0.1 and 1 Torr is shq#g.i8.8) 1RWH WKDW DQG @
used in these graphs, to compare wittbolG PMRD ORZYV WKH VDPH WUHQG DV @

As shown in the case of RG#eaning i D D GHFUHDVH Rthéiritdl sRalgastdfu Y H G
growth indicating an increase of the roughness. Conversely, in the case of UV ozone cleaning

(Fig. 3.8}b)), which efficiently removes carbon contaminatiatrary to their RCA cleanings

shown inthe SIMS profiles ifFig. 3.8fF WKH 0 VLJQDO L VtHaRI@\JWBhQigésnQ GLFD W |
feature an increse of roughness at the beginning.

The epitaxy by CVD at 850°C relies on Frardn der Merwe growth mode. When the surface of the
substrate has been submitted to a proper cleaning, unsurprisingly, no variatioth dfL& and
ellipsometry signals is obsemyaneaning no increase of the roughness during the initial stages of
growth, at least not observable by ellipsometry and LLS. However when the surface is contaminated
with carbon, it shows a roughening of the sargirface. Consequently, in the RCA clegriase, the
growth does not rely on a Frawlan der Merwe mode in the early stages of growth. Note that the
recovery of a stable signal is faster for ellipsometry than LLS, this is due to the fact that ellipsometr
is more sensitive to nano/microscopicgbhuaess than LLS and inversgly?]. It is worth noticing that
WKH LQLWLDO YDOXH RI 0 SULRU WKH HSLWDIJ\ LV,sotlie lRU WKH V
ozone cleaning may slightly roughehet substrate surface. But this roughenitguid not be
significant enough to affect the growth mechanisms since ellipsometry simulations show that a loss of
f IRU O FRUUHVSRQGY WR DQ lxF30H eSV30%voidf RXIJKQHVYV RI ¢

Therefore, thigaises the issue of the dependence of the/tlh mechanisms on the surface state. To
rigorously tackle this question, the same study with a proper cleaning prior to epitaxy should have
been ledout we have not been able to develop it during this.Phdreduce surface contamination
effects, a rerurof epitaxy after stabilization has been performed to get rid of the surface state
IOXRULQDWHG VXUIDFH GXH WR +) GLS FDUERQ DQG R[\JHQ FF
carried out in Philix, contrary tdhe experiments detailed above. Howevee #ame shape of
ellipsometry curves are observed in both reactors. The process conditions used for this experiment are:
a RF power of 15 W (200 mW/@n Sik, Hz and Ar flow rates of 3.6, 1 and 88 sccm respedgtivel
The interelectrode distance is fixed atcm and the pressure at 3 Torr. Substrate and RF electrode
temperatures are set to 200 and 100°C respectively. The ellipsometer implemented on Philix, a Uvisel
IURP +RULED -RELQ <YRQat h&®shB& Wavaldhgth RrQeLrégirt of e lation
R Ii(@2eV) over time in these conditions is show Between the first and the second
epitaxy the gas hdseen pumped and the reactor has been put back under turbo pumping to reach a
vacuum below 18 Torr, withthe sample remaining in the reactor.

JRU WKH ILU\WZe\H 8ropy By ¥ pdints while it only drops by 2 points for the regrowth,
indicatingthat the roughness in the initial stages of growth is smaller in the case of the second epitaxy.
A secondREVHUYDWLRQ LV W K®2EVW.KEHhePrhaQimBnX & réugh@ess, is reached
after 35 s for the first epitaxy while it takes 125 s for #eeond one. These differences can be
attributed to the difference of surface state and, in particulatamamations at the surface. Despite
WKHVH GLIITHUHQFHYV WKZ2EVY B Bliderizad KD thie. RRgrovRH, i on a clean and
smooth surface {4.2eV) is even higher after epitaxy than before), which bring us to the same
conclusion about the cause R1 W K L (A@&/R SarRely @ VolmewWeber growth mode. This also
shows that this drop is due to a variation of material properties ratmeathaffect of plasma itself
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(e.g. through optical emissions) on the ellipsometry measurement. Besidegheugh we showed

that the lattice mismatch was less than 2.Aetween the edayer grown in these conditions and a

c-Si substrate, it is necessarily smaller for the regrowth than for the first growth. Thus, the difference
between thean situ ellipsometry spectra of the first epitaxy and the second one can kdp ke
explained by their different lattice mismatch with their respective substrate.

$QRWKHU LQWHUHVWLQJ IHDWXUH LQ WKLV H@re®WRdnithe/ U\ F XU
plasma is stopped. In the case presena),this increase is around 1 point but in some cases

it can increase ad few points. This may be associated to an increase of the sample temperature when

the process is ongoirand its cooling when the plasma is stopped.

Fig.3.9 t a) Evolution of the imaginary part of the pseudielectric function at 4.2 eVx4.2eV)) as a
function of time for two epitaxial growths performedhdhe same sample. b) Zoom in the initial stages
growth for the first epitaxy and c) the second epitaxy.

It is worth noticing that a sharp increase is only observed when the plasma is stopped after a high
(aboY H DQG VWD KEA2EN)VileWQdD @ Ieipdr @ith a high crystallinity is obtained. When
HSLWD[\ EUHDNGRZQ RFKX2¢V) isWadtslighQirdicktiDgvthht Bhls & not a single
effect of the plasma but a material effect insteBlis interestingly correlates with theudy of
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Abolmasovet al. [13] about the effect of Si¥H. dusty pasmas on the temperature of the sample.
They measured thanks to a heat flux microsensor the energy flux on samples exposed to a plasma
composed of either Ar, Hor SiHJ/H, for different pressureand RF power. For Aplasma no
significant difference is derved when the RF power and pressure are respectively varied from 10 to
50 W and from 0.68 Torr to 3 Torr. In contrast, for $H4 plasma, under a pressure of 2 Torr the
energy flux is 10 times higher at 50 W wittspect to that at 10 W, while at 0.5rTthe energy flux is

only doubled. They suggest that in the case of a high pressure the ion sheath becomes thinner and as a
result the ion bombardment is enhanced, which would explain a higher energy loads and as a
consequence the increase of temperatdmvever, the increase of pressure also favors the formation

of nanopatrticles, and the reaction of these nanoparticles with the substrate could also heat the sample
through chemical annealing. This hypothesis has btatied by Thi Leet al.[9], they showed bgb

initio molecular dynamics simulations that under the effect-atd#n reactions, some amorphous and
crystalline nanoparticles may reach temperatwabove 1400 K, leading to a solid iquid phase
transition. Thus, this raises the question of the main precursors involved in the LTE process.

3.3. Identification of precursors in low-temperature epitaxy

Three main types of precursor canitientified to be involved in LTE by PECVD: radicalsi{3x,

SinFnHk «  LRQV DQG QDQRSDUWLFOHV 7KH TXHVWLRQ RI WKH PL
remains unclear. The existence of nanoparticles in reactive plasma for the deposition of I8ighén fi

known since a long time but their effect on #wtual deposition remains not fully underst¢dd]. To

verify the hypothesis of a growth mainly ensured by nanoparticles we compared the pattern of the
initial stages of growthlwained on €Si substrates and on TEM copper gridshwgarbon membranes,

for which the surface reactions should be completely different. For that, energy filtered transmission
electron microscopy (EFTEMis used, it allows to select spécifenergies of electrons and thus

specific chemical species. By doing so, carbon and silicon maps can be obtained. EFTEM images of
TEM grids for stage A are shown[ig. 3100 WKH\ DUH WDNHQ IURP ) +DGGDGTV W
has been stuck to the wafer and placed close to the region analyzedTMR

Fig.3.10 ta) Carbon map,)bsilicon map and c) map combining contribution of both carbon (in green)
silicon (in red) obtained by EFTEM at the stage of maximum roughness otsitseilostratd1]. In a) and b)
the higher intensity areas correspond to the areas with the higher concentration of the analyzed elem

Fig. 3.10[shows that silicon is preferentially deposited on the edge of the holes of the TEM grid and
that only few traces of silicon are observedtba top of the TEM grid. This phenomenon is not
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understood yet. It may come from electrostatic interactions betsigsin precursors and the carbon
membrane. In the case of a growth mainly ensured by nanoparticles we should expect red spots,
representig silicon nanoparticles, on a green continuum.

The existence of nanoparticles in the plasma is not questionedssimeehave also been observed on

the TEM grids as shown All the nanoparticles observed are amorphdims result is
consistent with the fact that epitakiconditions processed on glass lead to amorphous silicon
deposition, and not microcrystalline. At stage A, nanoparticles with a diameter around 10 nm are
observed, they have the particularity to stickeach other leading to the formation of clusters
composed of tens of nanoparticles. Thus, the contribution of these nanoparticles to the deposition is
difficult to assess since they do not respect the pattern described by the islands-8in shbstrad
observed in the HREM images in stage A.

