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ABSTRACT

OPTIMIZATION AND CHARACTERIZATION OF POLYSILICON
FABRICATED BY E -BEAM EVAPORATION FOR PASSIVATING
CONTACT SILICON (TOPCON) SOLAR CELLS

Sedanj Salar Habibpur
Doctor of PhilosophyMicro and Nanotechnology
Supervisor: Prof. DRa ki t Tur an
Co-SupervisorProf.DrH¢ s n¢ Emr ah | nal an

September 202232 pages

Carrier selective passivating dans havepermitted higher conversion efficiencies
by decreasing minority carrier recombination velocities &i/metal contact
surfaces. Pioneers of photovoltajPd/) are investigating the remarkable passivation
properties of doped polysilicon (pei) layers oer silicon oxide (Si6).
Photovoltaic industry experts are predicting a bright future for -BolgiO
structures (TOPCon), as the future of the PV industry. It is possible to minimize the
cost of polySi layer deposition by usingleam evaporation equipg with effusion
cells (e-Beam EC) even if Chemical Vapor DepositionCVD) methods such as
plasmaenhanced chemical vapor deposition (PEC\ADY low-pressurechemical
vapor depositionl(PCVD) are available. The-keamECtechnology also eliminates
the useof hazardous process gases, such asaRH BHs, from the manufacturing

process.

Passivating contact applications were investigated usbrepmdeposited gype a
Si layers, while low temperature PECVD was used to deposit-thigenaSi layer

on the opposite side. We investigate the impact of boron and phosphorous dopant



crystallizaton temperatures on doping activation. This layer-af$i, which is non
hydrogenated, is ideal for low temperature activation of boron doping in the absence
of bororrhydrogen complexes. Ultimately, blisteee ppoly and npoly layers
develop concurrefyt on both sides of the cell. Additional hydrogenation steps and
ITO deposition heal the defects of the Aordrogenated passivating contacts. As a
result of this study, we fabricate bifacial TOPCon cells which reach an efficiency of

17.7% on the goly sde and 20.2% on thepoly side.

Keywords: Passivating Contact Solar Ce([EOPCon) e Beam Evaporationwith
Effusion Cell(e-Beam EC) PECVD, PolysilicorDefects Crystallization
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PASKFLEKTKREN KONTARIABASKLKSYMBK H! CRESH

(TOPCON) UYGULAMALARI KG¢KN ELEKTRON DE

' RETKLMKK POLKSKLKSYUM YAPILARIN OPTKMI
KARAKTERKZASYONU

Sedanj Salar Habibpur
Doktora Mikro ve Nanoteknoloji
Tez Y°neti Riakiit Hwumofan Dr .
Ortak Tez ¥neticisi:Pr o f . Dr . H¢sn¢g Emrah | nal

Eyl ¢ l,132smyda2

Takéyécée se-ici p aSsii/fmeetkatli r tmemakso ny axé ywalr e
takéyeéce rekombinasyon heézlarénée azaltar
ver mmektedir. FotovoltaikSi9ndkealtamain,| ak a&tnk
oksit (SiQ) czerindeki ol aj ang¢gst ¢ pasi fl exkt:i
Fotovoltaik endg¢gstrisi uzmanl!l a6 PV en
yapélGPrCon()T i -in parl akplabmagnhagcedl cekemiedtk © ng?©°

vapor deposition (PECVDYye low-pressurechemical vapor depositiorLPCVD)
gi bi CVD y°ntemleri mevcut ol sa bil e, e f
demet b uh@BedamaBCisistammiakullanarak pols i tabaka ¢retin

séra ¢retim maliyetini -deenmedaz at eikmdoil rome ks i
S¢é¢reci pwaeeBiHs gPiHD | tehl i keld@ proses gazl ar é
kal der éer . Pasi fl alk & rBegmeEE ¢t e enta 5-tipuay8g u p a m

kat manl ar é kul | a-tipedSair akka tanraankétneér éhl ¢écrrkeenni,n
b¢yeéet mek i -1in d¢ K¢k sécakl ékt a PECVD K
kristalizasyon sécakl éklaren&nsdopi agasgk
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Fazladan Hidrojene eklenmeyenbafi t a b a kha®jenkoniplekslerinin

yoklujunda boron katkeélamanén d¢ke¢gk séecakl é

h¢crenin her ki t ar a f-pdlnwkanpola k @ € maamldaar éd ° k ¢
geliktirilmiktir. E k hidrojenlendir me a
hidrojenlendiril meyen pasiflexktirici kont ak
sonucundap ol y tarr@ampoldga ®araf énda %20. 2 veri ml
taraf | éh ¢TcORQocenr i sreti Il mi ktir.

Anahtar KelimelerPasi f 1l ektiren Ko OPGWEizYygmek H¢icres
H¢ececre dBsmetki i B e lfedBeam &®) PECVDn Rolisilisyum
Kusur !l ar @irmeKri stall en
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CHAPTER 1

INTRODUCTION

One of the most important discoveries in contemporary science is without a doubt
the discovery of the solahotovoltaic effect, or the direct conversion of sunlight
into energy [1]. Additionally, Bell Labs' successful production of the first genuine
solar cell in 1954 was able to significantly support the research efforts for many
investigations in the area gblar photovoltaics [2]. As a result, various solar cell
structures based on different semiconductor materials have been developed, but
standard Al BSF (Back Surface Field) crystalline silicon solar cells have dominated
the market share for a longer timaedto their many advantages, including their
abundance of raw materials, accessibility to simple fabrication technologies, high
throughput, minimal maintenance, and low operating costs [3,4]. The efficiency
potential of this structure is, however, consteai by two significant drawbacks,
notably high back surface recombination velocities-ptpnterface and low back
surface reflectance 4. In light of this, current research on crystalline silidmased

solar cells is solely focused on streamlining enufacturing processes as well as
increasing the power output of other high efficiency crystalline sHimased solar
cells, such as HIT (Heterojunction with Intrinsic Thin Layer) solar cells, IBC
(Interdigitated Back Contact) solar cells, PERC (Passiv&Emitter and Rear
Contact) solar cells, and TOPCon (Tunnel Oxide Passivated Contact) solar The term
"TOPCon" may conceptually also be shortened to "POLO" (Polysilicon on Oxide)
[6].

Cost reduction in the crystalline silicon wafer production remigraterests of
photovoltaic community to the crystalline silicbased solar cellSome researchers
used comparable polysilicofpoly-Si) connections to solar cells to boagpenr

circuit voltage Voc) after Yablonovitch's 1985 proposal that the ideal solkibee

"built in the shape of a double heterostructure,” with the absorber sandwiched



between two widgap materials with opposing doping [7]. As a result, a team of
researchers from Germany [8] adopted Yablonovitch's strategy and developed
TOPCon. A silica layer that has been doped with phosphorus and a very thin tunnel
oxide make up TOPCon [9]. It provides a straightforward processing strategy that
works with hightemperature processes like diffusion.

Thus, it has been noted that the power conversiogiaffty of these different
crystalline siliconbased solar cells is constantly increasing. As an example, Kaneka
reported about the creation of 25.1 percent HIT solar cells in 2015 [10] based on n
type CZSi wafers with an active cell area of 15¢r8 (Voc = 738 mV, J. = 40.8
mA/cn?, and FF = 83.5 percent). SunPower, on the other hand, asserted a nearly
same result for single junction IBC solar cells made-type CZSi wafers, with a
conversion efficiency of 25.2 percemot = 737 mV,Jc= 41.33mA/cm?, and FF =

82.7 percent) [11]. The matching cell was 15348 in size. However, the former
displayed greateVoc and FF due to the existence of an amorphous silicon layer that
provided highquality surface passivation, whilst the latter exhibited Sopéys due

to the absence of shading effect.

Sharp created the first HBC (Heterojunction Back Contact) solar cells in 2014 with
a conversion efficiency of 25.1% [12] by incorporating the idea of interdigitated back
contact with HIT solar cells. By usingsamilar idea, Panasonic created HBC solar
cells, which at the time set the record for crystalline silibased solar cells with a
conversion efficiency of 25.6 perceMot = 740 mV,Jc = 41.8 mA/cm, and FF =
82.7%) [13]. The developed cells' activelcarea was 143.@mP. The achievement

was shoHived, however, since Kaneka revealed in 2016 that 26.3 pen¢ent (

744 mV,Jc = 42.3 mA/cn3, and FF = 83.8 percent) efficient HBC solar cells with
an active cell area of 180eh? had been developed [14]. The best cell had a
conversion efficiency of 26.6 perceMds = 740 mV,Jc = 42.5 mA/cnd and FF =
84.6%) with an active cell area of 179¢A¥ shortly after Kaneka further revealed

an increase in the conversion efficiency of HBC solar cells [15]. A new record for
HJT solar cells based on M6 wafers was just reported by LONGi Solar in October
2021 [16]. Contrarily, traditional PERC and TOPCoolas cells have been



discovered to have the highest recorded efficiencies of 24.06 percent and 25.7
percent, respectively [17,18].

The renowned German solar energy research center, Institute for Solar Energy
Research in Hamelin (ISFH), claimed in 20ttat it had created 26.1 percent
efficient ¢Si solar cells by integrating botiPOLO and APOLO structures at the

back side of a{lype ¢Si wafer in an interdigitated ¢¢= 726 . 6 N=1.8 mV.
42.62 N Panid nrA c=m 84 . 28 Nea®f.4%d) [19;Theact i v e
passivated contacts, of and gPOLO layers, were separated in the manufactured
device by an intrinsic popi layer. The important elements to achieving such a high
efficiency rating were low parasitic absorption by the doped-Solayer owing to

the presence of passivated connections at the rear side and nonthetatl shading
losses at the front side of the cell. Additionally, they said that a laser ablation
approach was utilized for contact opening rather of a photolithobgramcedure,

which may make it easier to adopt a screen prirtiaged metallization technique
throughout the cell construction process. Additionally, according to Peibst et al.,
simulation analysis witlQuokka2.0., the power conversion efficiency of ehes
POLO junctions for both polaritig®OLOY IBC solar cells built on conventional p

type, FZ eSi wafers might reach up to 27.8 percent (without photonic crystals) or
even 29.1 percent (with photonic crystal)|[ However, before IBC solar cells with
(POLOY structure at the back are put into masroduction, issues like the
participation of timeconsuming and costly processing processes, low throughput,
etc. must be resolved. However, compared to PERC and TOPCon solar cells, which
cost around RMB 15®00 million/GW and RMB 250 million/GW, respeatly, the

capital expenditure (CAPEX) for SHJ (Silicon heterojunction) solar cells is about
RMB 400 million/GW R1]. The use of pricey low temperature treated silver paste
and higher depreciation costs are additional major barriers to the widespread
commecialization of SHJ solar cells.

The solar photovoltaics industry is exclusively controlled by cell designs with
diffused and passivatedrpjunctions and passivated rear sides (PERC/PERL/PERT/
TOPCON), according to the International Technology Roadmaj® liotovoltaic



(ITRPV) 2022 study. According toFigure 1.1, the market share of
PERC/PERL/PERT/TOPCON in 2021 will be about 85%. This agrees with IHS
Markit's predicions [22]. Over the next years, PERC/PERT/PERL/TOPCON will
rule the market. After 2024, SHJ cells are anticipated to have a market share of
around 10% and close to 20% by 2032.

Different cell technology
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Figure 1.1. Market share estimates for various cell technologies. Data from IHS
Markit for 2021 are listed as a sourf22)].

The commercial dominance of doutslieled contact cell designs is further shown by
Figurel.1l. We predict a move from 2% in 2021 to roughly 5% in 10 years, which is
not a major change in the market share for-sgde& contact cells. $iased tandem
cells are anticipated tonter large production after 2024, which is later than

anticipated in the 12th edition.

Trends in cell technologies are showrkrigurel.2, which has a passivated, diffused
prjunction on the front side and a passivated rear side. Different methods may be

used to create these cells. The most developed method emytimespateial with



an AbOs passivation layer and @iNx capping layer. With the use of this method,
around 10% of PERC cells were created in 2021; 85% of these cells were PERC on
p-type moneSi. In 2022, it is predicted that this proportion will remain at a very
comparable level. However, it is anticipated that during the next 10 years, the PERC
on the percentage oftgpe moneSi would drop to roughly 40%. Up to 2025, PERC

on mcSi material will likewise be phased out. Within the next ten years, ideas for
n- and ptype materials with passivated contacts that use tunnel oxide passivation
stacks at the back side will increase in market share from around 10% in 2022 to
58%. For conceptions with passivated contacts, we predict-tigperbulk material

will become the arm and that stype material will only be used in a substantially

lesser proportion.

World market share of PERC / PERL / PERT / Topcon technology
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Figure 1.2. Market share for <Si cell concepts with pjunction on the front and
different rear side passivatidrechrologies p2].

If the electrical connections are made properly, all cell types outlinEgyume 1.1

as well as SHJ cells may catch light from both the front and the back. Therefore, this



cell type is ideal for bifacial light capture. The anticipated market trend for bifacial
cells is showrnn Figurel.3. Within the following ten years, the market share, which

will be 50 percent in 2021, is anticipated to rise dramatically to 85 percent. Bifacial
cells may be utilized in standard monofacial modules or in modules with a

transparent back side (bifacial modules).

World market share of monofacial and bifacial cells
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Figurel.3 Market share for bifacial cell technolofg?].

In TOPCon (Tunnel OxidePassivated Contacts) cell desigi3], rear side
contacting is accomplished by tunneling electrons rather than by making ohmic
contacts to the bulk silicon. This method completely eliminates recombination
current losses at resistive bulk contact and @se®the formation of recombination
centers at the interface. Tunnel oxide formation may be carried out in situ using a
different technique or as a separate process step. It is anticipated that in situ
formation used in conjunction with another proceduik mecome the dominant
method. By usinghemical vapor deposition (CVD) techniques such asdmsgsure

chemical vapor depositionPCVD), plasmaenhanced chemical vapor deposition



(PECVD), orphysicalvapor depositiorfPVD) techniquesthe polySi layermay be
created. According tbigurel.4, PVD methods are rapidly developing, but PECVD
is predicted to overtake LPCVD as the favored technology during the nexalsever

years.

