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Abstract

Liquid phase crystallization of silicon (LPSI) offers great potentidbr high-quality
Sifilms andacost effective fabrication technique for tlurystalline silicorsolar cels on glass
In this work,we report on the progress on LR{icon at HZB in the past years. Beginning with
a brief description of the fabrication process,suenmarize the work othe different contact
systems developed for these absorbers before focusing on the interdigitdtedobtact
architecture on which the highest efficiencies were reported -&tate art cells form the basis
for a detailed discussion of the status of this technology. We investigate the current loss
mechanisms ancxplore the potentialfor further improwement Finally, based on this
comprehensive quality assessmeve develop a roadmap to increase the cell efficiencies to
waferequivalent values.

Introduction

In this work, wereviewonthe progress on crysliae silicon on glass formed usitigquid phase
crystallization (LPC) method. This technology enables the dipexstth of multi-crystalline

silicon layers on glass substrates as alternative to standard wafer based phatovelfacan

be a consideredsan alternative method to convemtad ingot casting and wafering. In the past
years, a significant improvement in both maximum open circuit voltageparameter for bulk

& surface quality- as well as conversion efficiency was demonstréfigdre 1) Recently, we
showed a new Hmouse ecord of 14.2% on a silicon tezojunction solar celvith interdigitated

back contact (IBC) systefifrinh18]. The application of such a design was made possible by
careful optimization of the materials used for frgite passivation. That is, the lay¢ack
between glass substrate and absorber (interlayer,Thg.focus on this paper lies on the
requirements andomparisorof contact systems that can be applied to LPC absorbers on glass.
First, we describe briefly the fabrication process of the absorbers, followed by a summary of
the morphological and electronproperties This section providethe requirementsn the
confact system, followed by a short overview of the different concepts and results achieved in
the past. Next, we focus on ttiesign rules for IBC cells and present the influence of the contact
geometry on the electronic performance of thesdogs. Finallywe summarizehe current
status of liquid phase crystallized silicon on glassd@iaduss the present limitations. Tdien

is to provide a roadmap for the further development of-SP® order toachieve efficiencies

over 18% on module level.
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Figure 1: Efficiency progress for liquid phase crystallized silicon solar cells at Helmholtz
Zentrum Berlin (HZB) and future roadmap. Inset: comparison of grain structure eSLRith
multi-crystalline wafe(left). IBC cells on liquid phase crystallizesdicon on glass (right)

Formation and properties of LPC absorbers

During the past years, different substrates, deposition processes and materialsestgated

by us and other groupBlentz14, Dorel3jo increase the electronic and / or optical quality of
LPC silicon In this section we first describe the deposition process and materials used for our
current state of the art LPC absorbers. Possible alternatives are described at the end of this
section Beginning with an alkaline glass cleaning step using a aqueous solution of Mucasol®
in a commercial glass washing machine (Miele), a interlayer stack is deposited on the Corning
Eagle XG 1.1mmthick glass substraés by means of plasma enhanced chemicpbiva
deposition (PECVD). Best results are achieusthga triple stack of silicon dioxide (SiO
thickness 220nm), silicon nitride (SiNhickness 65nm) and subsequent plasma oxidization in
N2O ambient to form an approximately 10 nm thin oxynitride lag&®Ny). Whereas the first

oxide layer acts as diffusion barrier, the combination of the nitride and oxynitride prbuities
antireflectiveproperties (AR) atha high level of surface passivatiamombining field effect

and chemical passivatigRreisslel7d. Next, the silicon precursdayeris deposited by high

rate electrorbeam evaporation at surface temperatures of 500°C and a depositiai rate
500nm/min. At this step no dopants are provided to avoid ezosgaminatiorof the deposition
systemwhen switching r or ptype. Instead, absorber doping is provided by subsequent
PECVD deposition of an-8i:H(n or p) layerfollowed by a SiQ capping layer to avoid
contamination of the silicon during melt crystallization. The precursor stack is processed
without vacuurbreak using a Von Ardenne CS400PS integrated PECVD/PVD cluster system.
Next, liquid phase crystallization is performed by scanning a line st@pediode laser with
constant scanning speed of 3 mm/s over the preheated glass substratesysiétiéization the
silicon oxide capping layer is removed using hydrofluoric acid and approximatelyn3@d

the top silicon layer is removed using a combination of phosphaitdc-, and hydrofluoric

acid ("poly-Si etchH) to remove segregated imjtigs that might have formed during
crystallization. After this treatment, the samples receive a plasma hydrogenati@osks109]

to passivate bulk defects such as dangling bonds and further enhanesdeopassivation.