Fig.3.11 t TEM and HREM images obtained on TEM copper grids with carbon membrane for stage:
and C. Bottom images are zoomed in the top images. These depositions on TEM grids have been ca
in the sane respective run as those orSi and analyzed by HREM|Fig.3.7).

In stage B, the size of nanoparticles increases and reaches diameters superior to S@ash dor

them. Finally at stage C, up to 200 nm large aggregates are observed. Therefore, the increase of the
depositim time induces an increase of the size of nanoparticles observed on the TEM grids. It is
unlikely that the particles observed in stager8l & are involved in the growth of elpiyer due to

their large diameter. The contribution to the growth of smaller sanoparticles, as those observed in
stages A and potentially smaller nanoparticles that we do not observe, remains unclear. A petter wa
to compare the pattern of the initial stages of growth to identify if nanoparticles are the main
precursors would b deposit on a carbon coatedicsubstrate and to compare HEM images in

cross section to those shown previous|¥ia. 3.7
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3.4. Conclusion

From the correlation ah situ ellipsometry measurement and HEM images in the ebr stages of
growth we have been able to demonstrate that low tempergitawyeby Sik/Ho/Ar chemistry, and
likely SiH4#/H> chemistry, relies on a VolméWeber growth mode. The evolution of growth over time
can be suggested as the following:

i) Roughening bthe surface through strained monocrystalline islands corresponding to the
nucleation

i) Coalescence of islands and relaxation leading to a defective layer at the epi/wafer
interface

iii) Smoothing and recovery of structural properties due to defects hedtiggpiiase can be

divided in two periods: a fastl(a few min)followed by a slow (Ltens of minutes to
hours) recovery of structural properties.

iv) Smooth and stable epitaxy

We also demonstrated that the surface state has a strong influence on theaigég@bsigrowth since

a regrowth on an egfayer shows lower v& XHV |IRU WiHRe\3,WWRiSh ¢ah k& attributed to a
lower roughening. To further analyze the effect of the surface state on the growth mechanisms, epi
layers grown on an interface wifewer contamination, thanks to a proper wafer cleaning poior t
epitaxy, should be processed and analyzed byTHR! in order to verify the cause of the increase of
roughness in the early stages of growth.

Finally, the study of the edeposition on TEM com grids with carbon membranes aimed to provide
insight on thddentification of the main precursors involved in LTE. The analysis of TEM grids led to

the observation of amorphous nanoparticles whose diameter increases with the deposition time. The
amorphais properties of the nanopatrticles are consistent with théhf@c during an epitaxial growth

(on ¢Si), a cedeposition on glass leads to amorphous silicon layers. However the patterns described
by the nanoparticles and the EFTEM images do not matth twat described by the crystalline
islands observed on theSi substrate in the early stages of growth. Additional investigations are
required to identify the main precursors, thedeposition on a carbon coatedSt substrate is
suggested.
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4.Boron and phosphorus doped lowemperature
epitaxy +From process transfer to lifetime test
samples

In this chapter we detail the process conditions to produce boron and phospdedsepitaxial
layers at200°C to 300°C. The first part deals with thansferof the epitaxial processdm Philix to
Cluster,a prepilot line tool and thecharacterizatioof the bororand phosphorudoped epiayers. In

the second part we discuss the modifications of the shower head necessary tarofaam ept
layersandto increase theeposition ree for the purpose of succeeding the sagbeto 4 and 6nch
wafers Based on the fluidics simulation for the optimization of the shower head, the influence of
several parameters (pressurg; R« R Q hdnibgeneity of structural and electrical propertgéthe
epilayers will be investigated. Finally, the passivation of thdaymrs will be studied.

4.1. Process transfer

In this part weaddress the transfer tife process conditioraptimizedin Chager 2onasmall scale (4
inches)laboratory reseah reactor (Philix) to a prpilot (6 inches) seraindustrial reactor (Clusterlt

should be noted that the heating on the Cluster is performachbgcontact methodia a heater well.

The monitored teeraure is that of the heater well, the actual stdte holder temperature is
deduced from an abacus provided by the manufacturer. The substrate holder temperature is roughly
100°C lower than that of tHeeater well.

The first experiments consist in daifig the bwer and upper limit for most procegarameers, even

if we know they ardinked. The first parameter we will studg the electrode temperature

a) the H depletion, and the consequernt ¢bnsumption, as a function of the flow rate are sbwn

for two electrode temperatures. The substrate temperature is fixed at ZQ8°©r the definition of

the process window in Chapterwhile the temperature @he RF electrodas varied from 100°C to
200°C {ts maximum valug We keep the RF powekedsity close to that leading to the best epitaxy in
Philix (same properties between 4gyers and wafer by ellipsometry, XRD and Raman spscbpy),
namely between 130 mW/énand 200 mW/crh Given that the RF electrode area in Cluster is 225
cn?, i.e 3 tmes larger than that of Philixhe RF power will be fixed at A¥, corresponding to a RF
power density of 180 mW/cihFor this experiment the pressure and the il rate have been fixed
at2.5Torr and ® sccm, respectively. The same trend obtainedhilix is observed. At low Hlow

rate the depletion is higher than 80% and follows a plateau. After a certain threshold (here around 5
sccm) the H depletion drops. As detailed in Chapter 2, the process conditions for epitaxy are
necessarily in the pleau at low H flow rates.Evenif there areno significant difference onH;
depletion for the low Hflow rates betweera RF electrode at00°C and 200°C, the transition is
smootherat 200°Ccompared to 100°C. At 6 sccm the #epletionat 200°C is arowh 15% higher

than that at 100°CThus at 200°C the eg8i/aSi:H transition should be less abrupt limiting the risk of

an epitaxy breakdown when the fibw rate is increasedn light of this, a RFelectrodetemperature

of 200°C ispreferable.
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Fig.4.1 ta) B depletion and the related Honsumption as a function ofziflow rate for a substrate holder
temperature (B of 200°C and a RF electrode temperature)(@f 100°C and 200°C. ThesSifd Ar flow

rates are fixed at 20 and 300 sccmespectively. Inteielectrode distance, pressure and RF power ¢
respectively fixed at 20 mm, 2.5 Torr and 40 W. b) Evolution of the average deposition rati:bf @n

glass, for process conditions leadimo epitaxy on a-8i substrate, as a functiorf ¢he inter-electrode

distance. The Hflow rate is fixed at 3 sccm, the rest of process conditions are the same as those us
a).

Given tha the thickness ofhe layers depositedon a ¢Si wafer issometimes difficultto measurge
depending on the chosen How rate as detailed previously, a first study on glass has been led to
determine a coarse range of intdectrode distanseto investigate The results of the average
deposition rate calculatgfdom 5 ellipsometry spectra measured at the center and the corner of 5x5
cn? samples argiven i While thedeposition rate is rather constdigween 15mm and 25

mm, it drops by30% at 10 mm and 35 mrhlowever, a short integlectrode distance leads to highly
inhomogeneous layeraa brder to limit the effect of gas injection on the homogeneity but keeping a
reasonable deposition rate goodtradeoff is to study the properties of the materials for an inter
electrode distance varied from 20n to 30mm.

Fig.4.2 ta) Average crystalline, polycrystalline, b)aphous and v fractions of eplayers deduced from
the modelling of ellipsometric spectra for different fliow rates, varied from 3 to 25 sccm. ThesSifd Ar

flow rates are fixed at 20 and 300 sccm, respectively. The-@gléetrode distance is 20 mrand the

pressire 2.5 Torr. The RF power is 40 W.

In the same way as what has been done in Chapter 2, a series of samples has been produced at various
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H, flow rates and characterized in termistioeir crystalline, polycrystalline, amorphous and void
fractions. Results are shownkig. 4.2

Interestingly, the same transition around 5 sccm is found in sfeepletion (seffFig. 4.1}a) and the
material component fractions. This is fully consistent with Chapter 2, validating the process transfer.
Up to 3 sccm of B the rgime is epitaxial while the material becomes polycrystalline at 5 sccm.
When the H flow rate isfurther increased the regime is amorphous up to 12 sccraarfdbecomes
microcrystalline for flow rates above 12 sccm. This-8piH/a-Si:H/uc-Si:H transition confirms the
observations detailed in Chapter 2. It is worth noticing that in Cluster, stleptetion appears to be
more difficult to achieve than in Philix. Even though the fulldépletion condition on the epitaxial
growth is also applicable in Ches, therequirement on the gas ratio sgongly different: 0.33 for
Philix against 0.06 for Q@ister. This might be attributed to the presence of a plasma box in Philix
ensuring a better dissociation of $ilAs a result more fluorine would be formed whiallows to
inject higher H flow rates while remaining in the-Himited regime.

