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bijgedragen tot dit werk.
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geweest. In de eerste plaats wil ik Dries Van Gestel bedanken met wie ik samen een
doctoraat startte op IMEC. Samen met Ivan Gordon vormden we een “poly-team” en
samen beleefden we de efficiéntie records. Ik ben zeker dat je voldoende data voor je
thesis vindt, al zal het niet gemakkelijk zijn nu ik er eerst mee weg ben ©. Ook aan de
andere leden van de groep, bedankt en hopelijk tot ziens: Harold Dekkers (voor de
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Short summary

Photovoltaic solar cells based on a thin layer of polycrystalline silicon are a low-cost
alternative for the current “wafer-based” silicon solar cells. Because of their small grain
size, the large recombination current at the grain boundaries and the low absorbance of
the light in the thin polysilicon layer, it is really challenging to obtain a good
performance of these cells. This thesis tries to lower the recombination at the defects
and to enhance the absorbance in the polysilicon layer.

A heterojunction emitter of amorphous silicon and polycrystalline silicon instead of a
homojunction emitter results in a much lower recombination current at the grain
boundaries. The dangling bond concentration of the polycrystalline material decreases
by a factor of three after a hydrogen passivation step which reduces the recombination at
the grain boundaries further. Finally, the useful absorbance in the polysilicon layer
increases when the surface is textured and when a strongly reflecting alumina substrate
is used.

A combination of the heterojunction emitter, the hydrogen passivation and the texturing
resulted in an enhancement of the efficiency of the thin-film polycrystalline silicon solar
cells from 1.6 % to 8 %.

Beknopte samenvatting

Fotovoltaische zonnecellen op basis van dunne-film polykristallijn silicium zijn een
goedkoop alternatief voor de huidige “wafer-gebaseerde” silicium zonnecellen. Door
hun kleine korrelgrootte, de grote recombinatic aan de korrelgrenzen en de lage
absorbantie van het licht in de dunne polysilicium laag, is het verkrijgen van een goede
celefficiéntie een grote uitdaging. Deze thesis tracht de recombinatie aan de defecten te
verminderen en de absorbantie in het materiaal te verhogen.

Een heterojunktie emitter van amorf silicium en polykristallijn silicium in plaats van een
homojunktie emitter resulteert in een sterke daling van de korrelgrens recombinatie. De
concentratie aan bengelende bindingen in het polykristallijn materiaal vermindert met
een factor drie door het toepassen van een extra waterstof passivatie. Ten slotte stijgt de
nuttige absorbantie in de laag door het textureren van het oppervlak en door het gebruik
van een sterk reflecterend alumina substraat.

Een combinatie van de heterojunktie emitter, de waterstof passivatie en de texturisatie
resulteerde in de verhoging van de efficiéntie van de dunne-film polykristallijne
zonnecellen van 1.6 % naar 8 %.
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Nederlandse samenvatting

Dunne-film polykristallijn silicium
zonnecellen met laagactieve korrelgrenzen
en met een hoge absorbantie






Hoofdstuk 1
Inleiding

De energiebehoefte van onze planeet stijgt ieder jaar door een groeiende
wereldbevolking en een alsmaar grotere economische activiteit. Om de uitstoot van CO,
te beperken, moet de CO, gevangen worden of moeten alternatieve energiebronnen
zoals nucleaire, zonne-, wind- of waterkrachtenergie gebruikt worden die geen CO,
uitstoten. Er bestaan twee verschillende technologieén die zonne-energie converteren.
De totaal invallende hoeveelheid zonne-energie overstijgt de wereldbehoefte aan
energic met meer dan een factor duizend. Fotovoltaische zonnecellen gebruiken een
halfgeleidermateriaal en zetten de invallende zonnestralen om in elektriciteit terwijl
fotothermische zonnecellen ze omzetten in een lagere exergie zoals warmte. Door de
overheidssteun in landen als Duitsland en Japan is de productie van fotovoltaische
zonne-energie systemen gedurende de laatste tien jaar gestegen met meer dan 30 % per
jaar. Dit resulteerde in een geproduceerd vermogen aan zonnepanelen van 2.5 GW,, in
2006. Meer dan 90 % van de geproduceerde panelen gebruikt mono- of multikristallijn
silicium (Si) met een dikte tussen 200 en 300 pm (“plakken”). Si bezit het uitstekende
halfgeleidereigenschappen voor gebruik in zonnecellen en is bovendien niet toxisch,
wijd beschikbaar en stabiel. Commerci€le zonne-energie systemen gebaseerd op
kristallijn Si hebben efficiénties van 14 — 18 %. De sterke vraag naar fotovoltaische
zonne-energie systemen resulteerde in een dalende beschikbaarheid van gezuiverd Si en
dus in een sterke prijsstijging van de Si plakken. Het tekort aan Si en de sterke vraag
bieden een groot potentieel voor dunne-film Si zonnecellen.

Dunne-film Si zonnecellen hebben een dikte die varieert van enkele honderden
nanometers tot enkele micrometers en door die dunne Si dikte kunnen ze potentieel veel
goedkoper gemaakt worden. De meeste dunne-film zonnecellen gebruiken amorf Si (a-
Si:H) in plaats van kristallijn Si. Door de hoge defect densiteit van het amorfe materiaal
daalt de efficiéntie in de tijd en zijn de gestabiliseerde module-efficiénties slechts tussen
5 en 7 %. Microkristallijn Si (nc-Si:H) dat bestaat uit kristallijne deeltjes in een amorfe
matrix reduceert de degradatie gedeeltelijk en leidt tot celefficiénties tussen 9 en 10 %.
De hoogste rendementen tot nu toe voor dunne-film Si zonnecellen worden bereikt met
een multi-junktie structuur. Hier gebruikt men een a-Si:H topcel en een pc-Si:H
bodemcel, de zogenaamde “micromorfe” cel. Op deze manier is het mogelijk om initiéle
celrendementen van 14 tot 15 % te bereiken. Door de lage efficiéntie en door de
gebrekkige stabiliteit van bovengenoemde Si materialen, is er geen enkele in staat
geweest een belangrijk marktaandeel te veroveren. Een oplossing voor het
degradatieprobleem bestaat erin om volledig kristallijn Si te gebruiken dat niet
degradeert in de tijd.



Dunne-film polykristallijn Si zonnecellen bestaan uit een dunne laag (1 tot 5 um dikte)
polykristallijn Si gedeponeerd op een vreemd substraat. Polykristallijn Si bestaat uit
kleine korrels (0.1 tot 100 pum) omgeven door korrelgrenzen. De korrelgrenzen zijn
defecten waar recombinatie optreedt tussen meerderheids- en
minderheidsladingsdragers. Door de hogere procestemperaturen en om recombinatie te
vermijden, dient een waterstof (H) passivatie stap te worden toegepast na de groei van
de laag, in tegenstelling tot a-Si:H of pc-Si:H zonnecellen. Het volledig kristallijne
materiaal heeft een lage absorptiecoéfficiént in een dunne-film structuur. Daarom is ook
het implementeren van lichtvangststructuren van groot belang om voldoende
absorbantie van het licht te verkrijgen.

Door de veelbelovende eigenschappen van polykristallijn Si wordt er al sinds de jaren
zeventig onderzoek gedaan naar het gebruik ervan in fotovoltaische zonnecellen. De
beste zonnecellen tot nu toe worden gemaakt door Sanyo en CSG-solar op basis van
gekristalliseerd a-Si:H. De polykristallijne lagen hebben een korrelgrootte van 1 um en
de hoogste efficiénties zijn momenteel rond de 10%.

Dit werk gebruikt grofkorrelig polykristallijn Si materiaal verkregen door van een dunne
zaadlaag en Si depositiec vanuit de gasfase. Hoofdstuk 2 beschrijft de groei en de
eigenschappen van het polysilicium met nadruk op het verschil tussen fijnkorrelig en
grofkorrelig materiaal. Hoofdstuk 3 onderzoekt de vorming van de emitter en toont het
verschil tussen een gediffundeerde homojunktic en een a-Si:H/c-Si heterojunktie
emitter. De H passivatie van fijn- en grofkorrelige lagen kan gebeuren met verschillende
technieken, beschreven in Hoofdstuk 4. Hoofdstuk 5 toont hoe de absorptie van het licht
verhoogd wordt door het toepassen van lichtvangst structuren. Ten slotte vat Hoofdstuk
6 de resultaten samen en worden er nuttige verdere experimenten gesuggereerd.
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Hoofdstuk 2
Groei en metallisatie van polysilicium lagen

In dit hoofdstuk wordt de groei van de polykristallijne lagen en de metallisatie van de
zonnecellen in detail beschreven.