Plasmadamage is removed bysecond polySi etch stepFor lighttrapping, the surface is
textured using a simple KOH based treatment to form random pyramids.

Table 1: Comparison of different precursor layer stacks and cells re€BHg: silicon
heterojunction, DJ: diffused junction)

Interlayer | IL contactsystenr Absorber Voc Eff Junction Ref
stack deposition doping max. type

[mV]
ONO PECVD IBC n 651 13.2% SHJ [Sonntagl7]
ON PECVD IBC n 642 12.5% SHJ [Preisslerl7b]
ON(ON) PECVD IBC n 654 14.2% SHJ [Trinh18]
ONO PVD FrontERA n 632 11.8% SHJ [Amkreutz14
NO(ON) PECVD PCS n 649 12.1% SHJ [Frijnts15
ONO PVD PCS p 585 11.7% DJ [Dorel3
NO(ON) PECVD FrontERA p 618 11.8% SHJ [Frijnts19

This finalizes thebsorber preparation process. Possible alternatives to this process chain used
by HelmholtzZentrum Berlin or other groups include the usage of Schott Borofloat®33
3.3mm substrateBVeizmanl15] PECVD deposition of thénterlayer stack an@morphous
silicon absorberat low temperatures and subsequent annealing [Gabriell4, Calnan15]
deposition of asinglesilicon nitride passivation laygPlentz14. Table 1 summarizes these
alternatives, achieved open circuit voltages and cell efficieri8eferewe corcentrate on the
contact systemdesign the absorber morphology is addressed. Fig@reshows a
photoluminescence image of a LPC absorber. The grain structure is clearly visible by grain
boundary recombination. The grains itself show a very low amountt@grain defects
[Steffens14] Numerical modelling of test cells and fitting of the measured internal quantum
efficiencyrevealed a diffusion length above the absorber thickosssllybetween 10 and 30
micrometersand a very lowfront surfacerecombination velocitybelow 200 cm/s. bBwever

aside from grairboundaryrecombination, regions with a high amount of stacking faults and
recombinatioractivity (black circlesin figure 2) are presenf detailed investigation by light

beam induced cumg (LBIC, [Sonntagl7b] and electrorbeam induced current mappings
(EBIC, [Seifertll) revealed a significantly lower effective diffusion length below 2
micrometers in these region$&So far no dependency between grain orientation and
recombination activityvas determined. The grains are mostly random oriented on the substrate
surface (5x5 cm or 10x10 cm) with a tendency towards (100) orientation. This tendency can be
enhanced by finéuning the crystallization parametdesihnapfel13. Measurements of the
surface roughness revealed a macroscepiMinessn the mm rangef the glass due to stress
release during crystallizatiomith an amplitude of approximately 100 micrometers.



Figure 2: PL image of a liquid phase crystallized absorber to illustrate gpaimdary
recombination and regions with high recombination activity due to stacking faults (black circles
in the figurg.

Contact systems for liquid phase crystallized silicon

Based on the electronic and morphological properties of LPC absorbers presented before, the
perquisites for a suitable cedhd contact system are discussed. Probably the most obvious
requirement is a singleided approach because after LPC, shieon-glassinterface is not
accessiblg(figure 3) For technological and practical reasons, the illuminationith one
exception— will occur from the glass sidee. superstrate illumination. As the implementation

of a frontemitteror BSF or transparent froebntactis technologically challengingnd was

not successfully demonstrated ,yat cell concepts and contact system exhibit a {pac&tion

This rendeedthe frontside passivation the most crucial parameter to work on in the past and
explairs the largg amount of work on suitable interlayd3orel3, Amkreutz14, Plentz14
Gabriell4, Calnanl3reisslerl7a, Preisslerl7iue tothe characteristic diffusion length of
minority carriers inthe absorbelayer, the emitter to BSF ratio has to be as largpassible
(typically above 9%)to minimize electrical shading hismoves BSF passivation quality and
contact resistance into focus for all approachAdslitional technologicathallengesrepresent,

due to the imperfect surface flatness of the glassmsues after crystallizationvhich reduces

the minimum feature size using photolithography to abomit@ometersAlternatively, these
challengesan be circumvented usimgherstructuring methodsuch agaser ablation 0ink-