As the substite temperature range on the cluster is larger than on Philix, we could study the effect of
the substrate temperature on the pseadidtectric function from 1502 to 300°C. As shown

from 200°C to 300°ho significant difference is observable on the spedttd at 150°C, a
significant decreasen the amplitudeof the Van Hove singularitieis observed, decreasing Bypoints

at 3.4eV and by around 5 points at 4.2 eV, which reveals an increase of thke samghnessThis

could be attributed to the fact that the mobility of adatoms at the slsfémwer at this temperature

and his threshold may be due to a critical reduction of surface diffusitengieratures lower than
200°C.

Fig.4.3 t Pseudedielectric function of epitaxial films deposited at different substrate temperatures. -
temperature of the RF electrode is fixed at 200°C. The RFrpigwixedat 40 W (180 mW/cr) and the
Sik, Hand Ar flow rates are fixed at 20, 3 and F@m respectively.

A major difficulty of epitaxial films produced fronSiFs/H2/Ar gas mixturess to determine the
growthrate. As seen in ChapteraddFig. 4.3| the absence in mosase of interference fringes ithe
ellipsometry spectra at low emy makes the calculation of elgiyers thickness impossible.
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Nevertheless hiese interferences can be observed during deposiisnshown inFig. 4.4] the
monitoring of the pseuddielectric function at 3H 9 ;(3&V)) allowsto assess the thickneskthe film

during depositionWe choose 3 eV because this photon energy is sufficiently low to allow observing
the interferenes fringes due to a penetration depth larger than the thicknessedarfget our
applications(” 500 nn) and sufficiently high to have the best resolution on the determination of the
thickness given that it is necessarily linked to the used Wavela) shows that in case of a
mixed phase(crystaline/polycrystalling growth, the period and the phasd the oscillations are
identical, so thamodel can be used this type of growthHowever in case of a mix of crystalline,
polycrystalline and amorphoughases,although the period is the samie oscillations are in
opposition of phase with respect to crystalline and crysedpiolycrystallhe deposition. As a resué,
progressive epitaxy breakdown can induce a disappearance of these oscillations. This explains why in
case of a progressive epiya breakdown no interferences are visible on the full spectByn.
comparing the model experimehttata, ifFig. 4.4}a), to the experimental data[fig. 4.4p-), we are

able toin situ determine the thickness of the layer knowing that one oscillation corresponds to a
thickness of 40 nm. Thus we can see that 60 min of growth corresponds to tperifudls of Q3eV)
indicating that lte layer is 80 nm thick. This leads to a growth rate for intrinsidageirs of 0.2 A/s,

i.e. 4 times slower than for%i:H deposition on glass with the same process conditionfFigeé 1}

b).

Fig.4.4 ta) Modeled evolution of the imaginary part of the pseutielectric function at 3 & 3eV)) as a
function ofepi-layer thickness for different film compositions. b) Experimental results of the monitorin
X(3eV)) during epitaxial growth.The $He and Ar flow rates are fixed to 20, 3 and 300 sccm respectiv
The RF power is 40 Whd the pressure 2.5 Torr. The intellectrode distance is 20 mm.

Fig.44E DOVR VKRZV WKDW LQ FDVH RI HSLWD[i(3pW isJdifferéitV K E\ 3 (&
DW WKH EHJLQQLQJ RI JURZW K3eV)QVitkl{H xGeases WhidhF bhigid We QJ 0
interpreted as the deposition of amorphous silidahe beginning of the growth, as observ
a), but this explanation is unsatisfactory. Indebs D EU X SW F i38\) ddireRtesOwith the
G U R S(4R&VD previously explained in Chapter 3 asdherefore associated to an increase of the
roughness in the early stages of epitaxial growth. In these conditions, the fitting of the ellipsometry
spectrum at 200°C, shows an increase of the sample roughness up wufifg the early stages of
growth.

4.2. Phosphorus doping
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Once theconditions for epitaxy havieeen transferretb the Cluster reactdhe behavior of the doped
epitaxy has been investigated. This part deals with thger doping of eplayers by introducing
phosphine (PE in the gas mixtur® From the conditions detd¢éd above, namely a substrate
temperatureof 200°C andan electrode temperature of 200°C, the effect of thefl rate on the
epitaxy has been investigated by elipgetry. The results are show All the phosphorus
doped epiayers detailed in this part are grown with iater-electrode digthce of 20 mm. e Sik
and Arflow rates are respectively fixed at 20 sccm &8 sccmlt is worth noticing here thaHs is
highly diluted in H (0.1%)so that it is not possible to indefinitely increase Rt flow rate, ese the
condition of full H, depletion would not be respected. As@sequence, process conditionsuld
exit from the process window allowing epitaxand wouldlead toamorphous deposition and then
microcrystalline depositioif the H, flow rate is further increasembs explained in Chapter 2. Thihe
H> flow rate is fked in such a way that the addition of theand PH flow rates is equal to 8ccm
(fuz+fPpu=3 sccm), given that phosphine is dilut@d0.1% inhydrogen.

Fig.4.5 t Imaginary part of the pseuddielectric function of epitaxial films grown with different f£#ow
rates. The measurements havebv % & (} Eu § §Z v E }( «wsisHdutad ih(Hat_
a concentration of 0.1 %. The deposition timéD& excep for the sample at 3 Torr (9G).

From we can clearly see that the Hldw rate has a very strong effect on the crystalline
guality of the layers even thougheyare less thn 20nm thickand the deposition time is 60 the
case of layers grown under a pressure of 2.5 Teor.a PH; flow rate as low as 0.5 sccm,
corresponding to a [PH[SiF4] ratio of 2.5HLO®, the imaginary part of the pseudielectric function

at 4.2eV dropsto 30 and further decreases for highersPldw rates, leading t@ very poor quality
material, no longer crystalline {Bnd F decrease) angorous(F.id increases). When the depdmit is
continuedafter 600sthe material becomes fully amoiis. A way to improve the crystallinity is to
increase both power and pressaseshown ih_:ig. 4.5|With the sample grown at 3 Torr and 60 W
however thigesults innhomogeneity issues as show(Fig. 4.6

Fig. 4.6/ shows the evolution of the crystallinec)Fpolycrystalline (k), amorphous (§ and void
(Fwig) fractiors asfunctions of the PH flow rate. The Hz flow rate isadjustedin such a way that
fuo+fPua=3 sccm.
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Fig.4.6 t a) Evolution of the cmstalline and polycrystalline fraction(Bnd k) and b) evolution of the
amorphous and void fraction {nd koid) deduced from ellipsometry measurements as functions of F
flow rate. The amplitude of error bars is the standard deviation of 5 measurendame on a quarter of a
8_ A ( EX

Firstly, as eypected, we can see that the higherRhg flow rate,the kess cystalline is themateial.
However wecan note that at 1 sccm of Riéven if kis below 20%, Fis around 70%, so.fFF, 85%
meaning that the material is highly crystalline. However at 3 sgcm Bwer than 50% andc:ks
equal to 0% whatever the positimn the quarter of wafer and the void fraction approaches 20%
meaning that the material is porous.

Secondlythe high shindard deviation on the measurement carriedouhe layers grown at 60 W and

3 Torr indicats that the layer iighly inhomogeneousHowever theincrease of pressure amf

power can bebeneficialin some areas of the wafero explicit the strong diffrencesof material
properties, the ellipsometry specineasured on different areakthis layerare shown i[Fig. 4.7| For

the area defined by the green triangle, purplgasg and orange diamond symbdistF, is higher

than 90% This same part leads to sheet resistance values varying between 190 anfbB3afound

45 nm thick layers. It should be noted that these values must be considered with precaution given that
the substrates used for this series atgpe (25 FP )= ZDIHUV VR WKH FXUUHQW OL(
the wafer But this does not alter ¢hfact that these conditions of high pressure lead to efficient dopant
activation. Note that all the sReidetailed in this chapter are measured omleggosied layers, no
annealing has been performed after the growth.

However in the same quarter of wafeve can see that amorphous and amorphous/microcrystalline
are® are also present (red star and blue triandgite)hese regions, no sheet resistance is nnabksu
These poorly crystalline areas are visible to the naked eye and correspond to the ndgioh®f the
injection nozzles of the shower head. The requirement of working at high pressure showgottht a
control of gadlow in the PECVD chamber isiandatory if one expects to obtdiomogenous aped
epitaxial layersThe improvement of the gagjection will be detailed later.