De eerste stap in het proces is de keuze van het substraat waarop de dunne
polykristallijne laag gecreéerd zal worden. Het substraat moet enkele voorwaarden
vervullen om geschikt te zijn voor het zonnecel proces. Eerst en vooral moeten de
substraten bestand zijn tegen de hoogste temperaturen gedurende de depositie van de
lagen (~ 1130 °C). Na de depositic moet het substraat afkoelen van de
depositietemperatuur naar de kamertemperatuur. Om mechanische spanning tussen het
substraat en de gedeponeerde Si laag te vermijden gedurende de afkoeling is de tweede
voorwaarde dat de thermische expansiecoéfficiént van het substraat zo dicht mogelijk
bij die van Si ligt. De derde en belangrijkste eis is dat de substraten industrieel
toepasbaar zijn en op voldoend goedkope manier geproduceerd kunnen worden. Drie
substraten werden gekozen voor dit werk: geoxideerd silicium, alumina keramieken en
hoge temperatuur glaskeramieken.

Na de keuze van het substraat wordt de polykristallijne laag erop gegroeid via
chemische depositie vanuit de gasfase. De deposities werden gedaan op atmosfeerdruk
en bij 1130 °C. Door de hoge temperatuur groeit het silicium zeer snel (~ 1.4 pm/min).
Om lagen voor zonnecel toepassingen te verkrijgen werd eerst een hoog gedoteerde p'-
type laag (2x10" cm™ boor (B) gedoteerd) gegroeid, gevolgd door een lager gedoteerde
p-type laag (10" - 107 em™ B gedoteerd). De p' laag wordt gebruikt om achterzijde
recombinatie te vermijden en om de weerstand van de gaten te beperken, terwijl de p
laag gebruikt wordt om het licht te absorberen. De totale laagdikte van het
polykristallijn Si varieert typisch tussen 1 en 6 pm.

Fijnkorrelig polysilicium wordt verkregen door directe depositie op een geoxideerd Si
substraat. Er worden veel nuclei gevormd wat resulteert in een materiaal met een
korrelgrootte van 0.1 tot 0.2 pm, zie Figuur 1.
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Figuur 1 toont de hoge densiteit aan korrelgrenzen en defecten in de fijnkorrelige
polykristallijn Si lagen. Deze defecten vangen meerderheidsladingsdragers (gaten in p-
type Si) en door de geioniseerde doteringsatomen in de korrel wordt er een
potentiaalbarriere ontwikkeld langs de korrelgrens. Deze potentiaalbarriére geeft
aanleiding tot een hogere resistiviteit en tot recombinatie van minderheids- (elektronen
in p-type Si) en meerderheidsladingsdragers aan de defectniveaus. Voor de fijnkorrelige
lagen wordt een kleinere potentiaalbarriére verkregen bij hogere doperingen welke
aangeeft dat de korrels slechts gedeeltelijk gedepleteerd zijn. De totale dichtheid aan
defecten stijgt met de doteringsconcentratie van 4.6x10'® cm™ voor 10'° cm™ B dotering
tot 1.1x10"7 ecm™ voor 10" c¢cm™ B dotering. De reden hiervoor is de slechtere
kristallografische kwaliteit van de polysilicium laag als er een groot aantal
doteringsatomen wordt ingebouwd of de energiedistributie van defecten.

Een mogelijke oplossing om de recombinatie tussen minderheids- en
meerderheidsladingsdragers te verminderen is het vergroten van de korrelgrootte. Op
IMEC wordt grofkorrelig polysilicium gemaakt door eerst een dunne zaadlaag (~ 200
nm) te maken met grote korrels gevolgd door een epitaxiale groei van de p'p-type laag
bovenop deze zaadlaag. De =zaadlaag wordt verkregen door aluminium (Al)
geinduceerde kristallisatie. Deze techniek maakt gebruik van een opwarmingsstap
waarbij een opgedampte Al laag en een a-Si laag van plaats verwisselen en het a-Si
kristalliseert in polykristallijn Si. Figuur 2 toont een sectiec van de grofkorrelige
polykristallijn Si laag. De korrelgrootte is duidelijk veel groter dan bij fijnkorrelig
materiaal en varieert tussen 5 en 10 pm.

Figuur 2: Sectie van een grofkorrelige polysilicium laag op een alumina substraat

Na de groei van de polykristallijne lagen wordt er een n" gedoteerde regio gecregerd (de
emitter) om de fotogegenereerde ladingen te scheiden door middel van een inwendig
elektrisch veld. In de laatste stap van het proces wordt het n-type en het p-type Si
gecontacteerd om de stroom te extraheren en om een voorwaartse spanning aan te
leggen. Omdat er gebruik gemaakt wordt van isolerende substraten worden beide
contacten op de voorzijde gecre€erd. Er zijn cellen met twee soorten contacten
onderzocht: de zijde gecontacteerde cellen en de cellen met geinterdigiteerde contacten.
In een zijde gecontacteerd proces zijn de p-type contacten aan de rand van de cel, terwijl
in het geinterdigiteerde proces het p-type contact telkens tussen twee emitter contacten
ligt. Dit heeft als gevolg dat de gaten in een geinterdigiteerde cel minder ver doorheen
de polykristallijne p" laag moeten diffunderen vooraleer ze gecollecteerd worden. De
oppervlakte van de cellen is in beide gevallen 1 cm?.
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Hoofdstuk 3
Vorming van de emitter op polykristallijne
lagen

Dit hoofdstuk bestudeert de vorming van de pn-junktie in meer detail. Twee
verschillende n* emitters worden onderzocht, de P-gediffundeerde homojunktie en de
amorf silicium — kristallijn silicium heterojunktie (a-Si:H/c-Si).

De homojunktie wordt gecreéerd door diffusie van P donoren op een hoge temperatuur
(~ 860 °C) in het p-type Si. Daarna worden de defecten in de laag met H gepassiveerd
en wordt een amorfe silicium nitride (a-SiNx:H) laag gedeponeerd als antireflectieve
laag. De korrelgrenzen van polykristallijn Si zijn snelle diffusiekanalen voor P donoren.
SSRM-metingen toonden aan dat P tot 2 pum diep kan diffunderen langsheen de
korrelgrenzen (Figuur 3) waarbij de diepte in de korrel en langsheen de korrelgrenzen
toenecemt met de diffusietemperatuur.
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Figuur 3: sectie van een P-gediffundeerde homojunktie emitter op fijnkorrelig
polysilicium

Op celniveau leidt een hogere diffusietemperatuur van P tot een hogere responsie bij
lange golflengtes en lagere responsie bij korte golflengtes. De hogere responsie bij lange
golflengtes is te wijten aan de diepere P pieken langsheen de korrelgrenzen, terwijl de
lagere responsie bij korte golflengtes te wijten is aan een diepere “dode laag” in de
korrel. De cellen op fijnkorrelig materiaal met een homojunktie emitter hebben een



maximale open-keten spanning (V,.) van 413 mV en een maximale efficiéntie van 2.8
%. De shuntweerstand (Rg,) van deze cellen is zeer laag, wat te wijten is aan de P-
pieken langsheen de korrelgrenzen die een lokaal contact met de p' laag kunnen
veroorzaken. Op grofkorrelig polysilicium met een grotere korrelgrootte vertonen de
homojunktie zonnecellen typisch een hogere kortsluitstroom (Ji.) en V,. dan op
fijnkorrelig materiaal. Tevens wordt de Ry, gevoelig verhoogd omdat de grotere
korrels resulteren in minder P-pieken langsheen de korrelgrenzen. De hoogste waarden
op grofkorrelig polykristallijn Si voor de Ji (tot 17 mA/ecm?®) en Vg (tot 453 mV)
worden bereikt op cellen met de dunste p' laag. Door gebruik van geinterdigiteerde
contacten kan de serieweerstand worden beperkt en wordt een efficiéntie van 5.6 %
bereikt.

De a-Si:H/c-Si heterojunktie emitter bestaat uit een intrinsieke en een P-gedoteerde a-
Si:H laag die met behulp van een plasma en op lage temperatuur (< 200 °C) op het
polykristallijn Si gedeponeerd worden. Om kristallisatie van de a-Si:H lagen te
vermijden gebeurt de H-passivatie van de defecten nu voor de depositie van de emitter.
Bovenop het a-Si:H wordt een indium tin oxide (ITO) laag gesputterd om de reflectie-
en de resistiviteitsverliezen van het a-Si:H te beperken. Omdat het heterojunktie proces
op lage temperatuur gebeurt, is er geen preferenti€le diffusie van P langsheen de
korrelgrenzen. Een heterojunktie op polykristallijn Si leidt meestal tot een lagere J;, en
een veel hogere V,. (+ 100 mV) in vergelijking met een homojunktie emitter.
Daarenboven leidt de hetero- ook tot hogere Ry, dan de homojunktie zonnecellen
omdat de P-pieken vermeden worden. Een dikkere a-Si:H heterojunktie leidt tot hogere
V..’s en efficiénties desondanks een lagere Ji.. Het verlies in stroom voor dikkere a-Si:H
lagen is te wijten aan de lagere responsie in het blauwe golflengte gebied door de lage
kwaliteit van het amorfe materiaal. Een lagere dotering van de p-type laag leidt tot een
stijging van de Jg. (+ 3 mA/cm?) en de V. (+ 20 mV). De reden hiervoor is de lagere
concentratie aan defecten in een laag met een lagere p-type dotering. Een dunnere p-
laag leidt tot een sterke stijging van de V,. door de kleinere kans op recombinatie. De
verdunning van de p-type laag van 4 tot 1 pm leidt tot een verhoging van de V. van 465
tot 520 mV. De hoogste V. op fijnkorrelig polysilicium is 536 mV voor een p-type laag
van 0.3 pm en de hoogste efficiéntie is 5.0 % voor een p-type laag van 2 um. Ook op
grofkorrelig materiaal geeft de heterojunktie emitter meestal aanleiding tot een lagere Jg.
en een veel hogere V.. (+ 70 mV). Dunne p'p-type lagen in combinatic met
geinterdigiteerde contacten resulteren in een efficiéntie van 5.9 %. De hoogste V. op
grofkorrelig materiaal is 539 mV voor een p-type dikte van 2 pm.