jet printing[Weizman15Dore13] Anotherissueof LPC absorbers is the occasional occurrence
of cracks parallel to scanning direction. These cracksypreally between inmand3 mm in
lengthand render point contact systems (like PRECAStangl08) a suitable choice due to
high shunt tolerance. However, it was found that fidggsed contact systems can be used, if
the fingers are aligneggaralleltos canni ng direction. The first
for LPC silicon was initially developed by CSG solar for SPC nadt§Green04]and later
modified by UNSW to fulfill the needs of these multi crystalline absorfi@esel3] This
pointcontact systeniPCS)makes use of infet structuring for absorber and emitter contact
and the contact pitch is defined by the nozzlaceng of the applied print head. While cell
efficiencies up to 1Y% were demonstratday Dore et al. [Dorel3jproblems with the stability

of the absorber contact were fousmd successfullgvoided by a subsequent lasdiring step
[Weizmanl4]of the absorber contact. Laterreplacement of the injet process by all laser
processingvas demonstrated by Weizman et[#eizmanl5]and delivered a cell efficiency

of 11.5% As alternative, two fingelbbased contact systems were develogeddlZB during the

past years. Initially developed abifacial contact system, the so called FrontERA concept was
introduced by Haschket al.[Haschkel3]FrontERA makes use of two vertically aligned grids



for absorber and emitter contacting thatiasilatedusng organic resinlf used in superstrate
configuration only, a white paint can be applied as rear refladawever, athe current state

of surface passivation qualitiie bifacial approach can be omitted in order to reduce process
complexity. Especiayl the absence of an organic resin as insulator, which imposes additional
processing and ability issuesand the lower complexity gavese to thedevelopmenbf an
interdigitated bacicontactsystem
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Figure 3: Cross section of thiareecontact systems applied to liquid phase crystallized silicon
on glass: FrontERA bifacial contact system (left), point contact sysB@GS,(middle),
interdigitated back contact systeiBC, right)

Interdigitated back contact cell design for LPC-Si

An IBC-SHJcell desigrfor LPC-Si was first introduced by Sonntagal.[Sonntaglh At that
time, besides immature dielectric interlayers (ILs) engineering;3BQ fabrication process
was not fully developedlhere are various obstaclés the fabricationprocess The first is
patterningof the BSF structurewhich is almost one order of magnitude narrower than for
typicalwafer cells due to the lower diffusion length_LPC absorbersSothe BSF width {Vesp)
should be asmallas possible to preventinority carrier loss athe BSF. At the same timag
should be large enough to prevéfitoff of the ITO/silvercontact of BSF during fabrication
processand provide areliable ohmic contact to the absorber with low series resistance
Therefore,a pitch of 600 um withWisr of 60 um was chosen fahe first cells. The second
obstacleis backside surface texturing. Sindbe absorbers multi crystdline silicon the
surface after texturing includes pyramids, tilted pyramiddadrstirface depending on initial
crystalorientation. Inhomogeneity ahe texturel surface can lead to inhomogeneous surface
passivation anglarying contactesistance. Althougtheinitially obtainedfill factors (FF) for

the IBGSHJ cellsshown in [Sonntagl5jvere lowerthan 60 %the high values for the short
circuit current densityJs) andopen circuit voltagéVo) illustratedthe potential of this type of
cell on LPCGSi on glassLater, cells with 13.2% efficiencyand FFs of 69% and 75% were
achieved for 13 pnthick LPGSi absorbes, with bothhigh and low domg (Np of 1.2x10°

and 1.2x18 cm®), thanks to optimized contact geometry, and development in ILs engineering
[Sonntagl}. A larger ptch of 1200 um and emitteroverageof 0.9 were chosen for contact
design since it gives the stecompromisebetweenresistive loss andbss due tcelectrical
shading compared to the former cell design. Besides, using-imefaée tetramethw
ammoniumhydroxide (TMAH) 2.5% solution for etching-8i:H (n") BSF and developing
during photolithography process for these cells has advantage of less contarfilizdtai®?2] .
However, analysis of light beam induced current (LBIC) imegealed only poocurrent



collection under BSHingers even at areanearthe emitterwhat means that LP<i/ BSF
interfacepassivation is still insufficiefiSonntag17, Sonntagl7b]