To elucidate the reason ftire epitaxy breakdown itle case of high Pkflow rate, plasma profiling
time of flight mass sgctrometry (PPTOFMS) has been carried out on the lagistained withthe
highest PHflow rate, ramely 3 sccmin the same way asecondary ion mass spectrometry (SIMS),
the PRTOFMS measurement provides information on the incorporation of phospitorzsin the
layer. The results are shownkig. 4.8
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Fig.4.7 t a) Imaginary part of the pseudo] o SE] (puv S]}v u <uCE S A %}]vSse
wafer for a film deposited at 60 W and 3 Torr. Each curve idlémbaith symbols corresponding to the
area represented on the quarter of wafer. The sheetre§ v A E] « (E}u idi O 3§} iii
where k+R>90%.

Fig.4.8 t PRTOFMS measurement performed arphosphorus doped layer with a Plbw rate of 3 sccm
at 2.5 Torr and 40 W.

The PPTOFMS output is the ion beam ratio (IBRt corresponds to thetia between the signal of a
speciescorrected by # isotopic abundance and the sum of ion matrix signals corrected by their
isotopic abundancé&hus for doped silicon layers the data is normalized by the silicon sBgeduse

in the case of phosphorus, the-PBFMS sensitivity is similato that of silcon, we can just multiply

the ion beam ratio (IBR) by the atomic density of silicon to know the concentrationAsf &result
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IBR(P)=5.10"shouldcorrespond to a phosphorus concentration around®&atén¥. Thusthe epitaxy
breakdown des not come fmm atoo high phosphorus concentraticgince concentratioa of 10°
at/c®[1],[2] and even 18 at/cn?[3] in epitaxial layers grown at low temperature have already been
reported in literature.

Nevertheless humerous issues associated to phosphorus doping ustmay®iBeen repted in the
literature.In 1984, Meyerso and Lu[4],[5] discussed their difficulty in LPCVD technique (620°C) to
transferthe deposition ofintrinsic pdycrystalline silicon layersto phosphorus doped ameThey
showed that the addition of Rlhduces a reduction of the growth rate by a factor 20 with respect to
undoped growth and causes serious homogeneity problems. To explain such a drop in grpwth rate
they suggest preferential dsorption of phosphine at the growslurface, which limitssilicon
precursors decomposition by chemical surface reactions. Although LPCVD is performed at more than
600°C, they also showed that phosphine is easily adsorbed even at roomaterap&hey fond that
phosphine hsa sticking coefficient at least 40 times higher than silane4{Sifl our case, we do not

use SiH but Sik and PECVD instead of LPCVD. Howeveeasonable analogiean be maddn our

case of phosphortdopedsilicon films, the depsition rate does not seem to be significantly affected
since a deposition rate of 0&F's is achieved.e. in the same order of magnitude that the deposition
rate of intrinsic eplayers Contrary toLPCVD which mostly relies on surface interactions, ECOYD

the dissociation of gasioleculesoccurs in the gas phase which means that incident species have
already reacted and can directly lead to deposition. Thus the most reasonable explanatioas@ our c
of phosphorus doped PECVD epitaxy is the occupatfoadsorption sites by RHnhibiting silicon
precursors to reproduce crystal lattice, which associated to the continuous flux of matter (ions,
UDGLFDOV QDQRSDUWLFOHYV ystafii2 Hnd VinaykakhoEoWHU LD O SRRUO\ |

Moreover,issues orP mverage of Si surface have also been reported latter. The formatioR® of P
dimers due to surface segregation has been highlighted as a reaaseduoction ofthe deposition

rate in MBE[6] but can also be considered as a cause for epitaxy breakdown since they occupy
adsorption sites for Si precursors in the same wayttiggt passivate dangling bonds and impede
epitaxy. Kippet al. [7] have also shown that on Si(100) at 200°C P surface coverage of around 0.2 ML
was reached (ML denotes monolayer, 1 ML corresponding to the maximum surface concenttation tha
the adsorbed species can reach at the surface ofsaatap and tht at even such low temperature,
clusters formation of 2 dimers was observed.

More recently Cheet al. [8] confirmed by temperature programed desorption a P surface cowdrage
0.25 ML in the same range o€mperature (300°C) and also revealed phenomena of surfac
roughening due to P segregation. Thesaesof phosphorus surface coverage and segregation leading
to surface roughening may also be the cause of the epitaxy breakdown we ensmagterven afr

only 20 nm of growth a roughness of a few nm is dlyezbserved on our layers.

It should be noted that similar observations have beereradSi(100) and Si(1119], a sticking

coefficient for phosphine near 1 has been found in both cases. Therefore the developrigpe of n

doped epiayers requires some strict conditions whatever the surface state (mirgitedoISDR

texturHG VXUIDFHV « 7KH LQFRUSRUDW LdRoQyn RdmShy RECI/RRrohXYV LQ W
SiFJ/H,/Ar seems to be very efficient since a J[$iF4] ratio as low as 2.5x10leads to phosphorus
concentration around above'16m?. Thus a higher dilutioof PH3 in H, to reduce even more the gas

ratio is necessary foerform epitaxy with phosphin&loreover the inhomogeneity observed at higher

pressure requires a better mamagat of gas injection, this is a crucial point since evenemis

industrial toolsphosphine induces uniformity issupy.
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To tackle this issue threenain studieshave to be madeFirstly, complementarystructural
characterization ;5' 5DPDQ 7 (0eeds to be carried out on these layers for a rbette
understanding of the effect of phosphorus on the crystal la&@mondly, once thick and homogenous
layers will be obtained, electrical characterization to assesactive dopant concentration should be
performed. Thirdly a comprehensive study oretkffect of phosphine on plasma and plasudiace
interactions needs to lwarried outand by doing so explaining the reasons of this epitaxy breakdown.
However this impes to use very sensitive characterization techniques such as low energy electron
diffraction (LEED) and Auger electron spexgcopy (AES) which are difficult to implemeint situin

the case of PECVD.

However from our point of view the development etfype epitaxy is not as important as that of boron
epitaxy due to the beneficial effeaf phosphorus diffusiomluring standard process using P&t

high temperature Indeed, even if a perfect phosphorus doped epitaxy was achieved, from a
technological pait of view it would be more appropriate to choose phosphorus diffusibartefit

from its gettering effect to reduce the impurity concentraiiorihe wafer Therefore, we have not
extersively investigated phosphordeped epitaxy angreferred & focus on borooped epitaxy.

4.3. Boron doping

4.3.1.0ptical and structural properties

The process grameters for boredoped epitaxy are the same as those used for intrinsic and
phosphorugloped epitay, namely a pressure of 2.5 Torr, aBf 40 W (180 mW/crf), a substrate

and RF electrode temperature of 200°C, and ar-@lectrode distance of 20 mriborane (BHe)

has been added to the gas mixture with flow ratéke rangdrom 0.2 sccm to 3 sm. Similarly to

PHs;, B:Hs is highly diluted in hydrogen, with a concentration of 0.9Bkus, the total flow rate
frotfeons is maintained @3 scem for allthe samples whose properties are shown in this pag
quality of the films deposited at varioBsHs flow rates has been assessechlipsometry as shown in

Fig.4.9

Fig.4.9 ta) Average pseuddielectric function of borordoped epilayers obtained for different Bl flow
rates from 0 to 3 sum. b) Zoom on the Van Hove singularities at 3.4 and 4.2 eV. The RF power is 40
the pressure is 2.5 Torr. $Bnd Ar flow rates e respectively 20 and 300 sccm.
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While PH; strongly changes the materiabpertiereveals that diborane has a moderate
effect onthe crysallinity of the layerggiven that the/an Hove singularitieat 3.4 and 4.2 eV are well
definedeven for the film obtained with a hights flow rate (3 sccm). Nevertheless, the intensity of
the peaks is slightly lower when theHg flow rate is increased

The evolution of the crystalline {F and the polycrystalline @F fraction deduced from the
ellipsometry spectra is showr|fig. 4.10] From 0 to 0.5 sccm of Bls, F. decreases until around %0

while R, increases up to around 50%. It should be noted that the amorphous phase fitted for all spectra
is 0%, therefore there isvedys k+F,=100%. From 05 to 3 sccm FandF, do not vary a lot, except

for the sample at 2 sccm, but the standard deviation strongly increases. Thus, the increasgef the B
flow rate does not have a significant effect on the crystallinity of the lé&ygnsegatively affecttheir
homogeneity. Given that the height of the second Van Hove singularity at 4.2 eV does not change a
lot, the increase of the,Bs flow rate in these conditions does not induce a dramatic increase of the
roughness. The roughnesawes deduced from gisometry show a variation of roughness going from

7 to 12A without indicating a clear trend when the dopant gas flow rateaegedIt has been shown

by Bardetet al.[10] that the grain size in polycrystalline films has an effect on the position of the Van
Hove singularities. They showed that the difference of positidheoWan Hove singulaies (E=E>-

Ei1, with E; the first Van Hove singularity at 3.4 eV andtBe second one at 4.2 eV, is reduced when

the grains are getting smaller than 20 nm, with a decreasg of 0.3 eV when the grains size drops

to 10 nm. We also observe a shift indBd E positions but their difference is roughly constant from 0

to 3 £cm of BHs as shown ifFig. 4.10}b). Therefore the shift of £and E is not attributed to the
decrease of grain size below 20 nm.