De cellen met een homojunktie hebben een idealiteitsfactor van 2, terwijl cellen met een
heterojunktie emitter een idealiteitsfactor van 1.2 hebben. Dit toont aan dat cellen met
een hetero- minder bepaald worden door recombinatie in de ruimteladingslaag van de
junktie dan cellen met een homojunktie emitter. De verschillen tussen de hetero- en de
homojunktie emitter kunnen verklaard worden door het directe verband tussen de
preferenti€le P diffusie en de zonnecel karakteristicken. Externe kwantum efficiéntie
metingen toonden dat de hetero- een hogere collectie had dan de homojunktie bij korte
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golflengten, door de dunne a-Si:H (17 nm) emitter in vergelijking met de homojunktie
emitter (0.6 um). De hogere stroom van homojunktie cellen op een voldoend dikke p-
type laag is duidelijk afkomstig van de hogere collectie bij lange golflengtes door de
doteringspieken langsheen de korrelgrenzen. Deze P-doteringspicken langsheen de
korrelgrenzen vergroten de actieve junktieoppervlakte in vergelijking met een
heterojunktic emitter die een abrupte vlakke junktie heeft. De grotere junktie
oppervlakte van de homojunktie emitter breidt de ruimteladingszone uit en leidt tot een
grote recombinatie in de ruimteladingslaag en een lagere V.. Preferentiéle P diffusie
verklaart ook het verschil in J,. daar het collectievolume nu niet alleen door de
effectieve diffusielengte L,,, wordt bepaald zoals in het geval van een heterojunktie
emitter, maar ook door de dieptes van de P pieken langsheen de korrelgrenzen. Voor
lagen met een p-type dikte die kleiner is dan de diffusielengte verdwijnt het verschil in
Js. en kunnen zelfs hogere Ji. verkregen worden met een heterojunktie emitter door de
kleinere dode laag.

Ten slotte, werd er ook een nieuwe emitter geintroduceerd gebaseerd op stikstof (N) als
donor. Na de groei, werden de polykristallijne lagen opgewarmd in een stikstof
omgeving op hoge temperatuur (950 °C) gedurende een aantal uur. Opwarming in
forming gas (10% H, in N,) doet de J. stijgen van 10.3 naar 16.5 mA/cm?, terwijl een
gelijkaardige behandeling in argon omgeving geen invloed heeft. De sterke stijging van
de Ji. is ook hier te wijten aan preferentiéle diffusie van N donoren langsheen de
korrelgrenzen. Door de gekende problemen geassocieerd met deze doteringspieken
wordt de N-emitter niet beschouwd als een geldig alternatief voor de heterojunktie
emitter.
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Hoofdstuk 4
Passivatie van polykristallijne lagen

De polykristallijne Si lagen hebben een kleine korrelgrootte en bevatten dus een grote
hoeveelheid defecten. De defecten zijn meestal aanwezig aan de korrelgrenzen en
worden geidentificeerd als bengelende Si bindingen. Dit hoofdstuk beschrijft de
passivatie van deze bengelende Si bindingen met waterstof (H), ook hydrogenatie
genoemd. Er werden drie technieken onderzocht voor de hydrogenatie: de direct H-
plasma behandeling, de remote H-plasma behandeling en de thermische behandeling
van een a-SiNx:H laag. In het geval van een hetero- gebeurt de hydrogenatie voor de
depositie van de emitter, terwijl de hydrogenatie bij een homojunktie emitter gebeurt na
de diffusie van de emitter.

De plasma hydrogenatie wordt uitgevoerd in twee stappen, eerst bij een temperatuur van
400 °C en dan gedurende een afkoeling in het plasma. De afkoeling in het plasma wordt
gebruikt om uitdiffusie van mobiele H-atomen te vermijden gedurende het ontladen van
de lagen. Een korte hydrogenatie in het direct plasma systeem van een p-type laag
resulteert in een daling van de potentiaalbarriére aan de korrelgrenzen van 230 meV tot
17 meV wat aangeeft dat twee derden van de bengelende bindingen gepassiveerd
worden door H. Deze korte hydrogenatie stap verbetert de celefficiéntie van fijnkorrelig
polysilicium homojunkties met een factor vier. Zowel de J. (sterke stijging bij lange
golflengtes), de V,. (een verdubbeling), de Rgeies als de Rgnune verbeteren. Voor
grofkorrelig polysilicium lagen met een homojunktie is de verbetering van de efficiéntie
slechts een factor 1.8 door de veel grotere korrels van deze lagen. De heterojunktie
emitter geeft een sterke stijging van de V. in vergelijking met de homojunktie emitter
zowel voor als na hydrogenatie. De efficiéntie van fijnkorrelig polykristallijn Si
zonnecellen met een heterojunktie emitter stijgt met een factor 2.4 wat voornamelijk te
wijten is aan een betere Ji.. Ook op grofkorrelig materiaal met een heterojunktie stijgt
vooral de J. na hydrogenatie. De reden hiervoor is opnieuw dat de collectie bij lange
golflengtes in het geval van een homo- bepaald wordt door de diepte van de P pieken
terwijl het in het geval van de heterojunktie bepaald wordt door de effectieve
diffusielengte van de minderheidsladingsdragers die sterk stijgt na hydrogenatie.

Om de oppervlakte schade van de direct plasma behandeling te vermijden wordt ook
een remote H-plasma hydrogenatie toegepast. De H concentratie kan bepaald worden
door deuterium (D) te gebruiken dat gemakkelijk te detecteren is en dat een isotoop van
H is. De aanwezigheid van een gediffundeerde emitter gedurende de deuteratie leidt tot
een barriére voor de D atomen (Figuur 4). De reden is dat het elektrische veld aan de
junktie de diffusie van de negatief geladen H™ doorheen het n-type Si tegenwerkt. Ook
de temperatuur van de lagen gedurende de deuteratie speelt een belangrijke rol voor de
uiteindelijke D concentratie. Een hogere temperatuur verhoogt de diffusiecoéfficiént en
de D concentratie in de laag. De D concentratie is meestal groter dan de defectdensiteit
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na de groei van de laag. Dit is te wijten aan het breken van zwakke Si — Si bindingen
aan de korrelgrenzen door de D atomen.
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Figuur 4: Profielen van deuterium doorheen de fijnkorrelige polykristallijn Si laag met
en zonder emitter gedurende de deuteratie

De celresultaten na remote plasma passivatie zijn gelijkaardig als na direct plasma
passivatie. Dit toont aan dat de cellen met direct plasma behandeling geen hinder
ondervinden van de oppervlakteschade door het H-plasma. Ondanks de hogere H-
concentratie in de laag, resulteert een hogere temperatuur gedurende de H-plasma
behandeling niet in betere zonnecellen. Een hydrogenatie op 265 °C geeft een
gelijkaardige zonnecelefficiéntie als een hydrogenatie op 440 °C. Een mogelijke reden
is dat de extra H-atomen defecten passiveren die de collectie van minderheids- niet
hinderen maar die wel het transport van meerderheidsladingsdragers beinvloeden.

De derde passivatietechniek wordt industrieel gebruikt om multikristallijn Si te
passiveren. De hydrogenatie treedt op gedurende een korte behandeling van a-SiNx:H
op hoge temperatuur. De opwarming van de a-SiNx:H laag gebeurt boven de 750 °C en
breekt de H atomen uit het a-SiNx:H die dan in het polykristallijn Si diffunderen. In
tegenstelling tot plasma passivatie leidt dit tot een D-profiel in de laag dat constant is
door de hogere temperatuur gedurende de passivatie wat aanleiding geeft tot een grotere
diffusiecoéfficiént. Anderzijds is de concentratic zelf lager door de beperkte
hoeveelheid D in de a-SiNx:D laag. Opnieuw wordt de nefaste invloed van de emitter
opgemerkt door een dip in de D-profielen. Op celniveau geeft de passivatic met a-
SiNx:H dezelfde efficiénties als een H-plasma passivatie indien een homojunktie emitter
gebruikt wordt. Met een heterojunktie emitter echter, resulteert de H-plasma
behandeling in een veel betere passivatiec dan de a-SiNx:H hydrogenatie. Zoals al
vermeld, wordt het rendement van de hetero- bepaald door de diffusielengte van de
minderheidsladingsdragers, terwijl het rendement van de homojunktie zonnecellen



eerder bepaald wordt door de diepte van de doteringspieken. De reden voor de slechtere
passivatie van heterojunktie cellen met a-SiNx:H is de te lage H-concentratie in de laag
en de slechtere passivatie van bengelende bindingen in vergelijking met een H-plasma
passivatie.