Different poly-Si deposition technologies for TOPCon concepts
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Figurel.4 Expected trend of forming the polysilicon layer of TOPCon confaeis

The anticipated percentage of doping techniques for theSidpyers is shown in
Figure1.5. In situ doping is anticipated to enter the mainstream in the neae.futu

This is in accordance with the patterrFigurel.4, which shows that the deposition



process has a major role in how p&8igets doped. In situ doping is empaolyin
PECVD layer doping, but ex situ doping is favored for LPCVD and PVD.

World market share of in situ and ex situ doping methods of polysilicon
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Figure 1.5 Expected trend for forming the tunnel oxide and doping the ploy Si
capping layer in passivated contact formjag).

In the next years, many top solar modules will usgyiie TOPCon technology.-N

Type TOPCon (Tunnel Oxide Passivated Contact), which wagted in a similar

way to the conversion of polycrystalline/poly PERC to mono PERCYy(R),
increases module efficiency by taking a step toward increased power density from a
designated region. Because it has been made more practical ByjgeNFOPCon
technology has entered the mainstream thanks to cell makers, TOPCon is here to stay
on a massive scale. The attractiveness of TOPCon over the widely used PERC
technology of the previous decade is that with solar, the tiniest percentages make the
largest effet However, advantages go beyond only efficiency. In comparison to
traditional mono PERC technologies, temperature coefficient, which may be one of
the most important elements outside of Standard Test Conditions (STC), has greatly

improved.



The 700W bifaial TOPCon solar modules have a maximum cell level efficiency of
25.4 percent, which is the greatest known efficiency for large area industrial TOPCon
solar cells to date, according to a recent announcement by Chinese PV module
producer Jolywood [24]. Adtionally, it was discovered that the modidwel
efficiency was high&r between 21.73 and 22.53 per@than the average
stabilized efficiency of magsroduced TOPCon solar modules. Contrarily, LONGI,

the second weknown solar module producer, said thathad successfully
developed 25.19 percenttype TOPCon solar cells based on monocrystalline-CZ c

Si wafers that had been marketed, proving the feasibilityl@pPCon solar cells on

an industrial scale [25]. However, the specifics of the method thexy toasachieve

such a high efficiency rating have not yet been made public [26].

Currently, market share, cost management, and mass production effectiveness are all
clearly in favor of Ntype TOPCon. The power gap between N asigd@ modules

will eventualy widen as TOPCon cells' efficiency rises. Process improvement and
new technology will result in ongoing cost reductions, 238 The recent volatility

in the price of Ag (silver) use, as well as the PV industry's rising percentage of
industrial Ag usageare factors that are predicted to motivate attempts to cut Ag
consumption in solar cells, according to a research by Kafle, et9l.T[2e most
optimistic possibility, according to the International Roadmap for Photovoltaics, is
to cut the cell's Ag ca@umption by 50% of its present level [22]. According to Kafle,

et al. [D)], it's important to remember that TOPCon cell metallization costs are
comparable to PERC cell metallization costs, with the former possibly achieving
lower wattpeak prices ($/Wp) duto increased cell power. This is assuming that

future metallization concepts allow for a 50% reduction in Ag ueigeire1.6).
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Recently, TOPCon solar cells have shown exceptional cell performance. Ehey ar
projected to be used in field deployments and production line implementations [30].
Jolywood solar technology co. Itd. reported the average bifaciality of 85% and low
temperature coefficient 60.32%/K analyzed for+type bifacial TOPCon modules

of 331W (60 cells) and 392 W (72 cells) in production their line [8ight-Induced
Degradation (LID), which happens in attype silicon solar cells, is the main issue

in favor of ntype TOPCon over PERC. When oxygen and boron from the positive
silicon layercombine, a slight, instantaneous drop in power generating capacity
happens. Due to the additional boron that PERC cells often contain, this issue may
be severd.ight and elevated temperatdureluced degradatioh € TID) is a different

issue that may affect all PERC cells and is made worse by greater operating
temperatures and more intense light. Extreme circumstances may result in power
degradation of up to 7%, which would significantly reduce {targn power capacity

ard prevent customers from producing the anticipated amount of energy. If a facility
saw such a drastic decline, the Levelized cost of energy (LCOE) would be negatively
affected. In order to assure loteym power for enduring performance;typpe
TOPCon's poperty of not being sensitive to LID and LeTID is very important and

appealing to investors. The industrialized response to the LID and LeTID problem is

10



N-type TOPCon. As shown by Jinkosolar, the Tiger Neo module witfypé
TOPCon technology may substaatity lower the danger of LeTID to almost nil. The
absence of LID and LeTID is of enormous value to investors given the wide variety
of temperatures experienced across the globe as well as the various operating
conditions and irradiation solar panels expece [32].In essence, progressin
TOPCon solar cell developmeninindustrywas the motivationo establish a non

hazardous and lowost
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CHAPTER 2

LITERATURE REVIEW

High-efficiency solar cells are the main focus ofiaareasing number solar cell
producers. Nype technology is becoming more prevalent in the market, and cell
efficiency has been steadily rising. The TOPCon was considered as the next
possibility for highefficiency solar cells in mass manufacturing aRERC in order

to achieve even higher performance. In addition, TOPCon offers an application that
is ideally suited for achieving cell efficiencies higher than 25%.

2.1 The development of TOPComhotovoltaics

As previously remarkedolar cellswith passivated contact will soon have the largest
marketshare. As a result, PERC and TOPCon solar cells are the main focus of the
present research on solar cell designs. However, the rdokehating PERC solar

cells are expected to be superseded by TOPG@GIlan sells in the future owing to
issues such rear contact openings and carrier saturation at localized metallic contacts.
Fraunhofer ISE released the first report on the advancement of TOPCon solar cells
in 2013 [8]. According to the study by Feldmanmletadding a phosphoroa®ped

poly silicon layer and an ultsthin silicon dioxide layer Si0;) at the metal
semiconductor interface may dramatically reduce surface recombination on the back
side of ntype crystalline silicon solar cells. In order for@nt to tunnel through
chemically generated silicon dioxide layer quickly and effectively, its thickness was
limited to 1.4 nm. By using the PECVD approada,20 nm phosphorous doped
amorphous silicon layemwas applied to this ultrthin oxide layer. Tts layer was

then subjected to a high temperature annealing procedure in order to become a doped

poly-Silayer.
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According to the annealing parameters, a very strong surface passivation was found,
fiwhich led to a very high implied opaircuit voltage (i\4c) of over 720 mV and a

very low recombination current densityod) of around 913 fA/cn?. This
innovative method was given the term TOPCon (Tunnel Oxide Passivated Contact)
structure, and the solar cells that it is used in are called TOPCon sddar Tedy

use adesign of a TOPCon solar cell, which has a diffused bdoged p+ emitter

and a tunnel oxide passivated rear contact. Bdaped p emitter was passivated

by a stack of aluminum oxide (ADs) and silicon nitride (Siy layers that were
formed using atomic layer deposition (ALD) and plasenaanced chemical vapor
deposition (PECVD), respectively. Furthermore, it is widely known that the silicon
nitride (SiNc) layer also functions as an angiflection coating (ARC) to increase
optical confirement inside the solar cell.

High implied fill factor (iFF) as well as high implied voltag&/{t) were attained
using this innovative structure under both maximum power point (MPP) and open
circuit (OC) situations. During the cell construction processTifPd/Ag seed layer

was thermally vaporized to create the front side metallic contacts, and the Ag layer
was then electroplated on top. The metallic fingers' width was left at 20 micrometers.
On the other hand, the back side metallic contact was madlderafally evaporated
Ti/Pd/Ag stack. The best cell eventually shoviiadower conversion efficiency of
21.81 percent with an active cell aregohr based on 200m thick,(100)oriented,

1q cm, ntype FZ silicon wafer® It also hadia shorfcircuit current density 9 of

38.4 mA/cm3, an opertircuit voltage (¢ of 690.8 mV, and a fill factor (FF) of
82.1 percenit The greatest power conversion efficiency, in contrast, was attained by
similar solar cells without the TOPCon structure onbtek sidefiwith Voc of 638.3

mV, X of 37.8 mA/cn3, and FF of 81.1 percemtTherefore, it may be seen why

adding TOPCon structure to the back of crystalline Si solar cells is important.

The process flow of TOPCon solar cell reported by Feldmann stkegan by
selecting fa singleside shinyetched2 0 0 (&060) priented, 1q cm ntype FZ Si
waf er s ( 20 Cleaning of vafersuifiled by standard RCA procesB+
emitter was established byffdsion of boron into random pyramid texing of n-

14



type wenfsele(dlsd 0 An/ublragthin SiO layer (wet chemical process)

of 1.4 nm grown on the wafandfisubsequent 20 nm phosphorous doped amorphous
Si layer (PECVD process)depositedat the rearshiny-etchedside Solid-phase
crystllization was conducted withdh temperature annealing (optimized annealing
temperaturd 850C)-in N> ambient.Front p+ emitter passivated bgmbsition of
Al>Os layerby ALD coatng andadditionalSiNy layer deposition byPECVD.

The bandliagram of several interfaces, including#c-Si, poly silicon with tunnel
oxide/cSi, and amorphous/poly silicon with tunnel oxid&i¢is shown ifigure2.1
(TOPCon). These band bending diagrams provide a clear understanding of the
efficient and streamlined separation of phgemerated carriers at the rear side of the

n-Si base for a TOPCon solar cell.
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Figure2.1. Band diagram of different passivated contact technologies:d-&i
heterojunction, (b) poly silicon with tunnel oxide, and (c) TOPC@&h [2

Richter et al. reported on the impact of wafer thickness and bulk resistivity on the
power conversion efficiency of TOPCon solar cells in ZDhéarly one and a half
years later [18]. Nype FZ Si wafers with a thickness variation of 150, 200, and 400

€ m daarresistivity of 5q cm were employed in the investigation. On the other

15



hand, the research of rtgekZSitwaferswiththreear i at i on

distinct resistivitied 1, 5, and 10y.cm. A conversion efficiency of roughly 25%
was obtainedy solar cells with all these variables. However, a significant decline
in FF and pseud&F (PFF) was seen with an increase in base resistivity.

Due to their affordability, fiype Si wafers are more frequent in the industrial setting

than ntype Si wafersTherefore, creating a TOPCon structure usiAgpe c¢Si

wafers would be a good idea. So, using planar, shibtyc h e d , -t2y50e ,¢e i, qgpc m,
orientated FZ silicon wafers as their substrate, Feldmann et al. created symmetrical
n-TOPCon and 1OPCon structtes B3.34]. The investigation demonstrated that

the nTOPCon structure's passivation quality was better to that of its substitute. As a
result, we can say that theT®©OPCon structure's interface passivation quality is
satisfactory for both +#type (as indiated before) and-type Si wafers. The
symmetrical pTOPCon structure, on the other hand, provided inferior interface
passivationfiiVoc = 680 m\b) quality because there were more defects in the bulk

Si layer and at the Si/SiOx interfadénally, ptype Si solar cells with active cell
areas of 2 cm | 2-ToORGongerving as the feoat ersitter andwi t h
p-TOPCon providing the rear surface field. This was done to better understand the
impact of including carrier selective contacts on the cetfggmance. ThéVoc

(693.5 mV) and FF (81%)of the solar cells with an amorphous Si emitter were
greater than those with a seanystalline Si emitter. The latter, however, offered
increased Jsc as a result of enhanced blue response. As a result]l pthups’

achieved efficiency was almost identic@l{.9 percent for amorphous silicon

emitter and 17.8 percent for seomystalline silicon emitt&). However, enhancing

the ppassivation contact's quality may enable it to enhance its power conversion

efficiency.

Additionally, usingi2 5 0 ¢ mshinyetched Ijcm, orientated ytype FZ silicon
wafers, doublesided contact solar cells withATrOPCon on the textured front side
and pTOPCon on the planar back side were also created TB®&]constructiorof
bothsided TOPCon solar cells with aT@PCon structure on the front side and an
n-TOPCon structure on the back side was reported by Tao et al. in 2018 [36].

16
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Additionally, the scientists investigated the effects of ITO sputtering ®®RCon

and pTOPQn structures that werissymmetrically constructed onto&8 q ¢ m, n

type, doublesided polished CZ -8i wafer®. The research showed that the
effectivinor i teysuftered signifeantly fromf tieetRFageetrop U

sputtering approach useddeposit ITO layers onto the pOPCon and +TOPCon

structures. However, following ITO deposition, considerable recovery of eff was

seen for r OPCon samples wupon high temperatur
TOPCon samples only di sepThsdisckparecy imeffnor r e
recovery might be explained by the greater improvementtyp® polySi film

guality after heat treatment. The research also showed that ITO layer deposition at

ambient temperature and vedmpovepdest RF p
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CHAPTER 3

SOLID PHASE CRYSTALLIZATION OF IN SITU DOPED AMORPHOUS
SILICON

3.1 Introduction

Crystallization of amorphous Si is of interest for the fabrication of thin film
transistors and higgfficiency thin film solar cells. These of polycrystalline Si
(poly-Si) thin films fabricated from the crystallization of amorphous Ssijahas
recently been proposed to form an emitter layer on a thin oxide layer, producing a
tunnel oxide passivated contact (TOPCon) and polysilicon ateq@OLO) solar

cell devices. In these applications, atBialayer could be first deposited on a
substrate, then crystallized by a high temperature heat treatment process, either with

standard furnace or laser anneali8g-89].