Based on this IBESHJ fabrication process, wecentlyreportedcells with14.2 %efficiency
for medium doped LPGi absorberNp of 8x10° cm®), usingthe same contact geometry
[Trinh1§. For this cell,Js, Voc andFF are 29 mA/cri, 650 mV and 75 %, respectively. The
higher efficiency obtained is due tmptimizeddoping concentratiorfine-optimization of the
SHJ deposition procesand improvement in ILs engineerinig particular, SiQ'SiN/SiO«Ny
(ON(ON)) ILs, in which SiQNy wasformed by plasma oxidationesuledin enhancement of
front surface passivatiand bulk qualityPreissler1d]. Front surface recombination (Skow)

of 100 cm/s and bulk lifetimetduk) of 12 pus were estimated for this LP8 absorberThe
effective diffusion lengthl(er) is estimatedo 26 um which is twicethe thickness of the
absorberThe alculated series resistance of this cell is Dt&? which islower than thabf
the highly doped 13.2 % efficiency cell (1.3%nv), indicatinga significantly lowercontact
resistance.
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Figure 4: Js, FF, Voc and/10f IBC-SHJ cells withWssr of 60 (black diamondsand 120 pm
(openred dots)s functions oflopant densitip. (measurements without AR fpil

Based or2D simulatiors it is concluded thaffor the IBC cellsa BSF widthof 60 umis ideal
becausét balance between shading loss and resistive [d3s1h18. However this parameter



depends on théoping concentrationf the absorber~orthelow dopedcase whereJscis high
due to higler bulk lifetime and correspondinglyhigher diffusion length the maximum
efficiency is mainly limited bythe FF due to contact resistancéhus a Wasr of 120 um is
better suited for this dopant concentration to redwostact resistance~or higHy doped
absorbes on the other handt is possible to obtain highil factors evenfor lower values of
Wksk, but for this caseegfficiency is limited bydse. Fora full understandinggellswith Wask of
60 and 120 umvere prepared forarious doping concentratienTo vary doping conceration,
doped source layers-@&:H(n+)) were deposited with various phos@flow rates of 0.2, 0.3,
0.7 and 1 sccm. Absorber preparation and cell fabrication process are the sqiSerastagl7,
Trinh1§. Figure4 (a)(d) showvs short circuit current density, fill factor, open circuit voltage
and efficiencyof IBC-SHJ cells as functions ofNp. One can see thd: decreases andc
increasewwith increasing\p, as expectedlhe FF also increases withlp due to decrease in
bulk resistance, especially fassrof 60 um.The arerageFF for cells with higher BSF width
is higher. The difference in averag€& of these two cell types becomes smaller wNeris
high, indicatingthat bulk resistance plays an impant role in series resistance whip
decreases. Consequenttig efficiency, /1, of cells with Wesrof 120 um is higher than that of
cells with Wesr of 60 um for lowlydoped cells. For hightdoped cells/lis in same rage for
these two cell types. On the average, leddyped cells withWesr of 120 umhave higher
efficiency than other cellslue tothe advantage of higlis;, less scattering and reasonable
This results suggestisatlower doping levelis the best choice for further investigation.

In this batch, we are able to achieveeryhighfill factor of 78.6 % for a highlydoped cell Kb

of 1.2x1G" cn®) andwith Wesrof 60 pm A conversion efficiency af4.1 % is obtained an
antireflective foil to reduce glass reflectivity and thus enhance light trapping is. U$ed
corresponding-V curve and parameters of the cell are showiiguare 5 (left) andcompared
with the previouly published 14.2% efficient ceh [Trinh18]. The @lculated series resistance
amounts t00.9 Qcn?, obtained bycomparing dark and illuminate#V curves according to
[PyschOT.
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Figure 5: Left: }V curves of the highest efficiency cel@ell 1: highly-doped withWssr of 60
pm (black); cell 2: medium dopeédissrof 120 um (red) Trinh1§. Theoreticall-V calculated
for Np of 3x10® cm® following Ref [Richter13]are also showrRight: EQE and IQE curves
of thehighestlsc (29 mA/cn¥) cell with Wesrof 120 um and\p of 3x10*° cm®. The curves for
the best efficiency ce(tl4.2%)with Np of 8x103° cm® are shownTheoretical EQE calculated
following [Richter13 (right)



This low series resistance is not only attributed tohiga doping concentratigtut also the
fact thatthis cell exhibitsan improvedsurface textu, compared tdhe 14.24 efficientcell
with a BSF wdth of 120 um[Trinh18], resulting ina lower contact resistanaue tolarger
contact aredfigure 6). However,anincrease in back surface area leadstoea in surface
recombinatia, therefore, this cell has low&k: andJsc than expectedlhe hgh FF of 78.6 %
demonstrates a great potential for H3€lJ cells on glass, indicating optimization of back
surface texturing process is a possible way tthéurincrease cell efficiency.