Om een betere passivatie te verkrijgen, werd de hoogtemperatuur a-SiNx:H
gecombineerd met de laagtemperatuur H-plasma hydrogenatie. Indien het H-plasma
toegepast wordt na de a-SiNx:H passivatie, stijgt de efficiéntie van een heterojunktie op
fijnkorrelig polysilicium materiaal van 3.4 tot 4.1%. In combinatie met een dunnere p-
type laag van 2 um resulteert deze gecombineerde passivatie in een maximaal
rendement van 5.0 %. Op grofkorrelig materiaal wordt tot op heden geen duidelijke
verbetering vastgesteld door deze gecombineerde passivatie.

De verschillende korrelgrootte van fijnkorrelig en grofkorrelig polysilicium (een factor
20) resulteert in een verschillende densiteit aan korrelgrenzen en dus een verschillende
invloed van de H-behandeling. De D-concentratie na passivatiec van fijnkorrelig
materiaal is typisch een factor 5 tot 10 groter dan bij grofkorrelig materiaal. Op
celniveau echter geeft de grotere korrel bij grofkorrelig polysilicium geen aanleiding tot
een hogere V,. van de heterojunktie zonnecellen, noch voor, noch na hydrogenatie. Dit
is waarschijnlijk te wijten aan de grote hoeveelheid defecten in de korrels van het
grofkorrelig polysilicium materiaal.
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Hoofdstuk 5
Lichtvangst in dunne-film polykristallijn
silicium structuren

Tot nu toe werden de zonnecelefficiénties verhoogd door betere -elektrische
eigenschappen van de polykristallijne lagen. Dit hoofdstuk beschrijft de verbetering van
de optische eigenschappen van dunne-film polykristallijn Si lagen door het toepassen
van lichtvangst.

Door de dunne actieve laag en de lage absorptiecoéfficiént van het polykristallijn Si is
het noodzakelijk om een sterk reflecterend substraat te gebruiken dat het
getransmitteerde licht weerkaatst in de actieve polysilicium laag. De alumina substraten
die in dit werk gebruikt worden, hebben een sterke reflectantie bij hoge golflengten
(waar de absorptiecoéfficiénten het laagst zijn), die bovendien hoofdzakelijk diffuus is
(de hoeveelheid lichtstralen is gelijkaardig verdeeld over alle hoeken). De reden
hiervoor is dat het licht dat getransmitteerd wordt in het alumina substraat verstrooid
wordt aan de porién van het polykristallijn alumina en dus een grote kans heeft om terug
gereflecteerd te worden in de Si laag.

De reflectanties van polykristallijn Si lagen op het alumina substraat vertonen een sterke
stijging bij lange golflengten, te wijten aan de hoge reflectie aan het substraat. Behalve
de reflectie aan de achterzijde wordt de reflectantie bij lange golflengten ook bepaald
door de dikte van de p" laag. Een dikkere p" laag geeft aanleiding tot een lagere
reflectantie bij 1200 nm als gevolg van absorptie door vrije ladingsdragers. De
reflectantie van een grofkorrelige p-type polykristallijne Si laag toont dezelfde waarde
bij 1200 nm als de reflectantie van een even dunne p-type monokristallijne Si laag op
alumina. Dit geeft aan dat de reflectantie bij lange golflengtes van grofkorrelig
polykristallijn Si lagen niet bepaald wordt door tweestapsabsorptie via defecten. Het
geoxideerd Si substraat dat gebruikt wordt voor fijnkorrelig polykristallijn Si vertoont
een duidelijk slechtere achterzijde reflectic dan het alumina substraat. Dit kan
gedeeltelijk de lagere J,. verklaren van fijnkorrelig polysilicium materiaal ten opzichte
van grofkorrelig materiaal.

Behalve een hoge achterzijde reflectie is ook een lage voorzijde reflectie van groot
belang om goede lichtvangststructuren te creéren. De antireflectieve laag (a-SiNx:H bij
homo-; ITO bij heterojunktie) verlaagt de reflectantie van het silicium, maar dit heeft
een te beperkte invloed op de J van de cellen (gelimiteerd tot 17 mA/cm?).

Om de voorzijde reflectantie van de polykristallijn Si lagen verder te verlagen wordt het
oppervlak getextureerd. Voor dunne-film polysilicium zonnecellen is het textureren van
het oppervlak een echte uitdaging omdat het texturisatieproces niet meer dan 1 pm
materiaal mag verwijderen. Op IMEC werd een plasma texturisatie proces ontwikkeld
dat ook geschikt is voor dunne-film technologieén. Na 60s plasma textureren is 1 um
materiaal verwijderd en wordt er een sponsachtige structuur verkregen met typische

XIII



fijn-structuur afmetingen van enkele honderden nanometers. Dit gaat gepaard met een
sterke daling van de reflectantic bij korte golflengten. De plasma getextureerde
voorzijde geeft een volledig diffuse reflectantie en kan daarom benaderd worden als een
Lambertiaans oppervlak. Het lichtvangst systeem van de polykristallijne zonnecellen
bestaat dus uit een plasma getextureerde voorzijde en een alumina substraat en geeft
aanleiding tot een padlengte vergroting van het licht met een factor 42.

Op celniveau geeft plasma texturisatie enkel aanleiding tot een hogere J als de p* laag
voldoende dun wordt gehouden. Op lagen met een p' dikte van 2 pm resulteert de
plasma texturisatie echter in een lagere J,. door een grotere onnuttige absorptie in de p*
laag. De beste grofkorrelig polysilicium cellen worden uiteindelijk gemaakt op
getextureerde polysilicium lagen met een p' dikte van slechts 0.3 pm en een p dikte van
~ 2 pm en hebben een efficiéntie van 8 % (Figuur 5). Externe kwantum efficiéntie
metingen tonen een hogere responsie bij korte golflengten na texturisatie, te wijten aan
de gereduceerde reflectantie.
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Figuur 5: Stroom — spanning karakteristiek van de beste zonnecel tot dusver op
grofkorrelig polykristallijn silicium
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Hoofdstuk 6
Samenvatting
In dit werk worden dunne-film polykristallijn Si zonnecellen op vreemde substraten

onderzocht. De absolute efficiéntie van deze zonnecellen is gedurende de laatste jaren
monotoon gestegen met gemiddeld 1.5 % per jaar (Figuur 6).
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Figuur 6: Evolutie van de efficiéntie van grofkorrelig polysilicium zonnecellen op
alumina

Een eerste doorbraak wordt gerealiseerd door het verbeteren van de kristallografische
eigenschappen van de zaadlaag. Het gebruik van een a-Si:H/c-Si hetero- in plaats van
een gediffundeerde homojunktie emitter zorgt voor een tweede verbetering eind 2004.
De hoofdreden hiervoor is het vermijden van preferenti€le P pieken langsheen de
korrelgrenzen in het geval van een heterojunktie emitter. De vlakke heterojunktie
emitter geeft aanleiding tot veel hogere open-keten spanningen die bovendien
onafhankelijk zijn van de korrelgrootte zowel voor als na hydrogenatie. De H-plasma
hydrogenatie presteert duidelijk beter dan de hydrogenatie met a-SiNx:H en reduceert
het aantal defecten met een factor 3. Polykristallijne lagen met kleine korrels geven
aanleiding tot een hogere H-concentratie in de laag dan grofkorrelige lagen. De derde
vooruitgang wordt gerealiseerd in 2005 door het gebruik van dunne p'p-type lagen in
combinatie met geinterdigiteerde contacten. Door de dunnere lagen wordt een verhoging
van de J . en de V. verkregen, terwijl de geinterdigiteerde contacten de serieweerstand
beperken. Het gebruik van lichtvangst structuren geeft aanleiding tot een padlengte
vergroting van het licht met een factor 42 en een efficiéntie van 8% voor grofkorrelig
polykristallijne lagen op een alumina substraat.

XV






Thin-film polycrystalline silicon solar cells
with lowly-active grain boundaries and with
a high absorbance






Chapter 1
Introduction

1.1 Photovoltaic solar energy

According to the International Energy Agency the world’s primary energy demand will
rise from 11.5 billion tones of oil equivalent in 2005 to 17 billion tones of oil equivalent
in 2030. More than two-thirds of the growth in world energy use will come from the
developing countries, where economic and population growth are highest. Fossil fuels
will likely continue to meet the projected increase in primary energy demand implying
that global energy-related carbon dioxide (CO,) emissions will increase by 52% in 2030
[1-1]. To limit these CO, emissions, the CO, needs to be captured or alternative energy
sources should be used such as nuclear, wind, hydro or solar energy that do not emit
such gasses for the production of energy.