Ideally, aSi could be described as a covalently bonded, foudotdinated,
continuous, random network of Si atofd§)]. Through high temperature annealing,
concurrent bond rearrangement and defect annihilation take place in the structure of
the initialy amorphous Si films. This leads to the crystallization process, which

results in polySi structure$41].

When different welestablished production methods feSadeposition, such as
chemical vapor deposition (CVD) and physical vapor deposité#i4p] are
compared, the electron beawaporatione-beam) method37] is considered to be

the most convenient way of fabricating Aeydrogenated amorphous silicon due to

its high deposition rate. Meanwhile, CVD techniques, generally, use pyrophoric gas
of SH4 and H for silicon thin film fabrication which could produce hydrogenated

aSi (aSi:H) layer. Doping is an important part of Si thin film fabrication. In CVD
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techniques, the doping of silicon films is usually obtained by using gases such as
BoHe or PHs [42,43], which are expensive and hazardous. In tiee@m method,
however, the i films are initially undoped. As an alternative way, effusion cells
can be added to thebmam chamber to supply amsituflux of boron atoms by high

temperature evapdran [38,46].

Crystallization of doped and undoped amorphous Si can be realized by various
methods, such as solghase crystallization (SPCB7,38,45,46], laser induced
crystallization (LIC) B9], and metal induced crystallization (MIQ#7,48]. The

latter two methods have their own advantages, but SPC is the most basic and direct
of these crystallization techniqued8[. One disadvantage of LIC is that control over

the heat transfer of laser ligis limited by the film thickneq4$9,49]. Moreover, thin

films crystallized by MIC can have residual metallic impurities due to the finite

solubility of the metal in silicon at the eutectic temperafGég.

As mentioned above-leeam evaporation enasl deposition of nhehydrogenated

aSi thin films. This is important when controlled quality of crystallization is
required (e.g., for pohbi layers of TOPCon and POLO solar cells). The
crystallization kinetics of hydrogenatedSa (aSi:H) depend on th@mount of
hydrogen coordinated to silicon. For the crystallization process, thEd®ind must

be broken, and hydrogen has to diffuse out of the structure. Thettblesence

of hydrogen can suppress the control of crystallization, and in some itasss,
cause bubble formation (blisteringdl], which leads to deformation of the film.
Takenaka et al. has shown that dehydrogenation process irShd &lms is
correlated with the nucleation as hydrogen dissociation generates crystalline nuclei
[52,53]. Moreover, in the case of hydrogenate8iahydrogen atoms are located at
the bondcentered (BC) site between B and neighboring host Si atoms, which could
result as borofydrogen simple complex, namely-B1 passivation center. This
argument is also gdigible for the case of nehydrogenated-&i that could reveal a

relatively more active boron doping in silicon host lattisd].|
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Moreover, doping also affects SPC kinetics. Csepregi ettd]. Juggested that
presence of boro(phosphorous) dopant concentration greater thahat®ms/cm
increases the crystallization rate #$aH thin films prepared by SPC process. This
effect has also been observed in other studiés59]. However, crystallization
kinetics in the case of \eer boron doping levels, and for the thin films with
homogenously distributed boron doping through the depth of the film, have not been
studied in detail. Boron doped thin films were prepared by-beaen evaporator
equipped with effusion cells{®eam EC)enablingin situdoping. We utilized SPC

to crystallize the dveam EC depositedSi thin films.

It is known that when the thin film fabrication method is changed, the crystallization
kinetics can change which could lead to alteration of the electrmaéires of poly

Si thin films. Hence, a deeper understanding of the corresponding crystallization
process is crucial since such films can be potentially used in solar cell structures, e.g.
passivated contact solar cells. In this manuscript, we are presentdetailed
investigation of the crystallization kinetics depending on the dopant concentration of
boron doped pohsi thin films prepared by a rather rarely used (and still developing)
technique, electron beam evaporation of Si witkiio doping of &usion cells (e

beam EC) which has quite important advantages when compared to other commonly
used techniques such as CVD types. THea@&m EC technique does not require
usage of any hazardous or pyrophoric precursor gas, and it hagxmmoexhausted
byproducts while providing a higher deposition rate compared to CVD techniques.
This system enables to fabricatemogenousliporon doped Si thin films. Note that,
doping can be realized in a gradual @odtrolled mannerstep by step from a low
doping levé to heavily doping levels. The-leeam ECfabricated films are noen
hydrogenated and therefore, the solid phase crystallized silicon thin films could be
blisterfree. Whereas, solid phase crystallization of Ckbricated films could

result in pirholes orginating from hydrogeinduced blistering which is hard to

exclude due to dehydrogenatidi{53].

The concentration and depth/spatial distribution of the dopant play an essential role
in the electrical performance of semiconductor devices. We analyzed gofySi
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films produced using different process parameters, e.g., with different effusion cell
temperatures. The corresponding boron concentrations were explored kf-time
flight secondary ion mass spectroscopy (-RIMS) [60]. Raman spectroscopy and
grazing incidence Xay diffraction (GIXRD) [61] were used to trace the
crystallization kinetics and obtain information about the amount of the stress in the

film.

We present that a high boron concentration (e.g., more than Caathts/cm)
altered the xystalline structure and lattice parameter of the {&ilthin films
investigated in this work. Boron has a relatively low solubility in silicon, which can
result in clustering of boron atoms inside the silicon lafi@@. This, eventually,
affects the kectrical activity of the boron aton{§3]. Analysis of the Bs binding
energy for heavily borodoped asleposited &i films and SP&rystallized
samples, using Xay photoelectron spectroscopy (XPS), revealed information about
the Si B coordination in the structuf{é4,65].

Solid phase crystallization kinetics fdroron doped &i:H has already been
discussed in the literatufdl-53], and it was found that an increase in boron
concentration leads to increase in crystallization &8 YWhereas, a thorough study

for nonthydrogenated #situ boron doped -8 has ot been done before.
Crystallization kinetics may differ for-&i:H [55] and norhydrogenated boron
doped Si thin films. Hence, detailed work on the dopant effect in crystallization is
crucial for the ébeam ECGfabricated Si thin films. Here, we preserdedailed work

on the effect of boron doping in crystallization fob@am ECfabricated non
hydrogenated silicon thin films, when the dehydrogenation process does not trigger

the nucleation (which is the case fegaH thin films).

3.2  Experimental details

In this study, ebeam EC technique was used for precise boron dopiggre3.1).

The base pressure was ™ 1®a. Effusion cells were manufactured by MBE
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Komponenten, and were originally designed for molecular beam epitaxy

applications and have the quality required fagmse doping.

Glass Substrate

Deposited doped a-Si

K/
| N

Figure3.1. Schematic presentation of the effusion cell equippledagn evaporator
(e-beam EC). *Denoteshat though not used for the study presented in this paper,
the ebeam EC chamber ammpanies a separate effusion cell for phosphorous

doping.

The substrate used in this study was glass, which is low cost and appropriate for thin
film silicon technology applications. During the evaporation process, the substrate
was placed on a sample hetdocated above theleam evaporation system. The e
beam evaporates Si, allowing the formation of an amorphous thin layer on the
substrate. This thin-8i layer isin situdoped with pure boron that is evaporated by

the effusion cell.

The SPC process used in this work depends on the duration of annealing. The
crystallization of silicon takes place a
ordinary glass substrates. The SPC process could be prolonged with annealing times

up to seveaal hours to obtain the crystal formation at this critical tempera€ie

Therefore, the glass substrate wused in t
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processes without any deformation. For this afuhott AF32 ecoglasses were
chosen. However, thitype of glass contains high amounts of boron and aluminum,
which can diffuse inside the Si film during the annealing proced&®¢ dnd
undesirably change the electrical properties of the crystallized films. To overcome
this problem, 80 nm of silicon mitle (SiN.) was first coated by plasma enhanced
CVD to act as a diffusion barrier on the properly cleaned glass substrate. The
fabrication and characterization of the gidbating with efficient diffusion barrier

has already been described in our previmusications §7].

The coated glasses were cleaned by acetone, alcohol, and water before loading into

the ebeam chamber. The deposition process was initiated only after the vacuum

level reached I®Pa. Silicon deposition was conducted at a fixed deposition rate of

1 /s for the whole sample set. Four differ
with effusion cell temperatures of 1700, 18
preheat ed u po make thé SafpleAdlerable to any further possible stress

introduced by posthermal treatment of the crystallization procd§8]. The

deposition was performed at 400 AC wuntil the
sample. The four sets of samplaamed B1700, B1800, B1900, and B2000, were
then annealed at600C, whi ch is the «cr i-$ipradactiont emper at u

These annealing procedures were accomplished in a tubular furnace under nitrogen
flow to avoid any further chemical reactiodsiring the SPC process. For the
crystallization kinetic study, annealing processes were enrolled with durations of 6,
12, 18, 24, 36, 48, and 93 hours. The annealing processes were continued until fully
crystallized films were fabricated. Note that we eyl separate samples for each

crystallization study.

The change in the boron dopant concentration with the change in the effusion cell
temperature was analyzed by TSAMS (ON-TOF ToRSIMS 5. The Depth profile
extracted from ToFSIMS data measured by Bas the primary ion and oxygen
source with 500 eV for sputtering. The Hall Effect measurements were performed in
the Van der Pauw configuration which revealed carrier concentration and resistivity

of the boron doped silicon thin films. The crystallizatianetics were studied by
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Raman spectroscopiORIBO Jobin Yvon iHR55Btepby-step for each annealing
process and crystallization duration until the fully crystallized samples were
achieved. Raman measurements were conducted by a laser beam with agtlavele

of 532 nm. The fully crystallized samples were analyzed by GIXRD with an incident
angle of 0.3 degrees to credseck the crystal quality of the thin films. The
measurement were performed using a Rigaku Ultima IV diffractometer with a Cu
Ko( &= 1. )>dufce radiation, 40kV anodic voltage, and 50mA current at each
stage of the continuous scanning with sampling width of 0.02 degree in parallel beam
geometry. Finally, XPSRHI 5000 VersaProbelJLVAC-PHI, Inc.) was used to
obtain information about the ¥ coordination. XPS studies were carried out with

a monochromatic AKgX-ray source (1486.6 eV) as therXy anode at 24.7 W with
energy pass valwue of 58.70 eV at a fixed

3.3 Results and Discussion

Amorphous Si samples-@&i) with 180 nm aSi, 80 nm of SiN were prepared with
various boron concentrations. In order to control the concentration of the boron
dopant in the thin films, the temperature of the effusion cell was varied from 1700
AC (Il ower | i mit vVaporatoaofthed® & ami EG) bor 80086
(upper limit for boron evaporation of theBeam EC). The concentration of the
boron dopant was analyzed by TSRVIS with a scafdepth of the films to the point
when it reaches the SiNayer. TOFSIMS is a mass spgometer for elemental
analysis and provides us with the total amount of dopants (substitutional and
interstitial). As seen ifrigure3.2, increasing the temperatwéthe effusion cell led

to an increase in the concentration of boron throughout the thin film. Th&IME

data represent a homogenous distribution of boron dopant throughout the film
thickness for all the samples investigated in this work. B1900 wasured at EAG
Laboratories and used as the calibration sample forSIMS measurements of this

work. By this way, it was possible to evaluate the boron dopant concentrations for
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the whole sample set by applying the relative sensitivity factor which was

78 2 L. TARG®IMS depth profiles revealed that the average boron concentrations

for B1700, B1800, B1®002%¥land®amam®dd,] darme 3 1
atoms/cm, respectively. This shows our ability to control the dopant concentration

with the temperature of the effusion cell. Moreover, Hall Effect electrical

measurements were performed. The carrier concentrations (indicating the number of

active dopant concentration%) 4wé%el me@sur e
3. 6 4%®d n dl 08 .*%r6°fof B1700, B1800, B1900, and B2000, respectively.

I L] I > I : 1 ' I > I 8 I : I

1021
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Figure3.2. TOR-SIMS depth profiles of boredoped samples with various effusion

cell temperatures ¢k) of 1700, 1800, 1900, and 2080C wh i cbreviaded @ a b
B1700, B1800, B1900, and B2000, respectively. The corresponding concentration
of boron dopants are given in the text.

With the aim of understanding the mechanism of crystallization in badoped Si

thin films, we conducted Raman spectrosctipythese samples after annealing for
various durationsHigure 3.3). We ensured the accuracy of the Raman spectra by
averaging the data obtained from three different points on each sample. Raman

spectra presented kigure3.3 consst of several underlying stgpectra which can
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be deconvoluted to three major components at 526, 10 cm?, and 480 cr,

originating from the transverse optigahonon mode peaks of thel Si bonds of

large crystal grains (>10 nm), small crystal gsa{<10 nm), and amorphous phase

[69], respectively. Borodoped samples with different amounts of dopant exhibit

different growth kinetics in SP{Z0]. Thus, the higher the boron concentration-in a

Si thin film, the shorter the crystallization duratiolr fhstance, the heavily boren

doped sample (B2000) is almost fully crystallized after annealing for 12 h, while the

lightly doped sample (B1700) is not fully crystallized even after annealing for 48 h

instead it takes up to 93 h to fully crystalliz&gure 3.4). When compared to this

work, CVD-grown hydrogenated-8i films are crystallized after longer incubation

times, i.e. crystalline Raman peak appears only after the hydrogen atoms are

removed fom the lattice $2,53]. Note that, such a crucial hydrogen dissociation

process does not significantly affect the crystallization-béam evaporated non

hydrogenated-&i.
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Figure3.4. Raman spectra of boron doped samples annealed At 600(R)6 h of
B2000 andb) 93 h of B1700.