Figure 6: AFM surface micrographs ofl{1)surface pyramids of 14.2% efficiency cell with
FF of 75 % (left), (111)surface pyramids of 14.1% efficiency cell wik of 78.6 %(right).

Potential of liquid phase crystallized silicon on glass

Based on the experimental resyltesented in the previous sectiare discuss the current loss
mechanisra of our cells Approaches to tackle the peses limitations are discussedhis
discussion forms thieasisfor an efficiencyroadmap to harvest the full potential of LPC silicon
on glass.

Short circuit current densitipsses

In additionto the experimentalJ-V parameters of our best cellsgdre 5 also shows the
theoreticalJ-V and EQEcurves calculated followingefererte [Richterl3 assumingonly
intrinsic recombinationTwo optical cases were considered: Fidgal optical properties, i.e.

no front reflection ancdassumingLambertian randomizing light trappindrichter13 (blue
dashed curve in figurg). Second, with optical losses extractemm GenPro4Santbergenl7]
optical simulationdgor the full cell stack (fass/ILs/textured LP&Si/aSi:H(i/p)/ITO/Ag). For

this case refractive indexrf) and absorptiogoefficient(k) of SiNx, SiO,, SiONy, a:Si:Hand

ITO films were determined by using spectroscopic ellipsometry. For other layers, data were
taken from literature[Cushman16, Green08, Johnson{titack dashed curve in figugg.

For acell with thickness of 13 prandandNp of 3x10*® cm3, the theoreticakfficiency of an
ideal electrical and optical cedimounts t®27% with correspondingsc, Voc andFF values of

40 mA/cnt, 779 mV and 8%b, respectively. If optical loss is taken into account (i.e. only light
that is actuallyabsorbedin Si generates photocurrent), calculat8dis 22.3 % with
correspondingse Voc andFF of 33 mA/cn?, 775mV and 87 %, respectively.



According to Sonntagt al.thecurrent loss due tgain boundaries and dislocation rich regions
is round 11% to 14 % [Sonntagl}. This leads to a decrease Jg to a value 0f34.4- 35.6
mA/cn? without and 28.4- 29.4 mA/cn? with optical loses Externat (EQE) and internal
quantum efficiency (IQEof one of the fabricated cells witligh Jsc (29 mA/cn?) and aBSF
width of 120 pmis plotted infigure 4, right As shown, a maximum IQBEf 0.86 is reached.
Compared to the cell wittihe best efficiency(14.2% [Trinh18])this illustrates a significantly
higher bulk lifetime due to eitinebetter intragrain quality orreduced grain boundary
recombinationThe experimentalsc of 28-30 mA/cn¥ for cells with lowly-doped absorbegas
displayed infigure 4) suggests that for doping levisb of 3x10° cm3, Lest shouldbe high
enough tacollect carriers at BSF region. Therefore, the electronic properties of the cells with
this dopant concentration are assessed in the followirgeneralmostminority carriers will
reachtheemitter, if

Leff 2 \/%WBZSF +dg,

wheredsiis Si thicknesgequal to 13um). Hence, forefficient minority carrier collectionl_ess
should bdarger thar61 pum and 331m, for Wesrof 120 and 60 pm, respectively. To estimate
Lert of the samplesTCAD-Sentauru8? was used to model cell performance, especiilly
based on thearrier generation profilehat wascalculatedfrom the Si absorption spectra
extracted from GenPrddollowing the method described ifTrinh18]). Next to the generation
profile, SR\ont Valuesmust be considered to evaluatiee absorber qualityproperly These
values were extracted by fitting the obtained\dand QE results obtained on test cells using
numerical simulations e.g. [Sonntagl 72D-simulatiors of the besperformingIBC cdls also
suggestd SR\ont Of 100200 cm/s for ONO and ON(ON) ILsPfeisslet7b, Sonntad?7,
Trinh18. Therefore,SR\fontof 100 cm/s vaschosen to estimate the lower and upper limits
bulk carrier lifetime(Wuk) for current state of absorber qualityuk was varied untilb Jsc of

29 mA/cn? (the highest experimental valuad 265 mA/cn? (lowest experimentalcs value)
wereachievedAs resulta bulk lifetimeof 3.7usand 1.1 psre obtained, correspondingan
effective diffusion lengttof 46 and26 um, respectivelyAs indicated aboveherequiredLes

for full carrier collection athe BSF for cellsWssrof 60 pmwas estimated to 33m, which
couldexplain that large number afells withBSF widthof 60 pmwere found to havés. close

to the expectedvalues However, forthe cells withWissrof 120 pm,the requiredLes was
estimatedto be61 pm which is larger thanthe experimentally determindds, which may
explain that for these sampléswas found to béower than 28nA/cn?.