Due to the illumination of the sun, the upper atmospheres of the Earth are continuously
irradiated with 1353 W/m? of incident power. There are several losses when this light
passes through the atmosphere because of CO, and H,O absorption, because of the
nights and the winters, etc. The solar radiation spectrum is given in Appendix A. The
final incident power on the Earth crust averaged over winter and summer, and over day
and night is 123 W/m® for an optimal Belgian situation which means that a solar panel is
oriented to the South and makes an inclination of 25° to the Earth. For the total Earth,
this means that it is irradiated with global incident energy that exceeds the world energy
demand by more than a factor of thousand. An additional advantage of solar energy
besides its enormous potential is that it is quite uniformly distributed over the entire
world. The maximum incident power for a horizontal panel (i.e. non-optimal) is 295
W/m? (in the Sahara) while the minimum incident power is 80 W/m? (in the Northern
regions), i.e. a variation by less than a factor four. For an optimal orientation this factor
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is even smaller [1-2]. This is in contrast with for example wind energy where there is
already a variation by a factor of two between Ostend and Brussels [1-3].

Two kinds of solar energy conversion exist that need to be distinguished: photovoltaic
and photothermal solar energy. Photovoltaic (PV) solar energy uses a semiconductor
device that converts the incident light into electric energy, while photothermal solar
energy converts the solar radiation into a lower exergy such as heat or hot water.

During the last 10 years, the photovoltaic industry has shown impressive annual growth
rates of 30 to 40 %. In this period, the photovoltaic solar energy market has changed
drastically from a technology that powers small consumer gadgets such as calculators to
a technology that is used in electricity plants. The main reasons for this strong growth
were the governmental initiatives in for example Japan and Germany that support
renewable energies through installation subsidies or so-called feed-in tariffs. This strong
growth led to an increase in PV module production from 0.1 MW /year in 1975 to 1.2
GW,/year in 2004 accompanied, by a continuously decreasing price of these modules
from 30 €/W,, in 1975 to 2.5 €/W,, in 2004.

Most of these modules (> 98 %) are produced from silicon (Si). Si has excellent
properties to convert the incident light into electric energy. The band gap of 1.12 eV is
close to the optimal band gap since it results in a high absorbance of the light while
allowing a sufficiently high open-circuit voltage. Furthermore, Si is the second most
abundant element in the earth’s crust, present as an oxide in sand and quartz. The
oxidized Si is first reduced to obtain metallurgical grade Si (MG Si) that has a purity of
96 — 99 %. Thereafter this MG Si needs to be refined to obtain electronical grade Si (EG
Si, purity of 9N to 11N) or solar grade Si (SoG Si, with a lower purity). The high purity
EG Si is used in the electronics industry, while the SoG Si with a lower purity is of
sufficient quality to be used in the PV industry. The production of this EG Si is an
energy consuming step and is done using the Siemens process or using a fluidized bed
reactor, while the production of SoG Si is done using novel processes such as upgrading
MG Si. The end product of these processes is the Si feedstock in the form of chunks or
granulates. Finally, the Si feedstock is molten to produce a block or ingot which is cut
into several bricks. These bricks are then sliced by a wire saw into thin wafers (200 —
300 pum thick). From these wafers, monocrystalline (one single crystal) and
multicrystalline (consisting of several grains and several crystal orientations) Si solar
modules are made that account for more than 90% of the total PV market today [1-4, 1-
5]. Multicrystalline Si modules have efficiencies around 14 %, while monocrystalline Si
modules reach higher efficiencies of 16%, because of their better material quality.

Until 2004, the PV market made use of cheap EG Si that was widely available after the
crash of the microelectronics industry in 2000. After 2004, the PV market continued its
growth from 1.2 GWp in 2004 to 2.5 GWp in 2006. Because of this growth, the prices
of PV modules did not decrease further, but increased again up to 3 €/W, nowadays.
The reason is that the huge demand for solar energy resulted in a scarcity of silicon and
in increasing prices of the Si feedstock. Although a lot of expansion plans have been
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announced recently to produce EG Si or SoG Si, most forecasts predict that demand will
continue to grow and that the Si shortage will remain until at least 2010 —2012.

This shortage of Si together with the huge growth of the PV market opens a large
window of opportunity for thin-film silicon solar cells that are less dependent on the Si
feedstock price. Furthermore, these technologies have the potential to reduce the energy
payback time of silicon modules by more than 50 % since they can directly use the
trichlorosilane (TCS) that is produced for the Siemens process. Traditional
multicrystalline silicon modules require a total primary energy input of 3940 MJ/m” if
an efficiency of 13.2 % is assumed. The production of the wafer consumes most energy
(2930 MJ/m?) of which feedstock production consumes 1817 MJ/m* and crystallization
and wafer sawing consume the rest [1-6]. In this way they avoid energy intensive steps
like the ingot fabrication and steps that result in huge material losses like wafer sawing.

Appendix B gives an overview of confirmed world record efficiencies on cell and
module level for different technologies.
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1.2  Thin-film silicon solar cells

Thin-film photovoltaic solar cells are defined by the semiconductor material and the
production process. The thickness of the devices varies between a few hundred
nanometers to a few micrometers and hence they need far less material and thus offer a
large cost reduction potential [1-7]. In this way it should be possible to make solar
systems at a cost below 1 €/W,, which is often seen as a target to make PV competitive
with traditional energy sources. The materials used for these thin layers are typically
inorganic semiconductors with a direct band gap (and thus a high absorption coefficient
of the light) such as cadmium-telluride (CdTe), copper-indium-gallium-selenide (CIGS)
and amorphous silicon (a-Si).

CdTe and CIGS cells have cell efficiencies in the range of 12 — 16 % [1-8]. However,
the limited availability of for example indium In or the perceived toxicity of for example
Cd, currently limits the breakthrough of these materials. Therefore it is highly
questionable if these technologies will be able to obtain a substantial market share.

So far amorphous silicon is the most successful thin-film technology but despite the
long research on this material, its market share is still relatively small (< 5%) [1-9]. The
a-Si layer has a very high defect density due to the unsaturated Si bonds that need to be
made inactive by hydrogen to obtain a material suited for PV modules (hydrogenated
amorphous silicon, a-Si:H). These modules have relatively low efficiencies that are not
stable in time due to the so-called Staebler-Wronski effect. After the light-induced
degradation, the module efficiencies are stable around 5 to 7 %.

Another thin-film material that can be used as absorber for solar cells is microcrystalline
silicon (puc-Si:H) [1-10]. Microcrystalline silicon consists of small crystalline particles
embedded in an amorphous network. The material degradation is reduced because of the
enhanced crystallinity, but it is not completely avoided. The cell efficiencies are in the
range of 9 to 10 %.

The highest efficiencies for thin-film Si solar cells up to now are obtained using a
multijunction design. Here an a-Si:H top cell and a pc-Si:H bottom cell are used in what
is called a “micromorph” tandem cell. The non-stabilized world-record cell efficiencies
for this type of cells are around 14 — 15 % [1-11].

Because of the relatively low efficiency and stability problems related with the above Si
based materials, none of the previously mentioned technologies have been able to gain a
substantial market share so far. An obvious solution for the stability problem is to use a
fully crystalline Si material that does not suffer anymore from the degradation behavior.
Besides abundant availability, non-toxicity and stability, crystalline Si has the advantage
that the available know-how on conventional crystalline Si processing can be used.
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1.3 Thin-film polysilicon solar cells

A thin-film polycrystalline Si solar cell is made in a thin polysilicon layer (1 — 5 pm) on
top of a foreign substrate [1-12]. Polycrystalline silicon is fully crystalline and consists
of grains surrounded by defective grain boundaries. At these defects, the generated
carriers can recombine, which has to be avoided as far as possible. The grain size of the
material is usually in the range of 0.1 — 100 um, i.e. much smaller than the grain size of
multicrystalline silicon (several mm to cm). A disadvantage of this material is that it
requires higher processing temperatures (> 500 °C) than for example microcrystalline
silicon (< 300 °C), which imposes more stringent requirements on the substrate.
Because of these high growth temperatures, these technologies need to use a separate
hydrogenation step after the growth of the active layer to passivate the defects. Another
disadvantage of polysilicon compared to a-Si:H is that it has an indirect band gap
because of its crystallinity and hence a low absorption coefficient [1-13]. This means
that the implementation of an excellent light trapping scheme is of crucial importance to
obtain a high current density.

Because of the promising properties of this material, research on polysilicon solar cells
started already in the seventies [1-14].

Sanyo and Pacific Solar were the first to develop a polysilicon material suited for solar
cell production using solid phase crystallization (SPC) of amorphous silicon. In this
SPC technique, a-Si layers are crystallized during a long thermal anneal in a furnace at
typically 600°C.

Figure 1-1 shows a transmission electron microscopy (TEM) cross-section of an SPC
film obtained from annealing evaporated amorphous silicon.