Fig.4.10 t a) Evolution of crystaie (k) and polycrystalline g fractions deduced from ellipsometn
spectra as functions of2Bs flow rate. The RF power is 40 W and the pressure is 2.5 Torr. The erra
corresponds to the standard deviation calculated from 5 measurements on a quitter 8 _ A ( E
that R+R=100 % whatever the-Bs flow rate. b) Difference £ as a functhn of the BHs flow rate where
E and E are the first (3.4 eV) and the second (4.2 eV) Van Hove singularities respectively.

Vifia and Cardoa studied the effect of high doping in silicon on ellipsometry spgttth They
observed fohighly doped €Si wafers with a boron concentration of £%€m?, a red shift of 0.05 eV

for both B and E. For our layers, we observed a shift of Van Hove singularities of 0.04 eV for the
eptlayers grown with the highest;Bs flow rate (3 sccm)with respect to intrinsic egayers ones.
This is consistent with our observations for whinchie concentration above 10cm?® is deduced frm
sheet resistance measurements in the case of Heyeps grown with the highestBe flow rate.To
investigate théncorporation oboron in the eplayer, PPFTOFMS[12] measurementsn borordoped
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layershave been performed. The profiteshown iffFig. 4.12] Given that the equipment sensitivity for
boron is different from that for silicon, we firstly used a highly bedoped wafer with a boron
concentrattn of 2.10° at/cn? as a reference to measure the IBR corresponding to a boron
concentration of 2.9 at/cn¥. The corresponding IBR for boron is 1.7and is represnted in green
in[Fig. 4.12] Secondly, we measured the IBR of different elements for the dopéayeps grown on

an n-type FZ wafer. The 50 nm thick boraloped epiayer is etched during the first 20s, during
which the boron IBR from thepilayers (in orange) iabove that of the reference wafer, indicating
that he concentration of boron in the elaiyers is above 2.19at/cn? in case ofa diborane flow rate

of 3 sccm.

Fig.4.11 t a) Evolution of the position of the Van Hove singularities as functionsHaffBw rate at a) 3.4
eV and b) 4.2 eV. All spectra have ben normalized.

Fig.4.12 t a) PRTOFMSmeasirement performed on a highly boretoped epilayer for a diborane flow
rate of 3 sccm. The IBR of boron for the reference silicon wafer with a boron concentration $fc2nfas
represented in green (IBfR=1.10°). Note that the IBR of oxygeis almos$ constant indicating that it
corresponds to the background signal from the system. The RF power is 40 W and the pressure is :
Sik, BHs and Ar flow rates are respectively 20, 3 and 300 sccm. Bhmoides with the BHes diluted at
0.9%.
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PRTOFMS allows us to determine the concentration of boron atoms in ti@yeps. To evimate the
concentration of active dopantdall effect measurements have been penéat. To do so, boren

doped epiayershave been grown on S@&ilicon On Insulator) wafera/ith B,Hs flow rates of 0.5

sccm and 3acm. The upper silicon layer on the SOI substrates, on whictagers have been grown

LV QP WKLFN DQG KDV D UHVLVWLY L bindgthrough tRéPsubstatelsH | R U H
negligible. Silver paste has been used for metallic contacta &Admin long annealing at 200°C has
been performed to improve the ohmic contact. For a flow rate of 0.5 sccm, the hole concentration and
P REL Q laM kespeively 10 cm® and 280 craV-l.st. This can be compared to the theoretical
mobility calculatel by Masettiet al.[13] which is 425cn?.V-1.s? for this doping levellncreasing the
diborane flow rate to 3 sccm resultedpirr 2.10° cm® and 1 = 40 cnt.V-1.s?, while the theoretical
mobility, calculated using the same model, is 73.¢rhs?.

To cross check the results, these values have been compdoed-point probe measurementsor

the eptlayers grown with 3 sccm of ;Bls, a sheet restance of has been measurett is

important to notehat the doping concentran measured by Hakffect shouldbe underestimated

JLYHQ WKDW D VKHHW UHVLVWD Q F tineRsured by TRMjedds W & ddpNRQ HVV R
concentration 02.1¢° cm® for a uniform doping profileThus a diborane flow rate of 3 sccm leads to

good electrical mperties in addition to excellent structural propertissleduced from ellipsometry

results Nevertheless, additional characterization techniques todeel used to confirm these results.

To assess therystalline quality of the boredoped epilayersHR-TEM has been carried out. A HR
TEM image of the epliayer grownwith the highest diborane flow rate (3 sccimgreforefor which

one may expect the wat crystalline quality, and having a sheet resistance of 185shown i
4.13

The same observations as for the intrinsic layer€hapter 2can be made. No graboundary is
detectable and the boraopedepi-layer presents a low density of diglations in the area of interest,
which is an excellent result for such low temperature growth of highly doped IRgeksplatelets are
visible neither. Nevertheless a difference with the intrinsic growth is ttieatsurface is a few
nanometers rough.

The fact that the interface is hardly detectable in the high resolution inemgéswas the case for
intrinsic epitaxy (see Chapter 2) & sign of a good arrangement of atoms at the interface. The
smoothness of thenterface can be due to a competitibatween growth and etching during the
process induced by fluorine since puresfilRsma is also used to remove native silicon oxide from ¢
Si wafers showing excellent resu[tsd]. However, atoo long exposure to the Siplasma lads to
etching of the siliconThe electrondiffraction pattern of the doped layisrshown by the iret i
[4.13b) and is identical to that of the-Si substratein [Fig. 4.13}c), which further assesses the
monocristallinityof the doped egdayer.

The interface unifanity on the full wafer is difficult to assess by HEEM due to the small analyzed

area. However a strong correlation between the smoothness of the interface anifldtierssin the

low energy range (1.53 eV) in ellipsometry spectra for low tempernatsilicon homoepitaxyas

already been reportgd4]. The results forepilayers grown under these conditions, ngmelRF

power of 40 W, a pressure of 2.5 Torr and a gas mixturgHsiB,He/Ar=20/0/3/300 sccmgo not

show any oscillations over tHg measurements points ongaarter of a ~ ZDIHU PHDQLQJ D Kl
quality of this interface on the fuljuarter ofwafer.
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a

Fig.4.13 ta)HRTEM image of a 50 nm thick bordioped epiayer grown with a 3 stn diborane flow rate
leading to a hole concentration of a fed0'® cn® b) Diffraction pattern of the borordoped epilayer,
whichis identicalto that of the substrate shown in ¢). This demonstratiest the film is in perfect epitaxial
relationship withthe substrate The RF power is 40 W (180 mW:®mand the pressure is 2.5 Torr. SiBHs
and Ar flow rates are respectivelv 20aBd 300 sccm.

Fig.4.14 t a) HRTEM image ofhe interfacebetween a highly boromoped layer (>10°cm?) and the
substrate, a Si(100) wafer.
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In order to obtain macroscopic properties of thelapers, Xray diffraction (XRD) measurements
have been performed. In particular one may expect a potential stitbgsapilayer, as obsernekin

the case of edayers produced from Si#H, gas prearsors. Moreover the incorporation of impurities

in the crystal has an effect on its lattice parameter, XRD gives crucial information on these properties.

Fig.4.15 ta) XRD measuremeritv “1i} }v(]JPUE S]}v (}E ~0d1iie-Shaafer, highly borotE
doped epilayers p >10cm?®) and a layer after epitaxy breakdown. b) Rocking curve of a b&ienafer
and of highly borondoped epilayers for (400) planes. R values are equivalent showing a lo
mosaicity in the eplayers. The number of counts has been normalized for every scan. The small p
34.60° is an artefact due to the detector.

Results from X6' PHDVXUHPHQWYV LQ & FRQILIXUDWLRQ -Be@ URFNLQC
layers are shown In that case their diffraction peaks do not completely overlap compared

to that of intrinsic eplayers The diffraction peak from doped dpyers is slightly shifted towards

larger angleswhich means that the lattice parameter of thelapirs is smaller than that of the

substrate in the growth direction. An approximation of the boron concentratioh WBirK H 9HJDUGTTV O]
is difficult in our case because it is not high enough, which cahsesverlapping of egdayers and

wafer diffraction peaks.

To compare betweendti and low quality doped efayers the scan for a layer of the same thickness
obtainedn a different area of the same sampleddtdr epitaxy breakdown has been addedwiaich

the FWHM is more than twice larger than that of good qualitylagmrs and <Si substrate. In
addition, rocking curves reveal the same FWHM between the subemticitthe layer grown on it, the
proof of a very low mosaicity of the efaiyers.