Figure 7 showsthe expectedscas functionof SR\ontandWuk of 1.1 and 3.7 udor IBC cells
with dopant concentratioNp = 3x10* cm® and B width of 120 um.Onecansee thatls
starts tadecreasstrongly wherSRVont is larger thar200 cm/s, marking thstartingpoint for
domination of front surface recombination on cell performance. 3RWont < 200 cm/s,
variation in Jsc is not significant, indicating cell performane® limited by bulk lifetime.
Therefore,improvement in bulk quality is necessary to gain the maxindsfor cells with
Wasrof 120 pm.
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Figure 7: SimulatedJsc as functions 0SRViont at Wuk of 1.1 and 3.6 us for cells witNp =
3x10% cmr® andWkse of 120 um. Daskdlines indicate minimum and maximum experimental
short circuit current density

Short circuit current density and open circuit voltage

Based on the experimental and theoretical results presented Bhfotesircuit current density
is limited byabsorbembulk quality rather than fronside interfacerecombinationTo further
increase cell efficiency fdhe current statef-the-art absorber qualityone important target is
to improve passivatioat the absorber contaéts mentioedabove, LBIC image indicates that
only little current was collected under BSF regigmobablydue tothe missinga-Si:H(i)
passiation layer. Althouglscvaluesarger thar28 mA/cnt wereachieved fosomecells with
low dopingand Wasrof 120 um, lowetsc values were obtained for almast cells, implying
that photegeneratedcarriers are not fully collected they generated in th8SF region.
Implementation o& passivation layer to improve back surface passivaboid beconsidered
We have attempted to passivate BSRbgSi:H(i). However, Sshapel-V curveswere found
in the corresponding cellé possible explanatiofor S-shapel J-V curves for heterojunction
cells has been reportedtime literature[Lull, KanevceOR focusingon theemitterregion in
which thickness and bandgap efaH(i) play animportart role in controlling valence band
offset,andtunnel junction forminority carrier transport. However, in our casestapd J-V
curves appear onfpr thecasewith BSF passivation. One possilbbéason is incomplete etching
of aSi:H(i) during BSF patterning due to inhomogenelaysrthickness. Since we used KOH
basedetching, surface morphologyf LPC-Si includes pyramids, Ited pyramids or planar
surface Therefore, théhickness othese ultrathia-Si:H films areprobablynot uniform orthe
sample surface. In our investigation, we used factor of 1.4 to estimzkedbs of thin film on
textured LPCSi, i.e, 10 nm thicka-Si:H (i) film on planar Swafer was extrapolated to baih



on textured surfacédr asiliconwaferafactor of 1.7 is commonly use®[ibet0g). Therefore,

the patterning process tie BSFlayerwith a passivation layer should lwarefully studiedIt

is found that for deposition of a:8l film on textured surface, epitaxial growth and/or formation

of cracks in &i:H film can occur at the pyramid valleys, which is detrimental to device
performance [Lienl5, Fresquet09]The influence of pyramid size distribution orSaH
passivation has investigated by Stegemeatnal [Stegemann3 The study suggesthatthe
fraction of small pyramiglshould beminimized in order to achieve good surface passivation.
Therefore, development of texturing process pamisingway to meet this requiremerin
addition, rounded pyramids are beneficial for increasing surface passivation, since void
formati oanl laety st’"heor” vt i ps
a textured surface before and after wet chemical etching agungpus solution consisting of

HF, HNG;, and HPQ..

Figure 8: SEM images of a textured LPSI on glass (a) before antd)(after wet chemical

etching
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Concerning the deficiency in open circuit voltage compared to the theoretigahum given

in figure 5, the situation isequally complex as forthe current density According to our
simulation in previous literatures [Amkreutz14, Trinh18], a defect layer neebdethtooducel

to get the best match between simulated and experimental 3. In order to estimatéhe
expected V. for thecurrent state of absorber quality, -2Dnulatians for IBC-SHJ cell without
this defect layer athe SHJwereperformed. For this simulation, doping dependent Shoekley
ReadHall lifetime was estimated based on Scharffeter model [Fosqum82

— l‘max B [min
[bulk - [min + o g
1+ SNotN, D+NA8
(i:e Nref 9
whermgs @ and y = 1 Nad 7.5x10%cené wlas éstimatedSar LPSi