This polysilicon material is clearly far from perfect, featuring many defects and a large
grain size distribution. The average grain size of SPC material used for solar cells
applications is typically 1 — 2 pm. Sanyo reached a cell efficiency of 9.2 % with a
metallic substrate, but stopped their activity on polycrystalline Si [1-15]. Pacific Solar
also used the SPC method but on a borosilicate glass substrate. In 2004, the technology
of Pacific Solar was transferred towards a new company called CSG-solar (Crystalline
Silicon on Glass). Last year CSG started production of the first polysilicon modules
with an annual capacity of 10 MW,,. Their module efficiency (total area of 1.4 m?) is
around 7 %, while their maximum efficiency on mini-module level (total area of 96
em?) is around 10 % (Jo, ~ 27 mA/em?, Vo, ~ 490 mV, FF ~ 75 %) [1-16]. Their SPC
material has an average grain size of around 1.5 pm and a thickness of around 1.2 um
[1-17].
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Figure 1-1: Cross-sectional transmission electron image of an SPC polysilicon film
made on planar silicon nitride (SiN) — coated glass. Reprinted with permission from
Figure 1, M. Terry, A. Straub, D. Inns, D. Song, A. Aberle, Large open circuit voltage
improvements by rapid thermal annealing of evaporated solid-phase-crystallized thin
film silicon solar cells on glass, Applied Physics Letters, 86, 172108. Copyright (2005),
American Institute of Physics [1-18]

Other polysilicon technologies were developed on the basis of a direct deposition of
silicon onto a foreign substrate using high temperature Chemical Vapor Deposition
(CVD). Because of the high deposition temperatures (> 1000 °C), the layers are grown
quite fast (> 1 pm/min) and a small average grain size is obtained (< 1 pum, “fine-
grained” polysilicon). When the nucleation density was controlled and the growth rate
was reduced, IMEC obtained grain sizes of more than 10 pum resulting in a cell
efficiency of 5.5 % [1-19].

To improve the efficiency of polysilicon solar cells towards the values reached by
multicrystalline or monocrystalline silicon, most of the research today tries to improve
the material properties of the polysilicon using a larger grain size (“coarse-grained”
polysilicon). A larger grain size means a lower concentration of grain boundaries and
hence less defects in the layer. A technique that gets a lot of attention to enhance the
grain size is the Aluminum-Induced-Crystallization (AIC) method of a thin amorphous
silicon layer (~ 200 nm thick). Nast et al. showed that it was possible to obtain average
grain sizes of more than 15 um [1-20].

Nowadays the University of New South Wales makes solar cells using an AIC seed
layer and an e-beam evaporation technique to deposit the absorber layer. Their highest
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cell efficiencies so far are around 3 % [1-21]. This technique is also used at the Hahn-
Meitner Institut, where the cell efficiencies are only 1.3 % [1-22]. The reason for the
relatively low efficiencies is that the absorber layer is grown at low deposition
temperatures (< 600 °C) resulting in relatively high defect densities.

In this work, a coarse-grained polysilicon route is discussed, starting from large-grained
AIC seed layers and using high temperature CVD for the deposition of the absorber
layer. The aim is to combine the large grain size of the AIC seed layer and a higher
quality of the epitaxial layer. Chapter 2 discusses the growth of the material and the
properties of the polysilicon. A distinction is made between fine- and coarse-grained
polysilicon material. Chapter 3 is devoted to the emitter formation on the p-type
polysilicon layers. Both the traditional diffused homojunction and the more advanced
amorphous silicon — crystalline silicon heterojunction emitter are used. The passivation
of defects in the polysilicon layers by hydrogen atoms is described in Chapter 4. Here,
the emphasis lies on the different behavior of fine- and coarse-grained material and on a
comparison between the hetero- and the homojunction emitter. Different technologies to
hydrogenate the layer are compared and the best one is selected. Chapter 5 discusses the
light trapping scheme that is implemented to boost the light absorbance in these thin-
film devices. Finally, Chapter 6 summarizes the results and suggests useful further
developments.
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Chapter 2
Growth and processing of polysilicon layers

2.1 Introduction

Thin polysilicon layers on top of a foreign substrate may substantially reduce the costs
of photovoltaic energy. Different technologies exist to create a thin polysilicon layer.
Those technologies are best classified according to their processing temperature.

Low temperature technologies have process temperatures below 700 °C. Solid Phase
Crystallization (SPC) is classified as a low temperature technology although it uses a
very short high temperature step, namely rapid thermal anneal [2-1, 2-2]. They have the
advantage that they can use low-cost substrates with less stringent requirements due to
the low temperatures. However they have as major disadvantage that they are based on a
very long (typically several tens of hours) crystallization of an amorphous silicon layer,
which limits the speed of the process.

Other technologies use temperatures well above the melting point of silicon (process
temperatures above 1400 °C) such as Zone Melting Recrystallization (ZMR) [2-3]. At
those temperatures the silicon template is molten and recrystallized into polysilicon with
large elongated grains. In this approach, the higher temperature results in a faster
crystallization of the template, but sets severe substrate requirements. The process is
rather complex because of difficulties to control the solidification process and to avoid
unstabilities due to constitutional supercooling.

The technology studied in this work, tries to combine the advantages of both
temperature regimes (cheap substrate and high throughput process) by using an
intermediate temperature (700 — 1400 °C) to deposit the layers [2-4]. The production of
polysilicon solar cells based on the intermediate temperature approach can be
summarized in a generic flow chart, as shown in Figure 2-1.

S11 -



Chapter 2: Growth and processing of polysilicon layers

Substrate
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Growth absorber layer
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pn-junction formation, passivation, texturing

]

Contacting

Figure 2-1: Generic process flow for polysilicon solar cell production

As a first step the substrate onto which the polysilicon layer is created, is chosen.
Section 2.2 gives an overview and a selection of possible substrates for the intermediate
temperature approach.

The deposition method of the polysilicon layer on top of the substrate is discussed in
section 2.3. At IMEC, two polysilicon materials with a different grain size were
developed in the same deposition system: fine- and coarse-grained polysilicon. Standard
deposition of silicon on a foreign substrate leads to a small grain size, here called fine-
grained polysilicon. To obtain larger grains, the substrate had to be covered with a thin
seed layer before the deposition. The resulting material is called coarse-grained
polysilicon. Because of these differences, the preparation and the material
characterization of fine- and coarse-grained polysilicon are discussed separately in
sections 2.4 and 2.5.

Once the polysilicon layer is deposited (either fine-grained or coarse-grained), solar
cells are made by the creation of a pn-junction, the application of a passivation scheme
and the implementation of an optical confinement. The optimization of these steps
forms the major part of the thesis, and therefore the three following chapters are
dedicated to it.

As a final processing step, metal contacts are created to deliver the generated power to
the external world. The cell metallization is common to all the cell processes studied
here, and is described in section 2.6.

-12 -
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2.2 Foreign substrates

Polysilicon solar cells use only a very thin silicon layer (1 — 5 um). This polysilicon
layer is not self-supporting and therefore, a foreign substrate is used to enhance its
mechanical strength. The substrate needs to fulfill some requirements to be compatible
with the deposition process and to be industrially applicable [2-5].

First of all, it needs stability towards the highest temperatures during the deposition (~
1130 °C). Standard inexpensive glasses used for amorphous and microcrystalline Si
solar cells, such as soda lime glass, cannot be used at these deposition temperatures due
to their too low softening temperature (~ 575 °C). Even the more stable borosilicate
glasses used in solid phase crystallization cannot be used because of thermal stability
problems (softening temperature ~ 8§20 °C).

After epitaxial deposition, the substrate needs to cool down from deposition temperature
to room temperature. During cooling down the substrate and the silicon layer contract
and mechanical stress develops when the thermal expansion coefficients (TEC) do not
match. This can lead to cracks and breaking of the films. Therefore, the second
requirement is that the thermal expansion coefficient of the substrate is as close as
possible to the one of silicon (~ 4.2x10° K'). Metal substrates such as stainless steel
can be cost-effective, however their TEC is usually much higher (TEC stainless steel ~
12x10° K™).

The third and most important requirement is the industrial compatibility of the
substrates. To be industrially compatible, it is required that the substrates can be
produced in large amounts at a low cost.

For this work three substrates were chosen for the production of polysilicon solar cells:
oxidized silicon wafers, alumina ceramics and high temperature glass-ceramics.

Oxidized silicon wafers are used as a model for a foreign substrate. They are obtained
by wet oxidation of a monocrystalline silicon wafer (“reclaim wafer”). The oxide layers
are typically around 1.2 pm thick. They are not considered as suitable for industrial
production, since they are expensive bulk silicon wafers. However for practical reasons
they were used for fast depositions of polysilicon to optimize the process in this work.
This process optimization is then used further for solar cells on less expensive
substrates.

Two substrates, alumina and glass-ceramic, are considered as economically viable.
Their main characteristics are listed in Table 2-1.

-13 -
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Softening point Thermal expansion Estimated price
°C) coefficients (K™) (€/m?)
@ 577 °C
Silicon 4.2x10°
Alumina > 1460 7.5%x10° ~30
Glass-ceramic ~ 1000 3.5-4x10°

Table 2-1: Properties of silicon, alumina substrates and glass-ceramic substrates

Alumina (microcrystalline aluminum oxide Al,O;) is a ceramic already widely used in
the electronic packaging industry. The alumina substrates used here are produced by the
company CoorsTek (CoorsTek ADS996R) using the tape casting process [2-6]. Its grain
size is less than 1 pm and the substrates are thermally stable up to very high
temperatures. An important advantage is that impurities are chemically bounded and
embedded in a matrix of stable material, so that only a very limited amount of
contaminants is released during deposition [2-7]. The major drawback is the large
thermal expansion coefficient about twice that of silicon. These substrates are not
transparent and therefore they can only be used for solar cells in a substrate
configuration, where the metal contacts are at the front of the cell.