Severa publications address the determination of the boron concentration from XRD in Si single
crystals[15] £17] and epilayers[18] 421]. Kucytowski and Wokulsk§l7] succeeded to differentiate
doped silicon with B concentration below 6:16m?, corresponding to a variation of a few4.
However, because of instrumental limits, in most cases reported in the literature, fdrerdié of
lattice parameter for B concentrations below £ is not significant enough to detect a variation.
Hence, B concentrations above this value shouldidsereable in most XRD systems featuring an
adapted monochromator. From simulations elated to our experimental results, we found that the
detection limit for our XRD system in case of a 200 nm thick layer corresponds roughly to a variation
of 1.10° A of the lattice parameter of the dpiyers with respect to that of tisebstrate To estimate

the limit of detection regarding B concentration, the evolutions ebbptane lattice parameter as a
function of boron concentration determined Hgrn [15] and Celotti [16] have been plotted
These studies show different values of the lattice parametstrioic or lowly doped silicon

(a0, (Celotti)=5.431A and &, (Horn)=5.4295A) but a similar evolution of the lattice parameteraas
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function of B concentration. A linear dependence of the lattice parameter as a function of B
concentration is observagp to 2.25x13° cm. The blue arrows represetite shift induced by the
detection limit of our system, namely 13@, and thuscorrespond tathe difference of lattice
parameter between that of the substrate and that of tHayeps measurable by trsystem. The
corresponding detectable B concentration we expect is shown by the green arrows with respect to both
data series. It shows that a (fully activated) B concentration abov¥ 8m®should be detected by

our system.

Fig.4.16 t a) Infuence of the boron concentration on the boraloped crystal lattice parameternaData
are extracted fromHorn, 1955[15] and Celotti, 1974[16]. A lirear behavior is observed up to a
concentration of 2.2810°° cm® [16]. The blue arras represent the instrumental limit of the
diffractometer used for our experiments, it correspond to a shift of £.20with respect to the lattice
parameter measured in lowly doped Si wafers for both referencBse green arrows show the
corresponding Boncentration measurable with our diffractometer, namely above 2 tar3.

Thus, the fact that the 50m thick layer is observable by XRD suggests that most likely the B
concentration is closer to thelues deduced from-goint probe measurements (246m?3) than to

these deduced from Hall effect (2!30m3). A difficult point to discuss is the diffent influence of
substitutional and interstitial boron on the lattice parameter. In the literbighetemperature epitaxy

is used, meaning that the boron is fully activat&dept for doping concentrations abové'tns. In

our case a detailed studyhauld be carried out to distinguish both cases considering boron
incorporation. In addition, the ingporation of hydrogen increases the lattice parameter while the
incorporation of boron decreases it, which can favor the formation of defects and thénefore
incorporation of hydrogen. Thus two opposite phenomena are competing which makes the analysis
even more difficult.

This uncertainty on boron concentration in the-lagers is also due to serious problems of
homogeneity we constantly encountered. Asexample[Fig. 4.17| shows the variation of carrier
FRQFHQWUDWLRQ PHDVXUHG E\ +DOO HIIHFW RQ D TXDUWHU RI
hole concentration varies by two orders of magnitude, froml0%em?3to 2.10°cm?.
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Moreover, the deposition rate at 3 scofrB;He, for a layer with a hole concentration between 2.10

and 2.16° cm?3, is onl 0.07 A/s. This low deposition rate is unacceptable from an industrial point of
view. An increase othie gas flow rates is therefore necessary to favor the formation of reactive species
and enhance the deposition rate. However, this leads to even wd@eniiy of the films. As a
conclusion both phosphoruand borordopedepitaxial growth raise the is&s$ of gas management.

To tackle this problem, the chamber of the PECVD reactor has been designed and fluid dynamics
simulations have been performed witifferent designs of shower head. This allows to determine the
best configuration in terms of nozzlendéy considering our process conditions for epitaxy.

4.4. Fluid dynamics simulations: optimization of the shower head
design

This part has beeperformed with the help of F. Silva, research engineer at LPICM. The simulations
have been carried out with the SMS software.

[Fig. 4.18]represents #nPECVD chamber in which depositions are performed. As we can see from the
velocity streamlines, the velocity of gas is higher (in red) at the level of the gas injection hozzles
while it quickly slows down once in the chamber, the pumping port is easibgnizable on the right

of the picture where all the gas streamlines are directed, towards the exhaust.

No chemistry has been used in these simulations, the idea is to provadase optimization of the
shower head. Given that argon (Ar) is the dilutgas, it seemed to be the most consistent choice to
use it for simulatioa The pressure and intefectrode distance have been fixed to the corresponding
best conditions so fanamely 2.5 Torr and 2 cm respectively, and for which structural properties of
borondoped epiayers have been previously detailed. The dimensions of the shower head are
15x15cn, it features 24 nozzles with a diameter of 0.8 mm. The design of the saibzdenot been
changed, only the nozzleensity and the total Ar flow rateave been varied. The number of holes
simulated is 24, 48 and 143 for 350 and 700 sccm of Ar. For a better understanding a 2D view in cross
section of the reactor is shownHig. 4.19
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Fig.4.18 t 3D design of the PECVD chamber (PL8 on the Cluster tool) and the resulting gas
streamlines for the existing showhkead with 24 nozzles.

Fig.4.19 t Cross section of the modeled PEC®hamber (PL8 on the Cluster tool) and the resulting
velocity streamlines for the initial shower head (24 nozzles).

Fig. 4.20| represents for these different nunmdberf nozzles in the shower head, the gas velocity
isovaluesat the surface of the substrate, i.e 2 cm above theeshwead. The projection of the nozzles
pattern of the shower head on the substrate is clearly visible, the diameter of the spots on the pattern



125

are around 3 cm large in diameter. From these simokgtithe spots visible by the naked eye on
phosphorus dag epilayers and the inhomogeneity in sheet resistance for fmwped layers are
easily understandable. Thtise initial gas injection[Fig. 4.20}a)) is not optimized for the process
conditions we use, this is ¢y due to the relatively high pressure and the gas species we use for
epitaxy. The density of Ar being strongly different from thatdef the usual diluting gas used in this
reactor, this influences the injection and so the growth homogeneity. Indeeatknsity of Aris 1.78
g.L™t while it is only 0.0899 g.t for H,, at standard temperature and pressure (0°C, 101.3 kPa).
Therefore, Aris 20 times heavier thanHWhile this design of shower head is acceptable for
amorphous silicon deposition (low psese) and SikH2> chemistry (epitaxy from SikH2 chemistry

at around 2 Torr is homogenous), this is not the case faltHaiAr chemisty at high pressure and for
high flow rates.

By increasing the number of nozzles, the spots visible in gas velociplussvstart to partially vanish

b): 48 nozzles) and then to completely disapifEay. @.20}c): 143 nozzles). In the latter

case it is worth noticing that thijection follows a global pattern, contrary to the other case where a
pattern is repeated locally in front of every hole. Therefore, this global behavior is more suitable to
obtain uniform films. In addition, a simple requirement for shower head designh&ve a nozzle
spacing smaller than the intelectrode distance. In case of the 143 nozzles design this spacing is
around 5 mm, i.e. 4 times smaller than the inter electrode distance, thus this design satisfies this
condition.

Fig.4.20 t Gas velocity isovalues at the surface of the substrate ((XY) plane Bawa the shower head)
for various nozzles density at 2.5 Torr and d=2cm.

Besides, it is worth nating that when the flow rate is increasee@ #pots reappear, as show
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d) where the number of nozzles is kept at 48 but the flow rate is doubled to 700 sccm. Thus a
particular cared required on théotal flow rate for the improvement of the film uniformity, although
knowing that this is necessary to increase the deposition rate. We will see later that the global pattern
obtained in simulations can also be observed in the mateojgépies for somprocess conditions.

The profile of the gas velocity vectors in cross section of the shower[Figad.21} gives a crucial
informaion about the behavior of gas flow pattern leading to these homogeneity issnesction

like cells appear to be responsible for these spots. At 24 ndEtps4@1}a)), the gas from the
injection does not mix before reaching the substrate, instead it collides with the substrate and then
goes down. At 48 nozzle$F(g. 4.21}b)), the gas starts to mix once it reaches the surface of the
substrate, this represents the limit between the two modes of gas injection. When there are 143 holes
(Fig. 4.23}c)), the gas from each nozzle mixes with the gas coming from adjacent nozzles, which is a
mandatory requirement to obtain a uniform film deposition. This occurswaigBdmm above the exit

of the nozzle which correspds to one quarter of the intelectrode distance and to the same distance

as the intenozzle spacing.