[Trinh18]. T wa values were taken into account. One is 2.4 us whmhmespondgo
estimated bulk lifetime of 1.2 us for absorber quality of 14.2% efficiency cell [Trinh18].
Another is5 ps which results in the upper limit bulk lifetime of 3.6 us Kerof 3x10° cm,

as shown in figure7. A constant front surface recombination velocdf 100 cm/s was
implemented into the simulation. Ftire back surface, a SRV of 5 cm/s was used. Carrier
mobilities of LPGSi were assumed to be at 80 % of carrier mobilities of meBioThe result

of this simulationprovided in figure9 in which the expected voltages for a real IBC cell
including recombinatio loss is depictedOne can see two major issues. A discrepancy of
approximately 10mV between the average and the maxiexperimentabpen circuit voltage
and anothetOmV-30mV* | olsetsvéen the maximum experimentak¥nd the expectation
from simulaton for the differentvalues oftmax Thefirst finding canbe attributed e.g. to a local
variation of the surface quality duegmain orientation and therefore tilt angles of the pyramids.
However, as we observe an almost constant differémcepen circuit voltage between
experimental maximum and predictjiadhe assumption of a negligible recombination at the ¢
Si (n) / aSi:H(i/p) interface might not be valid. This brings surface preparation before SHJ
deposition into the focus for future improverheks for BSF passivation this defect layer could
have its physical representation in inhomogeneous layer growth ofShei(@ layer due to
surface morphology or insufficient cleaning of the silicon surface before depogitiother
cause for imperfeins at the interface could be the incorporation and segregation of carbon
and oxygen related impurities [Beck& Amkreutz17] However, as for the current density the
improvement of the bulk quality promises a significant increase in open circuit viutages

660 mMV—670 mV.

Resistance lossand fill factor

Our calculatios indicate that more than 90% séries resistanc®) is contributed by contact
resistance, mainly dahe BSF &Si:H(n")/ITO/Ag) contact due to low contact arézurrently,
asdescribe beforan increase of thBSW widthwill cause electrical shading due limited
effective diffusion lengthTherefore, gossible way to reduce contact resistance at BSF region
is use nanarystalline (nc)Si:H(n") since it has higher conductivity tharsaH(n") [Frijnts17].
However, it is necessary to passivate LBiGurface with &5i:H(i) passivation layer before nc

Si (n") deposition to prevent formation of carrier recombination center at3iPsLirface.



Besices, for aSi:H(p)/ITO/contact, doping concentration and thickness are critical for device
performance since they govern carrier transport by -adénd tunneling through-a
Si:H(p)/ITO interface[Kanevce0). As mentioed above, due to surface morpholodie
thickness othe a-Si:H films varies on textured surfapesing achallenge tdhe optimization
of thefilm thickness. In order to overcome this problammiform texturing technique for LRC
Si, such as wet chemical etchimgon etching withamaskmay be attractiveptiors. Recently,
Stanget. alreported thator waferbased Si SHJ cellshe useof Al instead ofan ITO/Ag
contact resulted in an increaserdf from 69.8% to 78.7% witthe assistance of an effective
annealing stepStangl]. However using evaporated Al is not suitable the LPC-Si cell
design since its adhesids not good enough fdine structuring process with smaMssrof 120
pm or lower. Moreover, it is better for LPGi to use ITO/Ag contact since light trappisigce
plasmonic scatteringt theback reflector is more effective for thin film absorlj&ijk16,
Holman13.

Tackling the ptical loss

So far we reported othe loss in sk due to recombination. Nowe discusghe potential to
reduce the opticabssesThefirst stepis to optimize theantireflective propertiesf the current
interlayerstack According toa TEM imageof the best ILs of ON(ON}hethickness of these
films are 55 and 9 nm for SiNand SiQNy, respectively Our gptical simulation fora
glasgILs/LPC-Si/a:Si:H (i/p)/ITO/Ag sample witltextured back surface indicates that 75 nm
is optimum value fothe SiNx layer. By increasinghe SiNyx thicknessa potentialJsc gain of