Furthermore, in the case of fully crystallized samples with different amounts of
boron doping, subtle differences are observed in Raman peak posititutl andth

at half maximum (FWHM) of the crystalline peak at 520%cis described above,

the sample structure consists of three different materials: glass substrate, SiN
coating on glass, and the deposited Si thin film. These layers have differerdltherm
expansion coefficients, which cause stress during the annealing process of the SPC.
This stress is revealed when the Raman spectra of th&Spsgmples are compared

to that of a monocrystalline Si reference sample (denoted crystallineSgi[ 4].

The variations of phonon frequencies are proportional to the magnitude of the
corresponding stress. The FWHM principally reflects the defect density, whereas the
effect of stress cannot be neglected when the lattice strain is substantially large or
nonuniform. With increasing boron doping, the Raman peak around 528 cm
exhibits a shift of the longitudinal opticaltransverse optical (L&'O) phonon
vibrational modes to lower wave numbers with respect to the original position. This
could be indicative o& tensile stregs1,72] caused by boron doping. As shown in
Figure3.5, there is a shift of Raman signal of the doped {8ilgs compared to the
signal of the €Si waferwhich indicates a tensile stress. Moreover, as the amount of
boron doping increases, a further shift is observed which also contributes to the

tensile stress.
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Figure3.5. Raman spectra for8i TOpeaks for fully crystallized samples atdé
600A C wi t h di fferent ef fusion cel | t en
Corresponding peak shifts are indicated.

The shift of the wavenumber of 520.2 ¢iffor c-Si) to 518.4 crrt for B1700 (Shift

1 as denoted iRigure3.5) can be attributed to the thermal expansion induced stress
between silicon thin film and glass substrate. The furthdt §bim 518.4 cmt

(B1700) to 515.9 crh(B2000) (Shift 2 as denoted Fiigure3.5) indicates the change

in the amount of stress induced by the increase in bmrocentration owing to the

di fference in the atbmm)c arnadd isuisl &awho nb o(rlo. nl
However, owing to the fact that even the sample with the highest boron concentration
(B2000) contains 99% Si, the effect related to the chamtyee lattice contraction is

expected to be minimal. Therefore, we suggest that the increase in the boron
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concentration triggers a change in the growth kinetics, which also contributes to the
total shift of as much as 2.5 ¢mvavenumbers when the Ramspectra for B1700

and B2000 are compared. The relationship between the FWHM and the lower
frequency peak shift for-8i wafer and SPC film is shown iRigure 3.6. The
magnitude of the stress can be estimated from the wave number shift of-ih@ LO

peak compared to that of the stre® ¢Si according to Equation Z7].

,-0A 100D ] Al (1)

whereysi s t he wave number odis the wave mimbereok sed s amp
the LOTO phonon mode in stress fre€stc The phonon shift corresponds to the

isotropic part of the phonon shifts obtained in biaxial stress experin¥hts he

change in stress the polySi thin films is found to be 1087.5 MPa when the amount

of boron dopant is increased from cat®(@r B1700) to 18° atoms/cm (for B2000)

(Figure3.7).
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Figure3.6. (a) FWHM changes an¢b) peak shifts of Raman spectra for TO peaks

of ¢-Si for samples crystallized for 48at600AC vs ef fusion cell temp
thus boron concentrations)
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Figure 3.7. Amount of stress calculated from the shift in the wavenumber of the

Raman spectrum for Si crystalline peak with respect tocE28 (contribution of

bulk ¢Si).

In the case obmallgrained polyS i (dxud < 500 nm) ,-TOt he i nft
phonon line increases rapidly with increasing average grain size. Once the average

grain size exceeds 500 nm, the increase in the intensity of the Raman peak becomes

less pronounced. A higherystallization rate leads to a smaller grain size, because
nucleation starts in a greater number of sites despite the same limited amount of

material. Consequently, each crystallite site involves less material.

Furthermore, the overalirystallinity of thin films can be determined from the
deconvolution of crystalline peaks from the amorphous phase in the Raman spectra.
For this purpose, the Raman shift at 520'owras deconvoluted by the process in
Equation (2), which calculates the ext of crystallizatio73]:
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where |5, li, and Ic are the integrated Raman intensities corresponding to the
amorphous, intermediate, and crystalline phases, respectively. The changes in the
Raman crystal fractionaf) with annealing time are presentedRigure 3.8. The
sl ope of the I inear part of the growth is ol
and fcrystal domi M8 kb for@dh760, 1PI6 h®rB180MH B8t ween 12
24 h for B1900, an@i 18 h for B2000. This slope reveals the crystal growéj. [

Thus, it is shown here that fully crystallized samples are achieved for each boron

concentration.
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Figure3.8. (a) Raman crystallinity percentags annealing time at 608 C, (8 n d
growth rate (Raman crystallinity percentage¥ls)effusion cell temperature for
B1700, B1800, B1900, and B2000.The corresponding Raman spectra ardgites
in Figure3.3 andFigure3.4.

Fig. 8 (right) presents the corresponding crystal growth rate which clearly increases
upon boronconcentration. On the other hand, for Ggibwn hydrogenated-&i

thin films, crystallization requires longer incubation times when the amount of
hydrogen increase$2,53]. Since the &i thin films investigated in this work are
non-hydrogenated, crystajrowth is not hindered due to hydrogen dissociation

process. This makes applications with crystallization process remarkably
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advantageous when&i thin films are grown with-eeam EC as compared to other

common techniques such as CVD.

Besides Raman speaticopy, GIXRD with 0.3 degree was applied to investigate the
crystal structure of the fully crystallized bordoped thin film samples with effusion
cell temperatures of 1700, 1800, 1900,
hours at 6§ (Figue3.9). GEKRIbientore appropriate than XRD to
investigate the crystal structure of thin films, since the depth of field through the film
(in this study,180 nm) is established by smaller incident angles (e.g., 0.3 degree)
[61]. As seen irFigure3.9, for all poly-Si samples investigated in this work, (111),
(220), (31), (400), and (331) plane peaks were observed in the diffraction spectra

al

of GIXRD between208 0 degrees (2d). Thus, GI XRD al

in each degree of boron doping. Note that all the diffraction peaks were normalized
to the (111) plaa peak.
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Figure3.9. GIXRD analysis for a powdesi reference sample and fully crystallized
samples of B2000, B1900, B1800, and B1700, which were annealed for 24, 36, 48,
and 93h at 600A Crespectively.

Furthermore, we accumulated GIXRD measurements in order to observe the changes

in silicon lattice constant in the presence of the substitutional boron dopants in the

case of heavily boredoped samplesFigure 3.10 presents the corresponding

Gl XRD spectra which is accumulated 70 ti mes
=68.8 and 70.2 degrees for the (400) plane spectra of th&psdmples. The (400)
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plane was chosen since it is symmetric and gives the best resolution to observe
possible changes in lattice structure. The diffraction peaks at 69.49 degree for B1700
slightly shifts to 69.44 degree for B2000. This could be related to the tensile stress
owing to the increase in the boron concentration. A shoulder peak at 69.72 degree
was observed by Ulyanenkova et &2][ This peak was attributed to lattice

contraction due to the presence of boron in silicon lattice which was not resolved in

our case.

B2000-24 h

Normalized intensity

68.8 69.0 69.2 69.4 69.6 69.8 70.0 70.2
20 (degree)

Figure 3.10. Accumulated GIXRD spectra for (400) plane spectrum for the fully
crystallized samples of B1700, B1800, B1900, and B2000.

In order to investigate the chemical environment of B atoms in thetige, XPS

was employed for a heavily doped sample (B2000) after and before annealing for 24
hours at 6 00 HFgdre 31B @)0adbd)b)).2Thdse spectra can be
deconvoluted into five signals (Gaussian/Lorentzian ratio is 0.8 for each indicated
signal while FWHM is kept constant) with:8binding energies of 193.1, 190.4,
188.4, 186.3 and 183.0 eV. Note that, due to the detection limits &f (XPG°
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atoms/cm), only the heavily boromloped sample (B2000) gave a reasonable
resolution. As seen iRigure3.11 (c), the signals at 188.4 an®3.1 eV are also
observed for B1800. However, due to the detection limit of XPS, the main signals
(186.2 and 183.0 eV), standing for active boron atoms observed for B2000, are not
resolved for B1800. Furthermore, elemental boron (the pure boron whichseads u

as the source in the effusion cell iBBeam EC) was also measured, and the
corresponding XPS spectrum revealed a peak at 188.4 eV as shBgaorie3.11

(d). Thus, the signal at 188.4 eV kgure 3.11 (a) and (b) can be attributed to
interstitial boron in the sample. The contribution of this signal, however, is relatively
small compared to the other deconvoluted lines. Moreover, its ityténdecreasing

upon annealingHigure3.11 (c) and(d)), indicating that the interstitial boron atoms

in the asdeposited sample become substitnél (active) boron atoms. Furthermore,
signals observed at 190.4 and 193.1 eV for either amorphous or crystallized B2000
samples could indicatei® binding p4]. Similar spectra were also observed by
Tsutsui et al.§4] and Hao et al.g5]. In literature there is contradictory assignments

for the other two peaks (at 186.3 and 183.0 eV), attributed to various configurations
of boron atoms inside the silicon matréd[74]. Interestingly, when the XPS signals

of amorphous and crystallized B2000 samples are compared, the binding energies
do not change upon crystallization. Thus, there is no evidence for considerable
change in the location of boron atoms in the silicondettr of an increase of boron
oxide formation during the fabrication process. Hence, this shows that boron
contributes to the crystal growth mechanism without drastically changing its

coordination with silicon atoms.
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Figure 3.11. XPS spectra of a) heavily boralmped silicon thin film (B2000)
annealed for 24 at 600A C  (-$i)pH) amorphous silicotthin film as deposited
(asdep.), ¢) moderately boresoped silicon thin film (B1800) (adep.), and d)
elemental boron (measured from pure boron which was used in effusion cell).

In addition to the structural analysis by Raman spectroscopy and GIXRD, for
potential photovoltaic application, it is essential to investigate the electrical
properties of these samples. It is known that, change in doping concentration results
in change in lectrical properties. As TeBIMS results revealed, the total

concentration of dopant increases by increasing the effusion cell temperature which
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changes the charge carrier density. This directly affects the corresponding
conductivity of the thin film sensbnductor. By currertoltage measurements, it is
possible to calculate the resistivity (conductivity) of the bedoped silicon thin

films B1700 to B2000. IrFigure 3.12, the corresponding resistivity values with
respect to effusion cell temperature (boron concentration) versus resistivity and
conductivity are presented. The resistivity (conductivity) value drops (rises) by
increasing the effusion ceftmperature and consequently by increasing the dopant
concentration in the fully crystallized thin films. Increase in boron concentration
results in a drastic drop in resistivity from orders of 1® the 1. Thus, the

electrical effect of boron dopinganifested itself in the clear change in resistivity.
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Figure3.12. Electrical measurements of the fully crystallized samples with different
amount of boron.
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3.4 Conclusions

In this work, borordoped Si thin fins were prepared by anbeam evaporation
technique equipped with effusion cellseWwhonitor the solid phase crystallization

via a systematical approach with Raman analysis of a series of samples. The gradual
improvement of the crystalline peak through step by step annealing, gave a more
detailed picture of the crystal growthwas shavn that the presence of boron atoms

in &Si leads to an increase in the crystallization rate, which is accompanied with the
development of a tensile stress in the film. Crystal growth is not hindered due to
hydrogen dissociation process, since #& thin films investigated in this work are
northydrogenated. Overall, we show that increase in boron doping increases the

crystallization rate for nohydrogenated silicon thin films prepared bipeam EC.

Moreover, the effect of the dopant concentration i® aéflected in the Raman
spectra, i.e., the change in FWHM and the shift in the crystalline peak revealed the
change in the crystalline properties of p8lythin films, e.g. increase of the stress
valuein the thin films.Owing to the increase in the FWHMresumably, the higher

rate of crystallization originates from the higher amount of nucleation sites with
respectively higher boron concentrations. A slight shift in GIXRD for the (400) plane
was observed, which might be due to the stress caused bgrtreduest atoms in

the silicon host lattice of the heavily bordoped thin films.

We also made use of XPS analysis in order to compare the coordination of the boron
atoms in norhydrogenated boron doped as deposit& thin films and solid phase
crystllized polySi thin films.From the XPS analysis, we observed thatiding
energies of amorphous and crystallized B2000 sample do not change. This indicates
that there is no significant change in theSBcoordination during the crystallization
proces. The electrical effect of boron doping was observed in a drastic drop in
resistivity from orders of 1o the 1 q.cm.
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CHAPTER 4

DESIGN OF PASSIVATING CONTACT SOLAR CELLS

The effective creation of electrdrole pairs upon lighexposure and the simple
transfer of these photgenerated carriers onto an external circuit are key factors in
the performance of TOPCon solar cells. To put it another way, generating high
efficiency TOPCon solar cells may be the consequence of boosengptical
confinement within the absorbing layers of the solar cells and improving the surface
passivating quality. By enhancing the doped giyayer and the ultrghin SiQ
tunnelling layer, the passivating quality of the TOPCon structure may be iethbrov

In addition, lowering the front emitter's recombination current density is crucial to
achieving greater power conversion efficiency. The unabsorbed light from the back
side metallic contact is reflected back into the absorbing layer of the solaincells
order to increase the value efand subsequently conversion efficiency. To enhance
the quality of the front emitter, doped pddy layer, ultrathin SiO; layer, and rear

side light management, we will examine a variety of findings that have been reported

in the parts that follow.