Glass-ceramics are special glasses made from a mixture of sand, alumina and various
other oxides. They are able to withstand temperatures above 1000 °C and their TEC is
tuned to match that of silicon [2-8]. Polysilicon depositions in the reactor at 1130 °C
show no substantial problems when using these substrates. The high temperature glasses
used here were made by the company Corning Inc. It is anticipated that they could be
produced at a low cost in large volumes. Total Reflection X-ray Fluorescence (TXRF)
measurements show that no out-diffusion of contaminants occurred into the silicon layer
[2-9]. They are fully transparent and thus can be used for cells in a superstrate
configuration, where the metal contacts are at the bottom of the cell.

-14-
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2.3 Thermal chemical vapor deposition

Once the substrate is chosen, polysilicon is grown on top of it using Rapid Thermal
Chemical Vapor Deposition (RTCVD). During CVD a solid material is obtained
through a chemical reaction from gaseous reactants [2-10]. When the process is based
on thermal decomposition of the precursor (the starting product), the term “thermal
CVD” is used. During CVD the substrate is heated to the required temperature, the
gasses are introduced in the chamber and through a complex sequence of gas phase and
surface processes a layer of crystalline silicon is obtained. In a first step, small nuclei
are formed on the (ideal) foreign substrate and afterwards the layer is grown to the
required thickness. The nuclei grow by capturing the free silicon atoms adsorbed by the
substrate. Rapidly, the nuclei reach each other, coalesce and grow further vertically (=
columnar growth) as grains in the layer. As the grains have different crystal orientations,
grain boundaries are formed when the grains reach each other.

The thermal CVD system is a commercial hot-wall single-wafer CVD system from
ASM (epsilon system) [2-7]. The depositions occur at atmospheric pressure and at
1130°C using trichlorosilane as a precursor gas. Due to the high temperatures, the
growth rate of the polysilicon is quite high (~ 1.4 pm/min) being an important parameter
from the industrial point of view. The p-type doping is obtained by adding diborane
(diluted in hydrogen) as a dopant gas.

When an active layer is made for solar cell application, it is required that a thin highly
doped p' layer is grown as a Back Surface Field (BSF) to limit minority carrier
recombination at the back surface. The p" layer typically has a doping density of around
2x10" c¢m™ and its thickness varies between 0 and 5 pm. Due to the high doping
density, the resistivity of this layer is quite low and therefore, it also serves as a
conducting channel for the majority carriers towards the contacts. A moderately doped
p-type layer is grown on top of the p' layer as an absorber layer. The p-type doping
density is typically chosen in the range of 10" — 10" cm™ and the thickness of the layer
varies from 0 to 6 pm.

For some characterization experiments such as resistivity measurements, it is required to

omit the p" layer, to avoid a lower resistance path for the majority carriers. Then, only a
p-type layer is grown on the substrate.

-15-
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2.4 Fine-grained polysilicon

Fine-grained polysilicon is prepared by direct chemical vapor deposition of a silicon
layer on top of a foreign substrate. For most experiments with fine-grained polysilicon
an oxidized Si substrate is used here. The oxidized Si works as a model for a foreign
substrate since no preferential nucleation is obtained. A lot of nuclei are formed and the
resulting material has a very small grain size.

In Figure 2-2 a transmission electron microscopy (TEM) picture is shown of fine-
grained polysilicon material grown on an oxidized Si wafer [2-11]. Before the
measurement, the samples were prepared by Ar ion milling in a precision ion polishing
system. For the characterization a Tecnai system is employed, operated at 300kV.

The grains have a vertical columnar structure (Figure 2-2). This is preferred in a solar
cell device since the generated minority carriers do not need to cross a grain boundary
before they reach the junction. The grain size is determined by the “grain boundary
crossing technique”, in which the grain size is taken as the average distance between
two grain boundaries over as many grains as possible. In this way, a grain size of the
fine-grained material is obtained in the range of 0.1 — 0.2 pum. Also note the flat
interface between the SiOy and the polysilicon, and the rather rough top surface of the
silicon.

Figure 2-2: TEM picture of thin-film fine-grained polysilicon on an oxidized silicon
wafer
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In Figure 2-3 an Electron BackScatter Diffraction (EBSD) map is shown of the cross-
section of a fine-grained polysilicon layer [2-12]. Also here, it is observed that the layer
is composed of grains with a columnar structure and a diameter of ~ 0.2 pm. The
different colors are characteristic for different grain orientations. At the interface
between SiO, and polysilicon, a large number of very small grains with different
orientations are observed due to the large nucleation density. After ~ 2 um these small
grains disappear and the main color becomes green which is characteristic for the (110)
orientation perpendicular to the film plane. In literature, the dominance of the (110)
orientation for fine-grained polysilicon has already been observed and explained by a
competitive growth due to the higher growth rate of {110} planes [2-13].

Figure 2-3: EBSD picture of fine-grained polysilicon layer on top of oxidized silicon
wafer

From Figure 2-2 and Figure 2-3, it is concluded that fine-grained polysilicon contains
many grain boundaries and defects. These defects trap majority carriers (positively
charged holes h" in p-type Si), and due to the ionized intragrain dopant atoms
(negatively charged acceptors in p-type Si) a potential barrier is developed across the
grain boundaries. This potential barrier ¢, results in a higher resistivity and a lower
mobility for majority carriers. Furthermore, minority carriers (negatively charged
electrons ¢ in p-type Si) recombine at the defect levels with trapped majority carriers.
The band bending in polysilicon material with a grain size L, is schematically shown in
Figure 2-4 [2-14].

-17-



Chapter 2: Growth and processing of polysilicon layers

grain boundaries

N

grain

I YT
Figure 2-4: Influence of the grain boundaries on the energy band model with ¢, the
potential barrier height at the grain boundary for grains of size L, (Figure taken from [2-
14])

The electrical activation of the defects at the grain boundaries is studied by measuring
the resistivity p of majority carriers in p-type layers (no pn-junction or BSF present) as a
function of temperature (300 — 500 K) (Figure 2-5). The p vs. T measurements are
carried out in a four point probe configuration with sintered Al stripes as contacts.

The curves show a decrease of the resistivity with the temperature. Normally on
monocrystalline silicon, an increase of the resistivity is found with increasing
temperature due to an enhanced phonon scattering. For polycrystalline silicon the
situation is different. Here, the resistivity of the polysilicon layers is the sum of the
intragrain resistivity and the resistivity of the grain boundaries, which is usually much
larger and determines the total resistivity. At a higher temperature more carriers can
surmount the potential barrier (a higher thermionic current) and a lower resistivity is
observed.

When the potential energy barrier at a grain boundary is plotted as a function of the
doping density N, (cm™), one can usually observe two regimes for polycrystalline

N
material. For N, < —L (with N; the trap density in cm™), the grains are completely
g
depleted and due to the absence of mobile carriers a very high resistivity is obtained in
this regime. For a higher doping density, the potential barrier becomes larger and the
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resistivity remains very high. For N, > % , only a part of the grain is depleted and the
g

mobile carriers can take part in the transport. A higher doping density results in a lower

potential barrier and a very sharp fall of the resistivity. In this case, it is assumed that the

potential barrier ¢, at the grain boundaries is directly linked to the activation energy E,

of the measured resistivity. The activation energy is then determined by the number of

charged defects at the grain boundaries lying above the Fermi energy level in p-type Si.
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Figure 2-5: Resistivity vs. inverse temperature plots of p-type fine-grained polysilicon
layers with a different doping density N,

Figure 2-5 shows that an increased doping concentration lowers the resistivity and the
activation energy of the layers. This means that the fine-grained polysilicon material is
only partly depleted (second regime). Then, the carrier trapping model of the grain
boundaries predicts a charged trap density Ni:

N, - (82,N,, 2-1)
q

where & is the permittivity of Si and q is the electronic charge [2-14]. The defect density
N, is expressed per unit area of the grain boundary. To calculate the volume defect
concentration at the grain boundaries, Ny , vs. 1 (em™), it is assumed that the layer is
composed of columnar grains with square dimensions (rib size L,). Furthermore, the
specific grain boundary area (the ratio of the total boundary area of the grain and the
total volume of the grain) and the fact that each grain boundary defect is part of two
adjacent grains is taken into account:
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N =—t (2-2)

The results of the calculated volume defect densities are shown in Table 2-2 and
discussed at the end of this section.