Fig.4.21 tVelocity vectors profile in cross section of the shower head for different nozzle densities.

When the flow rate is increas¢ig. 4.21}d)), theproblem is similar to that of a low flow rate with a
lower nozzle density, such a)). The homogeneity of the film deposition thereforectels

on the interelectrode distance, the nozzle spacing and the gas flow rate, which strongly influences the
gas velotity at the outlet of the nozzle.
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Finally, to affirm that the design of a gas injection can be considered as a shower head, the radial
velocity must follow a linear evolution as a function of the distance from the center of the shower head
[22], in such a wayhat

Vi(r)=(Vin 12H¢). 1

wherevi, is theconstant entrance velociti: the height of the chamber andhe distance fronthe
center of the shower head. Thedial velocity as a function of the distancenfréhe center of the
shower head for a design Wit43 nozzles has been plottefFig. 4.22] it shows that the condition of
lineaiity is satisfied.

Fig.4.22 t Evolution of the radial velocity as a function of the distance from the center of the shc
head.

As a conclusion, the design with 143 nozzles is satisfactory regarding its behavior in simulation, even
though these simations are not sufficient for the full optimization of the design of the shower head to
meet industrial requiremé&n Other parameters have to be taken into account to obtain uniform films
such as: the design of the nozzle it§28],[24] the variation of pressure along the rea¢g%], the
reaction kinetics and thenhanced depletion in the direction of the gas flow, the electronegativity of
the plasma which favors electron aathment[26]. Nevertheless, it allows to reach satisfactory
conditions for the study at the present research stage of development.

4.5. Scaleup
4.5.1.Intrinsic epi-layers

The objective of this part is to analyze trends for providing the best conditions toareapgtimum
doping concentration on the largest area. For that, the former shower head with 24 nozzles has been
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changed toca shower head with 143 nozzles improve the gas injection homogeneity as detailed
previously in the simulation results.

The substrates areiidch wafers and except if specified otherwise, the wafers dypenFZ. The
deposition rate will also be evaluated in order to improve it aadhr deposition rates higher than 0.07
Als for borondoped layers.

Given that thefluidics simulations have beenegormed for a pressure of 2.5 Torr and an inter

electrode distance of 20 mm, the studied conditions will be varied in a range around thesg va

namely from 2 Torr to 3 TorEven after optimization of the shower head, reaching process conditions

with satisfactory properties in terms of crystallinity, homogeneity, smoothness, coherency of the
lattice parameter along the direction of growthegi-layers, is not an easy task and the process

window remains tight. Nevertheledhe development of intrinsiepilayers,which will be used as a

basis for the development of bordoped layersDOORZHG WR DFKLHYH KRPRJHQHRXV
wafer with high crystalline fraction and a satisfactory deposition rate. The necessary conditions are
detailed below.

As shown in simulations results, the increase of gas flow rates keeping a good uniformity of the gas
flow is possible when the nozzle density is increased. Thus the gas flow rates have been increased to
50 sccm of Sik 4 sccm of Hand 500 sccm of Ar (SiFH2/Ar=50/4/500), compared to 20/3/300 with

the former design. The former shower head design allowed growth rate of 0.2 A/s with a substrate
temperature of 200°C. As showr[Fig. 4.23) for a same temperature of 2@) the new shower head

design and the increase of the gas flow rates allovebtain an average deposition rate three times
higher (0.6 A/s) thamith the pevious configuration.

Besides the substrate temperature has a strong influence on both thaadtpraperties and the
deposition rate. When the substrate temperature is increased to 300d€ptsition rate is 30
higher than that at 200°C. Moreover, theerage crystalline fraction and the homogeneity are strongly
enhanced when the substrate temagure is increased to 300°C.

Fig.4.23 ta) Evolution of the deposition rate and b) the crystallinel @olycrystalline fraction as a functior
of substrate temperature. The intezlectrode distance is 20 mm, the pressure 2.5 Torr, the RF power ¢
and Sik/H2/Ar=50/4/500 sccm.

Thus, in thefollowing the substrate and RF electrode temperatiitebe respectiely fixed at 300°C
and 200°CNote thatthe samples detailed until the end of this chapter do not present any amorphous
phase: F+F,=100%.
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To further improve the homogeneity, the pressure has been reduced to 2 Torr and-#iecimnbste
distance ha®een increased to 30 mm. The gas mixture is composed #HZAF=50/4/500 sccm.
The RF power is 70V, i.e. a power density of 311 mW/énmvhich leads to a M of 56 V. Thus, the
plasma potential is purposely kept below 60 V, the critical limit obsenvezpitaxy using SikH»
chemistry at 2.2 Ton27]. The crystalline fraction mapping and roughness mapping are sh@n
Fron|Fig. 4.24}a), one can see that in these conditions of growth thiapi has an excellent
crystalline fraction and is highly homogenous with an averagsatline fracion up to 99.8% and a
standard deviatiork. of 0.14% (absolute).

Fig.4.24 t a) Crystalline fiction (k) mapping and b) roughness (R) mapping deduced from ellipsonr
measurements. Data points are represented by black dots (48 points). The crystalline fraction varie
99% to 100% indicating the excellent homogeneity obtained in these conslittd growth, namely a
pressure of 2 Torr, an intezlectrode distance of @mm, a RF power of 70 W (311 mW£Adeading to a W
of 56 V, Sik H and Ar flow rates of 50, 4 and 500 sccm respectively.

To further assess the crystalline quality of the @ D\HU JURZQ XQGHU WKHVH FRQGLW|
been performed on thisample to study the lattice parameter in the directionavfthr[001], written

as T, a0r Cepi. The experimental data and the result of simulation obtained using the software
LEPTOS from Bruker is shown The presence of interference fringes on thetrimd the

left of the substrate peak is worth noticing. They are Pendellésung fringes and indicate the coherency

of the diffracted bam and therefore the spatial coherency of thdagpr. This is a proof of the
monocrystallinity of the layers. This alatlows to determine the thickness of the film. However the
significant shift towards low angles of the position of thelaper diffraction peak indicates that this

layer has an important difference of its lattice parameter with respect to that obstietsy i.e. bulk

silicon.

The lattice parameter; & s@ptained from simulation is equal to 5.4386The variation of thisattice
parameter with respect to that of the substrate is expressed below:

?2 sl %. ZmoF =
za £ (%:10] ®
L2 2 (1)

®

-o|@

whereasis the substrate lattice parametay= 5.431020 andgiven that its lattice is cubi@s=cs.
Here, this leads to a variatiale/c of 0.048%.
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Fig425t E% EJu vd o § }( ~lilhyers groWrdat a%RF power of 70 W (311 mWicand
2 Torr and result of simulation for a 216 nrSH layer with a variation of lattice parameter in the directi
of growth [001] with respect to that ofhe sulstrate (dc/c) of 0.048%. Pendellésung fringes indicate
spatial coherency of the epéayer and allow to determine its thickness. This leads to a deposition rate o
Als for these conditions.

The values of=; g s(the lattice paraeter in the diection of growth [001]) obtained by the resudft
simulation using LEPTOS are compared to the results obtained from the equation detaild@&jelow

(‘,M:44$
Bad Tw@ad =SB 2
E oM“44®

e

where ¢M448 L M4z448 F Mgad48 ie. the difference of position of the dpyer diffraction

peaks wih respect to that of the substrate in the reciprocal space along [001] direction. The
expressions for the calculation &fand Mfrom ¢ Xare detailed if28]. In the case of the layer for
ZKLFK WKH & V F [Fg. 428 yWNKR £Q5 HQ® nmt. The resulting =; & s@btained

from each technique have a difference of only 1.AGindicating the viability of this model for our
samples. In these process conditions, even if diffraction peaks do not perfectly overlap, the @ifferenc
of lattice parameter is only about 23A. It is worth noticing that this is the upper limit of tlagtice
parameter calculated from XRD experiments on the samples obtained with our process conditions.

However,as shown i[Fig. 4.26] the variation othe thickness over the full area of the wafer is not as
homogeneous as:and R.The thickness of the efayer varies from 2090 A to 3150 A, for an
average thickness of 2610 A with a standard deviation of 33hi&.leads to an averageowthrate
arourd 1.5 A/s.Note that it is 7 times higher than the growth rate obtained with the initial shower
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head.The pattern described by the mapping shows a correlation between the area with the lower
thickness (on the righgind the position of the main entry gascdetailed ifFig. 4.19 This pattern is

often observed on the samgleither in terms of & R or thickness. Interestingly this reminds the
patternrepresented by the isales of velocityobtained in the results of fluidics simulations, shown

in [Fig. 4.20}c. Compared to the former shower head tehavior of the gas injection is therefore
global instead of local. Even if these rigswf homogeneity are not fully satisfactory it represents a
JRRG EDVH IRU WKH VWXG\ RI GRSHG OD\HUV RQ ~ ZDIHUV

Fig.4.26 t Thickness mapping deduced from ellipsometry measurements. Data points are represent
black dots (48 points). The thickness of the-lagier varies from 2098 to 3150A, for an average thicknes:
of 2610A with a standad deviation of 330A. Ths leads to an average deposition rate around 1.5 £
Process conditions of growth are detailed[Fi. 4.24] Note that the area with low thimess roughly
matches with the position of the main gas entry, i.e. upstream the shdwwad.