4.1 Tunneling oxide passivating contact components

41.1 Ultra -thin SiOx layer

The quality of the surface passivation, thermal stabibiygd carrier tunneling
capabilities of the ultrdhin SiOx layer may be determined. As a consequence,
several research have been conducted over the years on a variety of topics, including
the best way to build a higluality tunneling layer, the qualitie®eded to achieve

better interfacial passivation, and the effect of pinhole presence on carrier tunneling.
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filn 2014, Moldovan et al. reported that dopefiiad layer deposition followed by

subt her mal treat ment at very hedgltnathhemper atur

SiOx layers grown on planar Si surfadgshot HNO3 oxidation (NAOS)providing
excellent surface passivation quality with andéf more than 720 m¥ [75].

However, textured Si surfaces at the same®@ anneal i ng temperature

significant decline in the interface passivating quality. This result may be attributable

to the textured surfaces developing a-homogeneous tunnel oxide layer.

Finally, by using these variously produced uttnan SiOy layers for the creation of
the TOPCon structure,-mMOPCon solar cells with complete area passivated rear

contacts were created. For the construction of the TOPCon structure, an optimum

annealing temperature of 800AC was used,

24.8 percent at agyof 716 mV.

Typically, with a thickelSiOx layeras dry thermal oxidation (DryOxjust quantum
mechanical tunneling is unable to provide enough carrier transport channels,
increasing the amount of series resistance (Rseries). This led to a lesserdg-F bein
obtained. However, excessive charge carrier transit via pinioleside layer
formed in higher annealing temperaturesiuced the cell's performance. Therefore,

increased cell performance may be achieved with optimal pinhole density and size.

4.1.2 Poly-Si layer

Doped poly Si layer, in addition to the ulttain SiOx tunnelling layer, is crucial to
the TOPCon structure's ability to passivate. The manufacturing technique, doping
concentration, layer thickness, annealing environment, annealing duration,
temperature, and even p@stnealing treatments all affect the pedpes of doped
poly-Si layers. The various actions used to enhance the dope&idalyer's quality

areinvestigaed in thethis section.

One can worry that using the low frequency industrial scale direct plasma PECVD

process to deposit doped silicondayatop ultrathin SiOx tunnelling layer would
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seriously harm the oxide layer, lowering the passivation quality immediately.
However, when thédoped amorphous silicon layer for the formation of the TOPCon
structure was deposited using the industrial $tall@w frequency plasma enhanced
chemical vapor deposition (RFECVD) technique, excellent surface passivation
quality with an implied/oc (Vo) of above 735 mV and an implied FF (iFF) of 87.9%

was realized [76].

The research also showed that coupling low frequency PECVD coated doped
poly-Si layer with a thermally developed uHifain interfacial tunnel oxide layer
produced superior results than mixing it with a chemically created oxide layer. In
contrast, Polzin et al. also achieved almost idehticdings by realizing @doped

Si layer for the construction of the TOPCon structure using a low frequency batch
type direct plasma PECVD techniqUé7].

Sputtering was one of the physical vapour deposition (PVD) methods utilized to
create the doped &ibn layer [/8,79]. By employing a @ngle cosputtering system

with undoped silicon (99.999 percent purity) and boron (99.999 percent purity) as
target materials, Yan et al. createesitu boron doped silicon films to achieve hole
selective passivated connectiolmq79]. AAfter performing a high temperature
annealing stage in a?Nnvironment, the stack of RF sputteretype silicon films

and wet chemically produced ultiain SiOx interlayer displayed intriguing
passivation characteristicstiv a J of less than 20 fA/cf Ultimately, 200sm, 1

g .cm, monocrystalline, fype FZ Si wafers were used to manufacture caem
p-TOPCon solar cells with sputtdeposited doped Si layers. The greatest
conversion efficiency was shown to be as higR&® percent with =701 mV,
Jc=41.1 mA/cn, and FF = 79.9 percent. On the other hand, David et al. used a dc
sputtering machine to create phosphorous doped silicon layers onto an incredibly
thin SiOx layer to create antype passivated contadi79]. Additionally, symmetric
lifespan samples based oitype ¢Si wafers were created, and the maximum value

of iVoc & which contrasts with the median vadugvas determined to be 695 mV.
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Therefore, based on Re¥§,79], we can infer that both-pOPCon and +TOPCon
structures can be created utilizing a straightforward sputtering procedure with
respectable surface passivation quality. Most notably, if sputtering is employed for
the formation of doped silicon layers, usage of hazardous chemicals like silane,
diborane, and phosphine may be avoided. To compete with theobthaart
TOPCon structure with chemical vapour deposited {%lyfayer, considerable
improvement in the pasivating characteristics of the TOPCon structure with sputter
deposited pohSi layeris still needed. So far, we have come to the conclusion that
high temperature annealing is a crucial and required stage in the activation of the
dopants and the crystallization of the doped silicon layer. The thermal budget for
making solar cells is obvisly increased by the inclusion of such a high temperature
annealing stage. Researchers have taken a number of steps in this direction to lower
the temperature of the necessary annealing process and/or develop an appropriate

substitute strategy for achieng the goals of annealing(,81].

41.3 Blistering

Blister formation is another another significant issue connected to the growth of
TOPCon structuresB,54]. Blisters often develop as a result of hydrogen building up

at the interface between the dope8iad layer and th&iOy layer. As the doped-a

Si:H layer loses its hydrogen content during the high temperature thermal treatment,
this hydrogen buildup mostly occurs during the high temperature annealing process.
The development of blisters, which generatesoinbgeneity within the film
morphology, is what causes the passivating quality of the TOPCon structure to
degrade. Therefore, minimizing blister development is crucial to maintaining the
integrity of the TOPCon structure. The necessity of a high temperatmesaling
procedure following the deposition of a doped amorphous silicon layer onte@ a SiO
tunneling layer for initiating the crystallization, according to Li et al., may cause

damage to both the ultthin tunneling oxide layer and the bulk silicon layg2].
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All these parameters investigated in literature by details8f3vhile defects need

more attention.

4.1.4 Defects in the dposited silicon layer

Fundamentallyy oc limiting methods must be discovered if péy solar cells are to
achieve their full potential. Several arguments are being made as tdwbguld

be restricted right now. An abundance of deep defects, including those thought to be
paramagnetic danglirigond (DB) defectg86], has been linked to the electrical
activity of poly-disordered Si's grain boundaries. Dislocations may operate as
shallow traps, which was described by Wong et al. Additional options for
recombination centers include coordinatioamfs or vacancies at dislocations and
structural defects inside crystalline grains (irgrain defects). It is weknown that

the electrical quality of crystalline Si solar cells is constrained by contaminants
introduced into the absorber layer duringwgifo or postdeposition treatments (such

as via RTA or post annealing step). Last but not least, it isastdblished that post

deposition HP treatments cause structural flaws in crystalline Si (e.g., H platelets).

We present quantitative electrparamagnetic resonance (EPR) measurements in
conjunction with numerical device simulations that demonstrat®¥ ghef poly-Si

solar cells based onteeam evaporation is limited by paramagnetic defects in the
absorber bulk, which we assign to deep coordinatedaats, thereby ruling out the
aforementioned possibilities and identifying the dominant source of device
efficiency limitation. Grain size is used as a control to examine the impact of grain
boundary and intrgrain imperfections on the material's elegdticharacteristics.

Our findings indicate that the primary factor limiting the performance of-$oly

solar cells is the presence of paramagnetic defects in the absorber layer, such as DBs

at grain boundaries or in dislocation cofegjure4.1).
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by hydrogenation, and (c) paramagnetic defect states in the bandgap
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Possible defect centers in TOPCon solar cells:

i) Po-type interface defect centerSi{ Sif)): magnetic spin number S=1/R is a
trivalent interfacial Si bounded to three Si atoms in the bulk aymbolizes an
unpaired electron in a dangling Si sp3 hybrid). These defects are known to
compensate donor or conduction electrons in Si structures embedded in or

surrounded by Si©
i) Ejtype defect centers: generally related with the oxygen vacancies (deficiencies).

It is originated fromelectrically neutral Si dangling bond orbital which is closely
coupled to a positively charged Si3{@if + Sit Oz). However,by light exposure

neural Ej center can also be created{Qif), as well

iii) EX type defect centers: depend on the grown oxide thickiéssdefect center

consists of a hole delocalized over four oxygen dangling bonds at Si site.

4.2  Experimental Details

In an ebeam evaporation system, an electron beam heats the target material (Si). In
addition to the deam evaporator, the system has effusion cells, one of which
provides boron (B) doping (EGEBeam system). A feature of this system is that

effusion cel$ enable the direct addition of dopant vapor to the main flux of silicon
beam. Changes in effusion cell temper at |

deposition rate (1 j/s) cause in the chal

In this study, soliephase crgtallization (SPC) technique was applied, which is
commonly used in many similar kinds of research of PV fabrication due to its ease

of use, being contaminatignee, and applicability for films with any thickness. SPC

process depends on annealing time duacdhtion. As known, crystallization of Si

takes place at around 600 AC. SPC proce

several hours to obtain the crystal formation at this critical temperature. First, for
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selecting the appropriate layer of polysilicolsea of samples manufactured on thick

silicon oxide layers. The fabricated 80 nm thick films on oxidated Si cell
Ssubstrates are then further anneal ed at
fully crystallized samples. We found that differenppthg concentrations resulted in
different electrical properties. TeFIMS results give information about the passive

value of the doping level. The active carrier concentrations were obtained from Hall
Effect measurements. It is possible to apply the Tdoicmethod to the absorption
measurement of the UVis measurements for these films and find the change (in

this case increase) in the bandgap due to the increased boron concentration.

After selecting the desired doping level, correlated to the dopantranthe number
of spins (unpaired electrons) were analyzed by EPR. Then, we prepared samples with

the same amount of doping and with different annealing temperatures (600, 700, 800

600

and 900 AC) and characteri zedcetolo®dinr physi ca

an applicable emitter layer of pe§i for the use of TOPCon cells.

As the amount of concentration and region of crystallization temperature fixed, it is
time to apply the poh5i layer on a structure of a cell structure. For this purpose, 4
inches, 200 Om, doubl e s iyeCzpgiwbferswered , t
employed as the substrate. After RCAand RCA2 cleaning steps, single side
phosphorous doping was obtained by PQi@fusion at 940C, protecting the other

side by a PECVD @ated SiN layer. Following the post diffusion cleaning steps,
both hot temperature nitric acid oxidation (NAOS) and dry oxidation at@Q@ere
applied, resulting in-1L.2nm thick wet chemical oxide and43nm thick dry oxide
layers, respectively. Theference samples were kept with RCA oxide tBidayer
deposition and exposed to short HF dip prior to deposition. The deposition of the
films was carried out at a high vacuum level of Trr. For this part of the study
again, 80 nm, highly doped;tppe aSi layers were deposited. The passive dopant
concentration of layers was already measured by using a calibrate8IV&F
system. Crystallization of the deposited amorphous films requires additional thermal

treatment to obtain solid phase crystati@a (SPC). For this study, annealing was
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done for one hour in tubular furnaces underlhvarious temperatures of 800, 850,
900, and 950 AC.
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Figure4.2. Structure of the cells with-poly-Si as BSF atite back of pype Si (left)
and as emitter on-type Si (right)

Annealing at high temperature convertetype aSi layers into gooly-Si layers,
which could then be applied for passivating contact cell structure. The performance
of the obtained pohbi layers was examined both on emitter (at the front side of n
Si) and BSF (at rear side$i) regiongFigure4.2).



4.3 Results and Discussion

As the first stepesults, we found that different doping concentrations resulted in

different electrical properties. TeEFIMS results give information about the passive

value of the doping levelF{gure 3.2). The active carrier concentrations were

obtained from Hall Effect measuremen®&lle 4.1). These results suggest that

boron doped sampleiwt h ef fusi on cel l temperature of
more active dopant.

Table4.1 Passive boron concentration measured by-$WS and active
concentration/mobility calculated from Hdfffect measurement

Passive Dopant Active Dopant €

Sample Tee( AC
Conc. (Atom/cm?®)  Conc. (Atom/cm?®)  (cm?/V.s)

B1800 1800 2.2x 101 4.84x 10'® 2.36E+00
B1900 1900 8.1x 10 3.64x 101 1.57E+01
B2000 2000 3.1x 10° 8.36x 101 1.47E+01

As these layerplannedo use as emitter layers, Tauc plot metheidire4.3) were

applied to the absorption data of the W6 measurements for these films and
increase in the band gap were observed due to the increase boron concentration. In
order to obtain an optimed emitter layer, further investigations applied to sample
which doped by 2000 AC of effusion cell
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Figure 4.3. Tauc Plot for band gap measurements of the samples with different
concentration of boron doping

B2000 samples were chosen for the following measurements since they show
properties with the most effectively doped sample of this set and could be act as
effective emitter or BSF layer for the cells. Correlated to active rdogpaount of

Hall-Effect measurements, we analyzed the number of spins (unpaired electrons) by

means of electron paramagnetic resonance (EPR) spectrosceampndXEPR

spectrum was measured for intrinsic poly y st al | i ne Si sampl e,
doped (sempoly-c r yst al | i ne Si sampl e-crgstalne000 AC
sample Figure4.4).
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Figure4.4. a)X-band CW ESR spectra of intrinsic (without any doping) amorphous
Si reference sample (blue);d®ped aSi (red), borordoped (semi)pohkerystalline

Si (pink), and boromloped polycrystalline Si sample (black) measur@dlOK. b)
Normalized spectra of the data.

It is clearly seen that the intensity of the signal decreases drastically while going

from the amorphous phase to the crystalline phase; finally, the sample that is heated

for the longest gives the least numberspins, i.e., less number of defect centers.

The quantitative spin counting is presented able 4.2. The abbreviati on
poly-Si stands for those samples that are waited ca. half as long as th®i poly

samples. The decrease in the number of spins also holds, when one compares the
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semi @ly-Si vs. polySi samples, i.e., 1.7 x ¥vs. 0.3 x 188, respectively (Table
4.2).
Table4.2. The number of spins obtained from ESR for the intrinsic and boron

doped Si samples. Color codes given in #ide correspond to the colors used in
Figure4.4.