0.6 mA/cnt is calculated

The Genpro4 simulation furthermore reveals 194 mA/cn? loss due to ITO absorption
[Trinh18]. Optimization of ITO thickness and transparence of the film with reasonable
conductivity can improve infrared light absorption in absorbHervever the potentialJsc gain

is less than inA/cn?. In order to geahigher Jsq, close to theoretical valifer a 13 micrometer
thin absorbe(40 mA/cnt), light trapping/incoupling schemeisicluding two sided texturese
more effective.The impact of a excellent light trapping schen@obtaina highshort circuit
current density can be sear £xampldén [Green09] where & of 29.5 mA/cn? was reached
for 1-2 um thick SPGSi on glass by a combination ofxtared glass and back reflector.
However,the implementation of front side texturing is @#i using LPC absorbers as grain
growth can be affected by steep features of a given tefRmeidell5] Furthermore,
inhomogeneous interlayer deposition by fommformal growthor porosity of the deposited
layerson textured glassan results in deteriation of theabsorber qualitypy increased out
diffusion of metal impurities in the glass. Nevertheless, LPC on textured glassesrieased
successfully on a specially designed textdites modulated surface textuidST) developed
by TU Delft [IsabellalOJusessmall as well as largieatures thatvet chemically transferred
directly into e.g. Corning glasShe texture is rather smooth, yet provides a significant
enhanced lighihcouplinginto the siliconfKoppell7] In addition, font surfaceexturing using
nancimprint SiOx filled with optically contrastingl'iOx, rendering the layer optically rough but
morphologically smoothréferred as Smooth ArReflective ThreadimensionaSMART
texture has been successfully applied for IBCon glass whout destroyingthe electric
quality of absorber. An increaseldgof 3.5 mA/cnt was observed for full emitter cell (no back
reflector and planar back surfac&jgenhauerl]7



Summary and outlook

We presented liquid phase crystallized silicon absorber on glass as a new method to grow wafer
equivalent silicon layers with minimal resource utilization. Requirements for contact systems
are described anthe results achieved odifferent conceptsdescrbed in literatureare
compared. The focus this workis onthelBC cell concept since the highest efficiencies were
realized using this approach. The current status of the cells is presented and the dominant loss
mechanisms are summarized. Based on ogrer@mental dataand presented numerical
simulationswe can conclude that the way to achieve high efficiencies is to reduce the currently
used dopantoncentration N to a value in the lower to medium*@n range This would

result in an increade short circuit current density due to higher diffusion length in the foulk
values up to 29 mA/cmz2 (without AR foind 32 mA/cmz (with AR foil)Howeverso farthis

dopant concentratiomot result in higher efficienciesompared to the results obtainaa cells

doped in the highL0™ cmi® to low 137 cm® rangeas theecellsare limited bya low fill factor,

due to high contact resistance at the BSF. Our results show thebuldde compensated by

a larger width of the abdoer contact, buthis increasedcontact width itself limits the current
collection due to electrical shadiagithe present state of absorber qualityerefore, the most
promising approach on the short term is to reduce the contact resistance by optimized texturing
or introducton of neSi:H at the BSFOnN the voltage side, a comparable large discrepancy of
approximately 10 mV between maximum and average measusedvds determined,
illustrating the need to improve the homogeneity of the material furlftes. observed
discrepancybetween expected and measured values of the open circuit voltage indicate that
recombination at the silicon heterojunction interface cannot be neglected. This loss mechanism
manifests itself in a reduced open circuit voltage by about 20mV between exgetEerage

Voc. The physical existence of a layer with significant recombination activity at this interface
was not proven yet, but spectroscopy of the interface defect state density seems mandatory to
further increase the quality of LPC silicoks diswissed with the current state of the freite
passivationthe focus for future improvements has to lidrmprovemenbulk and rear surface
guality. An increase in bulk lifetime by a factor of2opens the way towards open circuit
voltages up to 660 m¥ 670 mV and higherThe bulk quality itself can be enhanced by
advanced crystallization resulting in preferential orientation and a reduction in recombination
active grain boundarie§Kuhnapfell$ or by altering the absorber deposition process as
describd in [Amkreutz17] Furthermore, getteringechniquesthat are regularly used for
multicrystalline wafers can be adapted to LBiGo reduce the impurity related recombination.
However, low resistance contacting of the absorber is mandatory to make bsecafrent
gain.The final step is to implement 3D textures to maximize the short circuit current density,
but this will alsoincrease demands on tlesv-ohmic contact.
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to further increase the efficiency of liquid phase crystallized silicon cells on glass. According
to our material investigation we can state that the improvement of BSF passivation and reduce

in GB recombination will result in conversiefficiencies up to 16%, furtherdéreased to 18%
by implementing twesided texturing. Finally, the implementation of LISCas bottom cell in

a tandem witha suitable widdbandgap (e.goerovskitg top cell is a suitable method to raise

efficiencies furtler.
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