4.5.2.Effect of BoHe flow rate

The effect of diborane flow raten the epiayers structural propertidsas been investigated in these
conditons of low pressure (2 Torr), the process conditions are given

Note that the BHes and H flow rate, respectivel\B 4, and B , are varied in such a way that
B 4, + B =4 scaen.

Sample T(%go | P(rTec??rj)re ng\(/v)e r (sﬁctm) (sscicfﬁn) (schzm) (sBé?r;)
CR60708B 4 0
CR60708C 3 1
CR60708D| 300 2 70 500 50 2 2
CR60708E 1 3
CR60708F 0 4

Table3 t Process conditiomfor BHs series at 70 WThe interelectrode distance is 30 mm.
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The results of ellipsometry mappirg/lowing to determine the crystalline fractioncFand the
roughness (R) for differentBls flow rates are shown |fig. 4.27|and|Fig. 4.28 In case of low
pressurd? Torr), theaverage crystalline fractids higher than 94% up to 1 sccm of diborane and the
layers are still uniform with a standard deviatigg of 2.8% absolute. The layer remains smooth with
an average roughness of 11wkh a standard deviatiork of 0.5 A. At 2 sccm, Edecreases to 54

and the layers are reasonably uniform wklE=7.9%. The roughness remains low as well with an
average viae of 14 A andk=1.4A. However from3 sccmthe crystalline fraction strongly decreases
and only reaches 8% and the layer becomes strongly inhomogeneou&with.6%. Besides, the
layer becomes rough, the average roughness reaches 29 & aist inceases to 5 A. Finally at 4
sccm the same feaks are observed, the average KEeps decreasing and drops t#o,0the
crystallinity is that time homogenously low witk=0.48%. The roughness stays around 30 A but its
homogeneity slightly decreasadth a % of almost 8 A. The evolutions of;&nd R asa function of

the BHs flow rate are shown |Rig. 4.29

Fig.4.27 t Mapping of Eand R for different BHs flow rates under a pressure of 2 Torr and a RF powe
70 W. Data points are representday black dots. No amorphous phase has been measured in tl
samples.

In[Fig. 4.29b) is shown the evolution of the deposition ratedanction of BHs flow rate. One can

see that, in addition to an increase of the roughiaed a decrease of the crystalline fraction, th& B

flow rate has a strong effect on the deposition rate. It is almost divided by 2 when only 1 sccm is
added to th gas mixture, going from 1.5 A/s to 0.8 A/s, and reaches a plateau around 0.2 A/s from 3
sccm. Note that in this case, the assessment of the growth rate is possible due to the presence of
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interference fringes, this im particulardue to the 3O R gresswve (2 Torr) used in these process
conditions.

Fig.4.28 t Mapping of kand R for different BHs flow rates under a pressure of 2 Torr and a RF power o
W. Data points are represited by black dots. No amorphous phase has been measured in these samg

Fig.4.29 ta) Evolution of Fand R as a function ok flow rate. b) Evolution of the deposition rate as
function of BHes flow rate. Error bars are the standard deviation calculated from the 48 measurer
points represented on the ellipsometry mappings above.

It is important to note that from 1 sccm to 4 sccm, ae:Rower than 400 have been measurdda.
principle, tie increase of the diborane flow rate should significantly lower the values.abg this
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trend is not observed at 2 To#i70 W due to a strong deterioration of the structural properties of the
epilayers from 3 sccm. It seems that at 2 Tew#O W the addition of a high:Bls flow rate is not
desirable. A BH¢ flow rate of 2 sccm seent® be the best tradeff between homogeneity,cF
deposition rate and-Bls flow rate added to the gas mixture.

4.5.3.Effect of RF power at 2 Torr

From these conditiong0W, 2 Torr, 2 sccm of Blg), the power has beevaried and the evolution of

the structural prperties has been assessed by ellipsometry and XRD. The electrical properties have
been studied by sheet resistance mappings. The details of the process conditions ard Eaiahed] in

Note that the hydrogen flonate is changed, it has been purposely increased with the RF power in
such a way that the conditions of tepletion are equivalent, namely jusfdre the transition towards
a-Si:H.

Sample Temp. | Presaire | Power Ar SiF, H, B2Hs
(°C) (Torr) (W) (sccm) | (sccm) | (sccm) | (sccm)
CR60727E 50 1 2
CR60801B 60 1 2
300 2 500 50
CR60708D 70 2 2
CR60727F 90 3 2

Table4 t Process conditions for RF power series #82 sccrrunder a pressure of 2 TorThe inter
electrode distance is 3 cm.

The results oEheet resistance {Re), crystalline fraction (f§ androughness (R) mappings for a RF

power of 50 W and 60 W are shown Fe and R are deduced from ellipsometry
PHDVXUHPHQWY SHUIRUPHG DW GLIIHUHKMhaSiQefymedQ WKH VI
from 81 measurement points.

At 50 W and 60 W the R..tmappings are similar, a large region on the left of the wafer representing

about two thirds of the full area shows a high«&rom, roughly, 300to 700 :KLOH DQRWKHU SIL
on the right ancclose to the main gas entry, shows values between T3 an DW DQG
between 99 D QG DW $¥HWVDJIH 5DW DQG DW . ZLWK D
deviation of 76% and 72%, respectively. @isingly for a RF power of 50 W,k higher in the high
Rsheetregions (from 90% to 100%) dh in the low Rieetregion (from 50% to 70%). All the more so as

shown irfFig. 4.26]the epilayer is thinner in the ght region therefore one shoutpect a higher

Rsheet At 60 W the homogeneity of:fs improvedand mainly varies from 60 to 88 this could be

attributed to a better dissociation of gas at 60 W with respect to 50 W.

Concerning the roughness of the layeone can see that at 50 W the high.degion is slightly
rougher than the low Jei0ne. Surprisingly, the opposite observation is made on the layer grown at
60 W where the high feregion shows a roughnessween 8 and 12 A while it increases 1o 28 A
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on the low doped region. We are not able to explain such a difference with respect of such a slight
increase of the RF power.

Fig.4.30 t a) Sheet resistaze (Rneey), crystalline fraction @ and roughness (R) mappings for-kpjers
grown under a pressure of 2 Torr, at 50 W (a),c),e)) and 60 W (b),d),f)) Mo rate is fixed to 2 sccm
R and R are deduckfrom ellipsometry measurements. Data ptEmare represented by black dots (4
points). The black circles in b),d) and f) represent the region in which the SIMS and ECV analyses h
carried out. No amorphous phase has been measured in these saniplesiheet are measured on as
deposited lgers.

When the RF power is increased to 70 W and 9¢Fiy. ¢.31), keeping thesame conditions of H
depletion, hence an increase of thefldw rate, the averagesReitends to increase. Given that the
layers are necessarily thicker, thed&gshould atually decrease. However the trend is reversed and the
average Reetat 70 W &Q G : D UH with a standard deviation of 70D Q G with a
standard deviation of %%, respectively. Even if fstays in the same range than those measured at 50
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W and ® W, namely at 70 W between 60% and@and at 90 W between 70 and’8@or thehigh
Rsheetregion and from 60% down td® for the low Rheetregion, we attributed the rise of:to a
decrease of the structural properties of the layers as shown la¥&byneasurement. Note that the
Rsheetare measured on -@eposited layers, npostgrowth annealing has been performed. While the
roughness varies from 12 to 16 A and is homogenous at 70 W, it goes up to 28 A at 90 W. As a result,
reaching low Rheetvalues and high Fwhen the RF power is increased, is difficult at 2 Torr.

Fig.4.31 t a) Sheet resistance Ry, crystalline fraction @F and roughness (R) mappings for-Epjers
grown under goressure of 2 Torr, at 70 W (a)&)) and 90 W (b),d),f)). TheHB flow rate is fixed to 2 sccm
F and R are deduced from ellipsometry measurements. Data points are represented by black dc
points). No amorphous phase has been measured in theseplesmThe Reet are measured oras

deposited layers.

The efect of the RFpower onthe sameeptilayers has thus been investigated by XRD. The results of
& VFDQV DQG URFNLQJ FXU [Fig.\A.32%8andFHdD 485 BeEpEctiVeyRFZdM th€







































































