Blue: intrinsic a-Si 258.8 x 168
Red: B-doped aSi 21.1 x 188
Pink: B-doped semi polyc-Si 1.7 x 168
Black: B-doped poly-c-Si 0.3 x 108

Moreover, to understand the origin of the defects, we survey different MW energies

on the detected G valu€igure45). X-band CW EPR spect-ra of
doped samples were measured. The lowest intensity signals measured at a
microwave power of 2mW, highest at 10mW. Typical signs for the defect center,

which can be attributed to the dangling bonds in the interface®iCzis observed.

Upon increasing the MW power stepwise from 2mW to 10mW, the signal intensity
increased, supporting theo-saturatiortlike behavior and suggesting the defect

centers oginate from a delocalized environment, i.e., closer iofar e e 0 el ect r

near the conduction band
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Figure4.5. Survey of different MW energies on the detected G value to understand
the origin of thedefects

It has been found that reducing the number of spins is essential to reach an emitter
layer with a lower amount of defect8q], such as dangling bonds that is directly
correlated with the number of spins obtained from EPR. Hence, higher annealing
processes should be applied in order to obtain an optimized emitter layer. Moreover,
resistivity changes for the B2000 sample prepasedarious durations of annealing
temperatures were investigated. The sheet resistance of these samples was obtained
from four-point probe measurements by averaging five measurements. As shown in
Figure4.6, a shorter duration of annealing in higher temperatures result in increased

electrical conductivity of these emitter layers.

ESR enables one to have a better understanding about the crucial changes in the
electronc structure. The change in thevglue (from 2.006 to 2.005, for quartz and

SiNx coatedglass, respectively) suggests slight changes in the change in the
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electronic structure around the defect centres. In the next period of the project the

effect of thischange in the efficiency will be tested.
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Figure4.6. X-band CW ESR spectrat8 doped sol ar cel

with a thickness of 186m on quartz (red) and on glass (blue).

Moreover, the crystallization conditions are also examined in a detailed way. All the
crystallization fraction revealed from Raman spectroscopy for the amorphous, semi

crystallized and fully crystallized sampl@sgure 4.7). The crystallinity values and

other important parameters of these samples gatheiiebla4.3.
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Figure 4.7. Crystallization fraction revealed from Raman spectroscopy for the
amorphous, sendrystallized and fully crystallized samples

It is well-known that, for intrinsic samples, i.e. without aH or 3P doping,
majority of the defects are originating from Si dangling bonds which manifest itself
with a resonant signal at around g = 2.002907. After doping with'B, a similar
feaure with g = 2.006 is observed in the case of a polycrystalline sample which is

heated at 1708 C .

56



Table 4.3. Doping and crystallinity amount of samples prepared for EPR
investigation.

Passive
s |, | Efson N
Sample Dopant Depostion Thickness cell Concentration Crystallinity
c A (nm) Temp. B (%)
wl aS () (Atom/cm-3)
[Through
SIMS]
Amorphous
0%
i Semi
H'%rc‘)s;éon Boron (B) 5 1000 | 2000 | 29e19 Crystal.
(6599
Crystalline
(999
Amorphous
(0%
Low Boron Semt
Doped Boron (B) 5 1000 1800 1.2e18 Crystal.
(3299
Crystalline
9299
Amorphous
0%
High Semi
Phosphorous Phos‘;,horous 5 1000 850 47e21 Crystal.
Doped (®) (8%
Crystalline
(99%

The gvalues depend on several factors: sample prepareation conditons, sample
history, and material structure. Thus, there is a superposition of dangling bonds in
different surroundings and this leads most often to asymmetric resosigneds

(with a linewidth of 710 G). In addition to the asymmety of the signal, for a sample
which was close to the microcrystalline growth, we have observed an additional
relatively sharp (line width of ca. 1 G) signal which can be attributed to imgsuriti
(originating from e.g!*C nuclei) in the sample which hinder the crystallization. This
factcouldbe analyezed with e.4°C ENDOR, HYSCORE experiments.
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Defect centres, in general, act as recombination centres for excess charge carriers.
Understandingheir location with respect to the band gap energies is essential to
have a welldefined control on the improvement of the efficiency of Si solar cells.
Spintlattice relaxation time (1) of an unpaired electron (in this context a defect
centre) gives infomation about its immediate surrounding. One way to have
information about T relaxation time is to measure the absorption signal under
varying microwave power. If the signal intensity decreases upon increase in MW
power (saturation), this indicates thhetsystem is relaxing slowly, and the total
magnetization cannot be fully recovered during the course of the signal
accumulation. Whereas, in case of an increase upon increase in MW power (no
saturation), the unpaired electron is relaxing fast enouglheh#btal magnetization

i's recovered. A fAboundedo/ Il ocalized el ectro

while a nAnfreeo/ delocalized el ectron |ike th

As a reference measurement, thdbafid CW ESR spectra were recorded for an
intrinsic sample, i.ewithout any*!B or 3P doping. As presented Figure4.8 the
typical signal for the defect centre which can be attributed to the dangling bonds in
the interface of SBiO; is observed. Upon increasing the MW power stepwise from
2mW to 10mW, the sigpl intensity increased, supporting the-saturationlike

behaviour and suggesting@elocalized electran
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increase in microwave power
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Figure 4.8. X-band CW ESR spectra of intrinsic amorphous Si solar cell sample
growntoat hi ckness of 10Om on quartz (Sample
order to increase the number of spins which can be observed with ESR). Lowest
intensity signal measured at a microwave power of 2mW, highest at 10mW.

As shown ifrigure 4.9, both for boron and phosphorous doped amorphous Si solar
cells, the Xband CW ESR spectra reveal a similar behaviour of defect centres upon
increase in microwave from 2mW to 1Wh Hence, in both cases, the unpaired
electrons, representing the defect centres, originate from a delocalized environment,

i.e. moreclosertoaf reeodo el ectron near the conduct
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Figure 4.9. X-band CW ESR spectra dia)boron and(b)phosphorous doped

amor phous

Si solar cell sampl es

gr own

the lowest intensity signals measured at a microwave power of 2mW, highest at

10mW.

The doping level was also correlated with an increase in the ESR signal intensity

without having any change in thevglue Figure4.10). This indicates that the level

of doping

of the highly doped phosphorous samples, the saturation behaviour is achieved at

doesndét change the el
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lower microwave powers (already at65mW). This can be due to different size
and/or elecbnic properties of phosphorous as compared to boron. The latter fact has
be considered and investigated in a detailed manner in the coming period of the

project.

Figure4.10. X-band CW ESR spectra bbron (red, less doped; blue highly doped)

and below phosphorous (blue, less doped; red highly doped) amorphous Si solar cell
samples grown to a thinckness of 10m on
increases upon increase in microwave power f2ZamV to 10 mW.

Dangling bond defects are possibly located at th&8iS; interfaces, crystalline
regions, the grain boundaries, or they are in connection with the impurity atoms such

as oxygen. When the solar cell is doped with boron or phosphorousligdhese
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atoms substitute the Si atoms but also they replace the oxygens and thereby they
repair the defect centres and some of the defect density might change upon doping

and this might have an influence on the efficiency of the solar cell.

dX/dB

dX”"/dB

(@)

Decrease in signal intensity with

increase In microwave power

B doped (high)

“semi” crystal
on quartz
10K

T

3200

T T T T T

3300 3400
Magnetic Field, G

3500

3600

3700

Decrease in signal intensity with

Increase In microwave power

1 uit « M '
W Pt A pa P,
,

B doped (high)
crystal
on quartz
10K

3100

T T
3300 3400
Magnetic Field, G

T
3200

T
3500

T
3600 3700

Figure 4.11. X-band CW ESR spectra ¢f) low, and (b) high boron doped
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cases the highest intensity signals meagat a microwave power of 2mW, lowest

at 10mW.
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Not only the doping (level) but also a transition from amorphous to crystalline
growth has to be considered while constructing solar cells. The above meht®ned
and>'P doped samples were heated furtheBftays and the corresponding¥nd

CW ESR spectra are shownRigure4.11for boron doped (high and low) crystalline
samples and iRigure4.12for phosphorous doped polycrystalline sample. When the
doping level was increased step wise for the boron doped samples, it was observed
that the main ginal from the dangling bond defects (at g = 2.087) correspondingly
decreases and a broader additional signal intensity (at g = 2.064) is increasing. As
discussed above, presumably upon crystallization the dangling bonds are decreasing
and correspondinglyhe signal at g = 2.087 is decreasing, and vacancies are
appearing which is reflected in the increase in the signal at g = 2.064. Interestingly,
the defect centres which are attributed to these ESR signals have a different nature
compared to the ones intnaced above for the corresponding amorphous samples:
Upon increase in microwave power, the intensity of these signals decrease. As
discussed above, this kind of behaviour is associated with a sattliledibehaviour

of the unpaired electron, i.&calized/vacancy related electron near the valance
band
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Figure4.12. X-band CW ESR spectra of phosphorous doped polycrystalline Si solar
cel |l samples grown to a thincknwases of
power of 10 mW (blue) and 2 mW (red).

For the case of phosphorous doped samples, however, there is one more signal
resolved at g = 1.983 which also possesses a satulidgdmehaviour upon change

in power, hence, slowly relaxing. This signal, preably, correspond to a-salled

EX type defect center which is usually observed aroundlges around g = 2, and

the defect centre consists of a hole delocalized over four oxygen dangling bonds at

the Si site.
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Figure4.13. X-band CW ESR spectra of boron doped polycrystalline Si solar cell

sampl es

grown to a thi

nckness

of

10m on

the lowest intensity signals measured at a microwave power of 2mWgshigt

10mW.

The effect ofthree different defects in the boron doped gBiyayer(Figure4.13)
was alsasimulated to find the portion of each defect type inlélyer. As shown in

Figure4.14, additionalof the g values related to the three defect cemteappearing

in the case of samples grown. Tdssignedignals are raltively sharp and they are
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separated evenly from each other which might indicate hyperfine splitting
corresponding to a hyperfine interaction of a nucleus with the unpaired electron at

the defect centre.

g1
defect center 1 A : (simulation)

~
o
n

o defect center 2 (simulation),

3 @ , %)

< - 8

2 |defectcenter 3 /\g/s (smulation) 60 g
2 =

g 3

£ |c1+c2+C3 (simulation) =

&%

w

Q

C1 Cc3

Defect concentration per cn’ x10™

7\ ESR experiment

328 330 332 334 336 338 340
B (mT)

ESR active defects

Figure4.14: X-band spectrum of boron doped p@&ythin film measured at 4 End
simulation of each defect center.

In order to understand the nature of this nucleus (identification of the nucleus and its
interaction strength and inflaee on the efficiency), pulsed ESR experiments, e.g.
ESEEM and double resonance experiments, e.g. EN&QRbe performegwhich

is out of focus of this dessertation.

Overall, it was observed that upon transition from amorphowsy&iallization of

both boron and phosphorous doped Si solar cell samples, the nature of the defect
centres changes from a delocaliié@ electron (with fast relaxation) to localized

like electron (with slow relaxation) behaviour. In the next perioti@fitroject, more

effort will be given in understanding the correlation between this change in the defect

nature and efficiency of the solar cells.
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Figure 4.15. The sheetresistance of the different annealing durations and
temperature for sample B2000 for the fulfilment of SPC with a lower amount of
defects

From this result, we fix the crystallization temperatures for the values higher than
800 AC and f aborthe structuresnoéthe pasaivated centaét cells
described on Figure 1. For these cells, implige(iV oc) values of the samples were
measured using SintaWCT 120 after each process steps on-faificated cell
structures. As shown iRigure4.15, crystallization has a positive effect on most of
the pdoped layers deposited ortype substrates regardless of the interfacial layer
between the Si substrate and p8iyayer on top. Right after the crystallization step,
samples with wet chemical oxide had highes:ivalues compared to samples with
a dry oxide layer. Crystallization at 98C had a negative or minimal effect on
surface passivation with g¢values of 80 mV and 610 mV for dry oxide and wet
chemical oxide, respectively. Additional hydrogenation at@inproved i\4: for

all samples. Additionally, symmetrically deposited Sidlyer on both sides of the
samplesncreased i by 510 mV for both types of oxide layers. Based on these
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results, we can deduce that crystallization at temperatures up € 36ilowed by
a subsequent hydrogenation process andx §&@pping give reasonably good
passivation quality with i¥: of 670675 mV.
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Figure4.16. Implied Voc values through each step of process ftyge polySi on

the ntype wafer with dry oxide (left), wet chemical oxide (middle) and without oxide

layer (right).

The behavior of the i\ for p-type substrates was different than it was faype
substratesKigure4.16). Crystallization of the deposited layers degraded idf all
temperatures with a more pronounced drop for
could be related to degradation of bulk lifetime oftype wafers at high process

temperatures. Forfype substrate@-igure4.17) where ppoly-Si layer was used as

BSF region, samples with dry oxide had better performance with a maximdof iV

680 mV which was 660 mV for wet chemical oxide case. Moreover, sheet resistance

was traed both for POGIdiffused and gpoly-Si deposited surfaces as a function of

crystallization temperature. For both wafer polarities sheet resistance of the POCI

di ffused side reduced from 40 down to 10
temperature. For-pay-Si on nSi, sheet resistance was around&¥l0 1 anS, on p

it reduced from 250 down to 25 Y/T.
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Figure4.17. Implied Voc values through each step of the process ftypp polySi
on the ptype wafer with dry oxide (left), wet chemical oxide (middle), and without
oxide layer (right).

To understand the defects limitinggcWaluesEPR measurements applied to the
samples.Chage carriers play important role in defect structures and the carrier
transport behavior of the whole system. The significant shiftfactpr of n and p

type substrates indicates that both substrates have point defects with different
electronic environma thus the symmetry. The most symmetric crystal is expected
to give gfactors around the similar value of free electrorsZ@d023) which gives

the most significant contribution to the electronic conductivity. Thus one can take
the g value as referenand depending on the spambit coupling the electrons will
shielded from the magnetic field this shielding will cause deviations from the free
electron values either larger or lower magnetic field positions. Since we have here a
typical S=1/2 system suateviations are too small but thanks to high sensitivity of
EPR Nano EMX system that we can observe clear shift with respedarad p type
substrate as g= 2.004 and 1.99, respecti{fayure4.18).

In this step of research, thetype substrate has been used as the substrate of the
different configurations. Nevertheless théype poly Si will be also applied on the
substrate as emgt layer of the potentially designed passivated contact solar cell
device.
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Figure4.18. Magnetic field position shift with respect teand p type substrate as
g= 2.004 and 1.99espectively

In order to increase the kinetic energy of charge carries back surface field (BSF) has
been employed at the back side of the absorber layer. In this work thigps n
substrate. Thus whether the BSF application changes the defect structures or not
could be safely understood and can be controlled. Hrogare 4.19 one can get
following useful information for the substrate processing of the solar devices. From
the baren-type substrate it is necessary to monitor the defect evolution by the heat
treatment. For BSF procedure such heat treatment is necessary for the P atoms to
enter the substrate for the formation of such back field. Thus we first heat the bare
substrated observe the heating effects then we do the similar test by the existence
of POCk gas. Consequently it was observed from EPR that the defect concentration
(observed via peato-peak intensity) is decreasing by the heat treatment. This means
heat somewhdieal the defects in the system. Moreover by the BSF procedure it is
possible that more P atoms incorporate or substitute with Si atoms increased number
of P atoms either substitutional or interstitial will reveal evenyperfine lines

visible in EPR spetra as can be seenhkigure4.19.
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Figure4.19. N-type substrate the effect of annealing and n+ doping for BSF to
trace Phyperfine

Here at this stage three different designs were proposed to correldtg thdues

of defect structures.hereforethe first aim was to measure via EPR the signal of
defect structures and compare the EPR analysis results with the obtained electrical
VocOnes. Wet oxide, dry oxide interfaces were deposited ontygersubstrate as

well as one design was implementeithewut any oxideThus,the effect of dry and

wet oxides was teste&igure 4.20). The designed cells were also given at the side

of the EPR plot in detalils.
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Figure 4.20. Effect of different oxide types on the paramagnetic defects detetected

by EPR.

Figure 4.20 covers all three devices including the comparison with the substrate.

This careful EPR experiment shows how the defects created at every stage of the

Magnetic Field {G

solar cell device production. By this omay extensive control and understanding

of not only the roles of such defect but also get further information on the electrical

properties that are related with the point defects. Following useful information can

be gathered from this EPR experiment.

Tale 4.4. Comparison of gactors of different samples.

g-factor (n- g-factor (p- Ip-p /a.u.
type) type)
n-type substrate 1.9997 30
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n-type substrate 1.9997 - 24
annealed at 850
c/Z ™M KZI
n-type substrate 1.9997 - 16
with n+BSF
F2 (ppoly Sion R 1.9993 2.0060 27
type  substrate
with n+BSF)

D2 (ppoly Si with 1.9996 2.0064 32
dry oxide
interface on n
type  substrate
with n+BSF)

E2 (ppoly Si with 1.9994 2.0067 43
wet (NAOS) oxide
interface on n-
type  substrate
with n+BSF)

p-type substrate - 2.0067 100
annealed at 850
c/Z ™M KZI

At first glance addition of oly Si (F2) on the processed substrate remarkably
changes the shape of the EPR spectra. As it is seen froRigilre 4.20 that an
addtional EPR active center at around g~2 is appe@Fate 4.4). This signal can

be attributed to the -type Strelated bulk defects. This-fgctor value is also
congstent with the gtype substrate. On the other hand, the effect of oxide interface
is highly complicated to understand viakdnd EPR spectrometer due to the
following reasons. The-gnisotropy and the broadening and the overlap all of the
possible defectsomehow hinders the main information that can be extracted from
the EPR spectra. Nevertheless the slight intensity changes indicates that the extensive
defect healing is can possible via addition of wet or dry oxides. Moreover when the
lower field regionof the spectra is magnified (see inset, finthgtor as well) there

is a third defect center arises which stem from the structural point defects located at
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the interface. Overall such defect healing via BSF and oxide layer the electrical

performance of th devices has been improved substantially.

Beyond the specific role of these three defects (which is out of scope for this step of
the investigation) accumulation of the EPR data of n atyp@ substrates with
passivating oxidéFigure4.21) show a fingefprint of the acceptable defects for a
TOPCon half fabricated cell with improvinge.

n+p

dx"/dB (arb.u.)

3400 3420 3440 3460 3480
Magnetic Field (G)

Figure 4.21. Accumulation of the EPR data of n anetype substrates with
passivating oxide

Comparing this fingerprint with the half fabricated cells with different crystallization

temperature present a good tendency with the sample with highedtigure4.22)
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Figure4.22. Comparing this fingerprint with the half fabricated cells with different
crystallizaton temperature present a good tendency with the sample with highest

iIVoc

As the final step, screen printing was applied withAgrand FFAgAI paste on

POCEk diffused and gpoly-Si side respectively. Cfiring was carried out at 94C.

Then, External quantum efficiency and currealtage measurements were done for

the contacted samples. When we check EQE resultsgotygSi on pSi, we can
seethatAnnealig process beyond 800 Afoly®iromsti cal
p-type substrateHigure4.23(a)). While, EQE results for-poly-Si on nSi (Figure

423b) demonstrate annealing process beyon
n-type substrate and there is a significant loss in IR region for the samples annealed

at 950 AC.
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Figure4.23 EQE for ppoly-Si crystallized at 800, 850, 90

at back of ptype Si and b) as emitter ortype Si substrate

It is possible to calculatec.drom the EQE results, which performedRigure4.24.
Obviously, ntype substrates show better performance with higher amount of

generated carriers for all samples comparedtigpp substrate.

p-polySi on p-type Si wafer

T T T T T
- e

p-polySi on n-type Si wafer
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Figure4.24. Jcresults calculated from EQE data for cells withgly-Si as BSF at

Poly-Si Crystallization Temp. (°C)

Poly-Si Crystallization Temp. (°C)

the back of pype Si (left) and as emitter ortype Si (right)
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Consideringigure4.25, in comparing two different substrates with a crystallization
temper at ur epolpSi on&rbype Aubstratgshows better performance
for all samples compared totype substrate. Goparing ppoly-Si/SiCy stack for
dry oxide and NAOS cases, usingg@ly-Si with NAOS significantly improves UV
response compared to dry oxide fetype Si, which is observed for {Rsponse for

p-type substrate sincegmoly/SiOx stack was used as BSF.

100
90}
8ol

_70[
Seof

T
—@— dry oxide
—&#—NAOS
—&— Nno oxide

T 100
—B— dryoxide
—&—NAOS 90+
—&— no oxide

400 600 800 1000 100 400 600 800 1000 1200

Wavelength (nm) Wavelength (nm)

Figure 4.25. EQE for ppoly-Si crystallized at 85 used as emitter ontgpe Si
(left) and as BSF at the back ofype Si (right)

Considering vV measurementd=(gure 4.26), obtained FF values were poor (< 60

%) as expected since the substrates were polished wafers (which hard to make a
sufficient contact attachment) and the highest efficiency value of thk hats ~

10%. The other samples with higher potential did not show any acceptable result,
which could be explained by low adhesion of contact paste withSiay a polished

wafer.
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Figure4.26. |-V measuements for two besesulted cells of each substrate

SunsVoc measurements, along with Values Figure4.27), revealed that pseudo
efficiency valuesKigure4.28) could reach above 15%seudo Eftiencyresuted

by applying d calculated from EQE to 8¢ measured by Sinton Suns\.é®r further
improvement, optimized process parameters will be applied to textured samples. The

thickness would be reduced to 50 nm to avoid recombination sites in th&ipoly

layer.
p-polySi on p-type Si wafer p-polySi on n-type Si wafer
T T T
>
600 - - 600 * 3 -
[a— . P <
4
:\\ e A 5
550 - \ N T ] ssof T ! 1
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o L \ J 8 500 1
8 500 \ A K
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Figure4.27. SunVoc cells with gpoly-Si as BSF at the back oftppe Si (left) and
as emitter on 4type Si (right)
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Figure4.28. Pseudcefficiency cells with ppoly-Si as BSF at the back oftppe Si
(left) and as emitter ontype Si (right)

As presented ifrigure4.26. DSP wafers did nqierform adequately in the first run

due to contacting problems on polished surfaces. Also, we are not acquainted with
proper firing process temperature of contact paste and related speed. Understanding
the performance of single sidepply-Si in the cell gucture could be possible by
finding favorable conditions for forming the contacts in the first place. The firing
process should be applicable to both the emitter and the BSF side. Therefore,
working with the bifacial cell could be enlightening to do arenefficient kind of

cell. The structure of these cells is similar to the first set with dry oxide and NAOS
(Figure4.29).
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Figure 4.29. Structure of the cells with-poly-Si as BSF at the back oftgpe Si
(left) and as emitter onrtype Si (right)

Furthermore, choosing textured surfaces could solve that problem and assist a better

contact attachment. In this case, mvast do investigate the performance giqly-

Si on textured surfaces to choose the efficient recipe foriolgbrication. As all

the i1initial results of the first set prese
investigated. As suggested above, we 50 nm of polySi with crystallization
temperatures of -S8VS @nalgsis df tw® Selected €ampleE shBw

no visible SiQ barrier, but boron leaked through the bulg(re 4.30). Higher

crystallization temperature causes deeper boron diffusion, logically. Seen possible

Carbon contamination could result in severe losses in cell performance.
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Figure4.30. Boron diffusion of boron from-poly-Si to the €Si bulk by applying
800 and 850 AC.

For evaluating primary cell properties, photoluminescence (PL) mapping ard four

point probe mapping could be usefblgure4.31). For obtaining textured surfaces,

CZ 40 wafers had b e etypegndpype SisubsratesfSmglem c hos
side POCI3 diffusion applied to samples to have emitter-aafer and BBF on R

wafer. On the other hand;gmly-Si take the role of BSF and emitter in the opposite

position of these samples, respectivéligure4.31represents a deadbutcome for

Dry Ox on nSi for 850AC, while Dry Ox on pSi shows the best performance at the

same process temperature.
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n+ 800AC p-poly 800AC n+ 850AC p-poly 850AC

Dry Ox on n-Si

NAOS on nSi

Dry Ox on p-Si

NAQOS on p-Si

Figure4.31. PL images and sheet resistance mappings of the dry Oxddaqses
on n/ptype substrates with-poly-Si on the opposite side

Industrial FFAg and FFAgAI paste used for making the contacts. Firing
optimization followed by a combination of three different firing temperatures (930,
940, and 950 At@dnvegonklt speed(408 antl 50@ emem). Solar
Cell Results inFigure4.32 show the effect of crystallization temperature on the p
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type substrate with dry oxide, weh contains gooly-S i

the means of efficiencgndFF.
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Figure4.32. Cell properties of fDRY-8 0 0
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The best cell shows the performance of additional efficiency of 18.04%, consisting

of 16.2% for front contact and 2.3% from the back contact (which multiplied by 0.8

factor in total efficiency measurement) resulted from crystallization

temperatureRigure4.33), which fired at 94@C with 500cmpm. Moreover, samples

activated at 850C were unfunctional (fired at 93 with 500 cmpm) with W :
247 mV, d.: 4.1mA/cn?, FF: 39 and Efficiency < 1%.
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Samples
=> Xtallized at 800°C &

=> fired at 940 °C with 500 cmpm

0.08 . . .

0.06 1 Front side:
_ Efficiency: 16.2 %
< FF: 76 %
g 0041 Voc : 584 mV
3 Jsc :36.2 mA/cm?

0.02 1 Rear side:
Efficiency: 2.3 %
FF: 75.3 %

Voc: 528 mV
voltage (mV) Jsc:5.58 mA/cm?

Figure 4.33. Best cell properties of the sample measured frofnsetup solar
simulator for p+ polySi-Dry Oxide/pSi/n+ emitter structure.

In the set of samples with NAOS passivation on thyge substrate, secoitbst
results achieved for lower crystallization temperatures. The variation of the cell

performance result presentedHigure4.34.
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Figure 4.34. Cell properties of the samples on théype substrate with a NAOS
passivating layer with different firing values.
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The best ell performance of samples with NAOS on théype substrate shows

additional efficiency of 16.75%, consisting of 15.07% for front contact and 2.1%

from the back contact (multiplied to 0.8 correction factor) for p+{8¥NAOS/p-

Si/n+ emitter Figure4.35( a ) ) . This outcome resulted from
temperature, which fired at 950 C with 400cmpm. Furthermore, in the case of 850

AC of <crystallizati on wefficiancytfronethesfrantne f i ri ng
side and 1.1% from the baskde (multiplied to 0.8 correction factor) perform the

total 15.98% efficiency for the cell consisting p+ p8yNAOS/p-Si/n+ emitter

(Figure4.35(b)).

Xtallized at 800 °C Samples

o fromt => Xtallized at 800°C &
0.04 o —0rear => fired at 950 °C with 400 cmpm

Front side:
Efficiency: 15.07 %
FF:74.5%

Voc : 570 mV
Jsc:35.3 mA/cm?

current (A)

Rear side:
Efficiency: 2.1 %
(a) . . . FF:63.6 %
0 200 400 600 Voc : 508 mV
voltage (mV) Jsc:6.31 mA/cm?
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Xtallized at 850 °C Samples
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=> fired at 950 °C with 400 cmpm

0.05

Front side:
Efficiency: 15.5%
FF: 71.6 %

Voc : 553 mV
i Jsc:33.8 mA/cm?

b

o

9
1

current (A)

0.02

Rear side:
Efficiency: 1.1 %
FF:63.1%

Voc : 470 mV
Jsc: 3.7 mA/cm?

0.01 4

(b)

0.0

voltage (mV)

Figure 4.35. Best cell properties of the sample measured frevhsketup solar
simulator for a) p+ poly-Si-NAOS/p-Si/n+ emitter, and b)p+ poly-Si-NAOS/p-
Si/n+ emitter, structures.

In the case of NAOS on the-type substrate, results are generally with low
photovoltaic values. Notably, the side epply-Si showed more share of losses in
the performance. IRigure4.36 represents efficiency, FF oy and J.of the samples
processed with NAOS no thetype ¢Si with various crystallization temperature of

the ppoly-Si.
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Figure4.36. Cell properties of the samples on thtype substrate with a dry oxide
pass$vating layer with different firing values.
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Highest values of cell performance fopply-Si emitter on the#type substrate with

NAOS passivation for crystallization Bigure4.37(a)at8 0 O

Xtallized at 800 °C

0.05

Samples

0.04

0.03
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0.01
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—0—rear

(@)

0.0

voltage (mV)
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0.02

Xtallized at 850 °C
) .

=> Xtallized at 800°C &
=> fired at 940 °C with 400 cmpm

Front side:

Efficiency: 5.7 %
FF:42.7 %

Voc : 454 mV
Jsc:28.6 mA/cm?

Rear side:

Efficiency: 3.8 %
FF:52.1 %

Voc : 443 mV
Jsc:16.4 mA/cm?

Samples

(b)

Figure4.37. Highest values of cell performance fopply-Si emitter on the #ype
substrate with NAOS passivationforr y st al | i zati on

In Figure 4.38, we can see the effect of crystallization on the external quantum
efficiency measurements. The results comparing the crystallization effect for a) p
poly-Si as BSF on 45i with NAOS and DRY @, b) npoly-Si as emitter on+%i

with NAOS and DRY Ox.

voltage (mV)
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=> Xtallized at 850°C &
=> fired at 940 °C with 500 cmpm

Front side:
Efficiency: 1.2 %
FF: 73 %

Voc : 501mV
Jsc:3.33 mA/cm?

Rear side:
Efficiency: 13.7 %
FF: 77.4%

Voc : 565 mV
Jsc:31.3 mA/cm?
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A@Gatabd AC.
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Figure 4.38. External quantum efficiency results for comparing the crystallization
effect for a) ppolySi as BSF on 4%i with NAOS and DRY Ox, b) poly-Si as
emitter on ASi with NAOS and DRY Ox.

There are two primary outcomes from these results. On the one hand, for both NAOS
and dry oxide passivating samples, increasing the temperature of the crystallization
process reducesdltell performance. On the other hand, NAOS passivation presents

better performance compared to dry oxidation.
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CHAPTER 5

BIFACIAL PASSIVATING CONTACT (TOPCON) SOLAR CELLS WITH
TRANSPARENT CONDUCTING OXIDE

51 Introduction

The heterojunction solar cell waitntrinsic thinfilm (HIT) features such contacts and

a record efficiency osilicon based solar cell$iowever, this passivation scheme
cannot withstand temperature above 250 A
end processing like lowemperatureTCO and metallizatioras Feldmann et al.,

presented a2014.The promisingconceptof TOPCon (Tunnel Oxide Passivated

Contact) solar cell technologyuld adopt the TCO layer as well.

As of now, it has been shown that following the sputtering deposititrCofayers,

the carrier lifetime of &6i:H/c-Si heterojunctions drastically decreases. First, the ion
bombardment from Argon plasma is the primary cause of this evénant kinetic
energy is transmitted during the deposition process by strikingathple surface
directly (llliberi et al., 2011). Second, owing to the walown StaeblekVronski

effect of aSi:H, the aSi:H layer is exposed to plasma luminescence, which is also
responsible for the deterioration of theéSeH/c-Si interface (Wolf et al.2011).
Because of the highnergy ion bombardment of the pedy thin films used in
TOPCon solar cells, it is also discovered that the TOPCon structure's passivation

quality has decreased (Feldmann et al., 2014d).

Sputtering at room temperature and sabeat postinnealing are effective for the
excellent passivation quality of&i thin films, according to investigations on ITO
sputtering damage for&i thin films produced by PECVD (Zhang et al., 2011). The
effects of sputtering damage on the TOPCoucstire, however, have not yet been
thoroughly investigated. Therefore, it is important to investigate how ITO sputtering

affects the passivation property of bottype and pype TOPCon. The goal of this
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research is to determine if ITO deposition is resinle for the sputtering damage
to different kinds of TOPCon structures. Additionally, by adjusting the ITO
deposition settings and pemtnealing conditions, the recovery of the passivation
quality of TOPCon is investigated. Finally, owork revealed ou primary

experimental findings about the investigation of TOPCon solar cells' top and rear.

As mentioned, CVD techniques such as PECVD lead to a hydrogerai¢a Si:H)

while PVD techniques such adeam evaporation result in assawithouthydrogen
component. The crystallization kinetics e5aH depends on the hydrogamount
bonded to the Si in the structure. For fulfilling the crystallization process, hydrogen
atoms must break the bond and diffuse out. Therefore, the higher the cdrarentra
of hydrogen is, the lowerontrol oncrystallizationkinetics It suggests that the PVD
producednorthydrogenated@-Si film to be preferable for polgi-based films and

devices.

One of the major important components for the electrical performance of
semiconductor devices is the dopant concentration levels and their depth and spatial
distributions. In this study, activated doping eSafilms and their effect on the
devices were analyzed with Lifetime and photoluminescence measurements. The
correspondig boron and phosphorous doping concentration were explored by
Electrochemical capacitanemltage (ECV) technique due to its accuracy and
dependency on the activated dopatgplied Voc and lifetime values calculated by
using Sinton WCT120 device for each step. Finally, solar simulator measurements

show the efficiency of the fabricatedlis.

5.2  Experimental Details

In an ebeam evaporation system, an electron beam heats the target material (Si). In
addition to the deam evaporator, the system has effusion cells, one of which

provides boron (B) doping (EGEBeam system). A feature of théystem is that
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effusion cells enable the direct addition of dopant vapor to the main flux of silicon
beam. Changes in effusion cell temperatu
Si deposition rate (0O to 0.5 | tr&igns cause
and profiles. On the other hanitlere ar@wo choices of PECVDecipesas seen in

Table5.1.

Table5.1. PECVD process parameters.
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In this study, soliephase crystallization (SPC) technique was applied, which is

commonly used in many similar kinds of research of PV fabrication due to its ease
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of use, being contaminatienee, and applicability for films with any thickness. SPC
processdepends on annealing time and duration. As known, crystallization of Si

takes place at around 600 AC. SPC process
several hours to obtain the crystal formation at this critical temperature. First, for

selecting the apppuiate layer of polysilicon, a set of samples manufactured on thick

silicon oxide layers. The fabricated 80 nm thick films on oxidated Si cell
Substrates are then further annealed at 600
fully crystallized samies. We found that different doping concentrations resulted in

different electrical properties. ECV results give information about the active value

of the doping level.

After selecting the desired doping level, correlated to the dopant amount, the number
of spins (unpaired electrons) were analyzed by EPR. Then, we prepared samples with
the same amount of doping and with different annealing temperatures and

characterized their physical properties as sheet resistance to obtain an applicable

emitter layer opoly-Si for the use of TOPCon cells.

As the amount of concentration and region of crystallization temperature fixed, it is
time to apply the poksi layer on a structure of a cell structure. For this purpose, 4

i nches, 200 Om, doulkema&ptypd €z St vafers wereed, t wo o
employed as the substrate. After RCAand RCA2 cleaning steps, single side
phosphorous doping was obtained by PQi@fusion at 940C, protecting the other

side by a PECVD coated SiNayer. Following the post diffush cleaning steps,

both hot temperature nitric acid oxidation (NAOS) and dry oxidation at@Q@ere
applied, resulting in-1L.2nm thick wet chemical oxide and43nm thick dry oxide
layers, respectively. The reference samples were kept with RCA dkaStilayer
deposition and exposed to short HF dip prior to deposition. The deposition of the
films was carried out at a high vacuum level of Trr. For this part of the study
again, 50 nm, highly doped;tppe aSi layers were deposited. The passiopant
concentration of layers was already measured by using a calibrated ECV system.

Crystallization of the deposited amorphous films requires additional thermal
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treatment to obtain solid phase crystallization (SPC). For this study, annealing was
done fa one hour in tubular furnaces under & various temperatures of 800, 850,
900, and 950 AC.

ITO (75 nm)

p-poly-Si

Si0, (NAOS 1-2nm)

POCI3 diffusion or P implant
Inside silicon wafer

ITO (75 nm)

ITO (75 nm)

BCI3 diffusion
Inside silicon wafer

SiO, (NAOS 1-2nm)
n-poly-Si

ITO (75 nm)

(b)

Figure5.1 Structure of the cells with-poly-Si as emitter on4type Si (a) andn
poly-Si as BSF at back oftype Si (B

Annealing at high temperature convertetype aSi layers into gooly-Si layers,
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which could then be applied for passivating contact celttira. The performance
of the obtainegb-poly-Si layersby eBeam EGvas examinedsemitter (at the front

side of nSi Figure5.1(a)) andn-poly-Si by PECVD a8SF (at rear side-Si) Figure

5.1 (b)).

For making the contacts si@dard 75 nm thick ITO deposited by sputtering and low

temperature HJT past (Heraeus Sol590) was us€8idHScreen with 5BB/pitch,

1.65 mm and fw: 40 Om employed

Drying 183 10 min in BTU Conveyor Belt Faace Then, post annealing applied

at 208 15 min in NUVE Convection Furnace fgeparatelyfront and rearside

metallization steps.

53 Results & Discussion

for

bot h

The fabricated films were analyzed by several techniques in several steps with

differentapproaches. Therefore, | am going to discuss each under some suititles.

the process optimization was not assigned as my work, | just get some standard

samples from thexistingones which generally optimized for HJT cases. The only

importing approach fome is the doping profile. The results represemeigure

5.2.

——nas T T T T T — pasi

Concentration {atormicm?)

Concentration (atomicm?)

Wafer

0 1|3 2.3 ela f-la =It3 eln .fl:n 80 0 10 20 30 40 50 &0
Depth (nm) Depth (nm)

Figure5.2. Doping Profile of a) &Si:H and b) p &i:H by ECV
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i) Hydrogenand blisteringeffect on CVD fabricated films

In comparison of @8eam EC and PECVD fabricated films mentioning the
importance of the hydrogen atom roles in +guirogenated and hydrogenate8ia

through theexperimental results is essential. From Sedani et al. 2020:

- To introducing hydrogen origin of hydrogenate&igaSi:H);

u

AMeanwhil e, CVD techniques, generally,
silicon thin film fabrication which could produce hydenated i (aSi : H) | ayer .
- To introducing the possible effect of hydrogen in silicon lattice and to
clarifying argument about boron activation anbBcoordination;

AMor eover, i n t heSitywmegnatomsaneyodatedaytbebantd e d a

centered (BC) site between B and neighboring host Si atoms, which could result as
boronhydrogen simple complex, namelyBipassivation center. This argument is
also negligible for the case of ntwydrogenated-&i that could reveal a relatively

moreactte bor on doping in silicon host | atti

- To arguing the effect of hydrogen presence in comparison between CVD

grown aSi:H and ebeam EGgrown nonhydrogenated-&i,

AWhen compar ed -gravnhydrogenatedd@ifilkns are@iydiallized
after lnger incubation times, i.e. crystalline Raman peak appears only after the
hydrogen atoms are removed from the lattice. Note that, such a crucial hydrogen
dissociation process does not significantly affect the crystallization-lefam

evaporated nehydrogenated 51 . 0

i) PECVD TOPCon Symmetric Samples for Lifetime Measurements

~

Al n t he -BeansEC fabricatee-3i, it was presented before as the
corresponding crystal growth rate which clearly increases upon boron concentration.

On the other hand, for @¥*grown hydrogenated-&i thin films, crystallization
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requires longer incubation times when the amount of hydrogen increases. Since the

aSi thin films investigated in this work are nrbgdrogenated, crystal growth is not

hindered due to hydrogen dissomat process. This makes applications with

crystallization process remarkably advantageous wA&irttan films are grown with

ebeam EC as compared to ot heThesymmemon techni c

samples fabricated as scheme preseintétyure5.3.

Poly-Si@ different C

Dry Oxide (3 -5 nm)

Poly-Si@ different C

n-type Longi 170/ um
KOH Textured

n-type Longi 170 um

KOH Textured

Dry Oxide (3 -5 nm)

Poly-Si@ different C m Poly-Si@ different C

Figure5.3. Symmetric samples for lifetime measurements.

We know that recortholding TOPCon cell§abricated by PECVD systems with at
least 400°C substrate temperatuseorld widely. In our system, we could not reach
even 200iC generally. | propose dehydrogenatiostep. Due to the literature, 40h

of postannealing at 40@C is the point that H concentration reaches the lowest
amount. On the other hand, after 12h annealing results shows significant decrease in
the H amount. Therefore, two sets of samples comparedeadehydrogenized for

40h while the other on face no dehydrogenation. Then crystallization process applied
for 1 hour on both samples. SEM image&igure5.4 shaws the blistering effect on

the sample which not dehydrogenized.

DehydrogenatedOh @400C Not Dehydrogenated
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800C/1h

825C/1h

850C/1h

875C/1h

*Large scale shown as blistering

was rare
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