The total concentration of paramagnetic defects (i.e. defects that contain one unpaired
electron) of the p-type fine-grained polysilicon layers is measured using K-band (~ 20.4
GHz) electron spin resonance (ESR) at 4.2 K, again in the absence of highly doped
layers. At these low temperatures, nearly all the defects (at the grain boundaries but also
intragrain) are uncharged and therefore all detectable by ESR [2-15, 2-16]. The ESR
spectrum of a fine-grained polysilicon sample is shown in Figure 2-6. The principal
signal observed unmistakably concerns the Si dangling bond signal (referred to as D-
line [2-17], spin S=1/2) centered at the spectroscopic splitting factor g = 2.0050 +
0.0005 and with peak-to-peak widths AB,, = 14+1 G for the as-grown sample. The
absolute accuracy attained on defect density determination is estimated at ~ 20%. More
details on the ESR measurement are given in [2-18].

20.4 GHz; 4.2 K
65 dB

Si:P

9=1.99869

AT

dP,/dB (arb. units)
—
>
=

magnetic field (G)
Figure 2-6: ESR spectrum of a fine-grained polysilicon layer

In Table 2-2 the number of defects measured by p vs. T and by ESR are shown for 5 um
thick layers with doping levels N, of 10'¢, 3x10'® and 107 cm™.
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N, (cm”) Ny, pys. 7 (€m™) Nygsr (em™)
10 4.6x10' 2.4x10"
3x10" 6.9x10' 7x10"
107 1.1x10"

Table 2-2: Influence of p-type doping level on defect density of fine-grained polysilicon
layers measured by p vs. T and ESR

It is observed that ESR measurements clearly yield higher defect densities than the p vs.
T method. This is expected since ESR measures the total dangling bond concentration in
the layer, while p vs. T only yields the charged defects at the grain boundaries.

Table 2-2 also shows that the defect density N, , s r does not fit the requirement for

partially depleted grains (N, > &), while the resistivity measurements confirmed
g

that the fine-grained polysilicon is partially depleted (see Figure 2-5). The reason
herefore is that Eq. (2.2) uses the average grain size as deduced from EBSD
measurements. As can be seen in that cross-section, the fine-grained material
polysilicon material has a grain size distribution around that average grain size (see
Figure 2-3). For the resistivity measurements the electrical current follows a path with
the lowest resistance. This path is along the largest grains, and therefore the average
grain size for the resistivity measurements is larger than the average grain size deduced
from the EBSD measurements. If an average grain size of 0.25 pum is used, the results
fulfill the condition for the partially depleted region.

Both methods also indicate that the defect densities of the fine-grained layers increase
with an increased doping density of the layer. In the past this has also been observed for
microcrystalline silicon [2-19]. The reason for this is not fully clear but may be related
to a worse quality of the epitaxial layer when a larger number of dopant atoms are
incorporated. Another possible reason was proposed by Altermatt et al. suggesting the
defect pool model for polycrystalline silicon that is commonly used to explain the
energy distribution of defects in amorphous silicon [2-20].
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2.5 Coarse-grained polysilicon

Fine-grained polysilicon layers suffer from the small grain size resulting in a large
number of defects, where recombination between minority and majority carriers can
occur. An obvious strategy to reduce the number of defects in the polysilicon layers is to
enlarge the grain size of the material (coarse-grained polysilicon). Due to a larger grain
size, less grain boundary defects are obtained and one expects a better electronic quality
of the material with less recombination. At IMEC, coarse-grained polysilicon is
prepared in two steps. First, a thin but large-grained seed layer is made on top of the
foreign substrate. Then, this seed layer is epitaxially thickened.

When an alumina substrate is used, the substrate is flattened before seed layer formation
with a thin flowable oxide (FOx-25 from Dow Corning), to reduce the roughness and to
obtain a higher quality seed layer [2-21]. In case of a glass substrate no smoothening
oxide layer is required and the seed layer is directly formed on top of the substrate [2-9].
The technique used to make this seed layer is Aluminum-Induced-Crystallization (AIC)
of amorphous silicon. First, an Al layer (~ 200 nm thick) is evaporated on top of the
substrate in a high vacuum e-beam evaporator. After the deposition, the Al layer is
exposed to air for 2 minutes during which a thin oxide layer is formed. Next, an
amorphous silicon layer (~ 230 — 250 nm thick) is evaporated on top of the Al in the
same system. This layer stack is then annealed for 1 to 4 h in a tube furnace at 500 °C in
a nitrogen atmosphere. During that anneal, a layer exchange takes place between the Al
and the Si during which the amorphous Si crystallizes into grains of several microns
with a preferential (100) orientation. Finally, the Al layer is removed by selective
chemical etching in a phosphoric acid solution.

Figure 2-7 shows a scanning electron microscopy (SEM) picture of a silicon grain on
top of a spin-on oxide covered alumina substrate after the Al layer has been selectively
removed [2-22]. The seed layer has a thickness of around 230 nm and a much larger
grain size (~ 5 pm). Also note the small islands that remain present on top of the
crystallized grains. These islands are partly crystallized regions that are formed before
the layer exchange due to the excess of Si. They must be avoided as much as possible
[2-23].

After seed layer formation, the samples are epitaxially thickened by RTCVD. The seed
layers themselves are highly doped with Al (~ 10" em™). The active doping density (~
10" cm™) however is too low to yield a low enough resistivity. Therefore, both a p'-
and a p-type layer are deposited. The depositions occur in the epsilon system under the
same conditions as for the deposition of fine-grained polysilicon. During that epitaxial
deposition, the morphology of the seed layer is copied into the polysilicon layer and a
nearly columnar structure is obtained. The grain size of the final polysilicon layer
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normally equals the grain size of the seed layer. In Figure 2-8 an EBSD picture is shown
of the cross-section of a coarse grained polysilicon layer. As observed, the grain size
varies in the range of 5 — 10 um. The main color is red characteristic for a (100)
orientation. It can also be seen that the polysilicon is not perfectly columnar. This arises
from non-idealities such as the development of stress, the islands... On glass-ceramic
substrates the polysilicon layers have generally the same features.

_—— T

PP

Figure 2-7: SEM picre of a silicon grain formed by AIC on a spin-on oxide coated
ceramic substrate

Figure 2-8: EBSD picture of coarse-grained polysilicon layer on top of a ceramic
alumina substrate

p vs. T measurements are done on a 6 pm thick p-type layer (3x10'® cm™ B-doped). The
coarse-grained polysilicon shows a defect density of 2x10"° ¢cm™, smaller than on fine-
grained material with similar doping density. However, due to the presence of the seed
layer, there is no certainty that this is due to the larger grain size of the layer. As
mentioned before, the seed layer has a higher doping density than the p-type layer, and
therefore it is possible that the potential barriers in the seed layer are much smaller and
that transport is favored through this seed layer. No ESR measurements are performed
on these layers, since the defect densities at the Si-alumina interface or Si-glass interface
are not well known.
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2.6 Contacting of thin-film polysilicon solar cells

After the growth of the polysilicon layers, a stack with a highly doped p'-layer (the
BSF) and a lowly doped p-type layer (the base) is obtained. In order to separate the
generated electron-hole pairs when the layer is illuminated, a highly doped n'-region
(the emitter) is made on top of or into the p-type layers to create an internal electric field
(the pn-junction) (Chapter 3). In a final step, the n- and the p-type layer are contacted to
extract current from and to apply a forward bias across the photovoltaic device. Since
insulating substrates are used, both the emitter and the base contact are on the same side
of the device (on top of the silicon layer).

Two configurations can be used for the thin-film solar cells. In a superstrate
configuration, the light enters the cell through the support onto which the active layer
has been deposited. In a substrate configuration, the light penetrates through the other
surface. For the sake of convenience at this stage of research, the polysilicon layers
studied in this work have a substrate configuration with both contacts at the front side.
Due to one-side contacting, the holes need to diffuse over a larger distance than in the
conventional two-side contacted cells. Holes generated in the p-type layer need to travel
vertically, down to the p'-layer, then horizontally towards the nearest contact and finally
vertically to the contact itself. The horizontal distance determines the resistance and is
the main contributor to the final series resistance of the cell. To limit losses in thin-film
polycrystalline solar cells, a careful design of the contact pattern is needed.

Figure 2-9 (cross-section) and Figure 2-10 (top view) show two options to contact the
cells. The total cell area is in both cases 1 cm® (aperture area). The white circles and
arrows show the collection of the electrons while the black ones show the collection of
the holes.

a) Side-contacted process b) Interdigitated contact
process
oo

B o piypesi—»>
“«—— p*type Si —>

<€—— substrate —>
Figure 2-9: Cross section of side-contacted and interdigitated thin-film Si solar cells (not
to scale)
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a) Side-contacted process b) Interdigitated contact
Pprocess
Cell area
" \
\ Base

contact

\ Emitter /

contact

Figure 2-10: Top view of a side-contacted solar cell and a cell with interdigitated
contacts

In the side-contacted process, the base contacts are at the edge of the cell (and therefore
outside the cell) and the generated holes travel horizontally through the p'-layer towards
the contacts. On average, the holes have to travel ~ 0.3 cm to reach the nearest base
contact. The resistance is thus determined by the cell area and the p' layer thickness.
The process is relatively simple, but limited to small cell areas.

In a first step, small mesas (islands) of 1 cm? are defined by photolithography. Then the
n' layer around the mesa is etched away down to the p-type layer in a polyetch solution
(HNOs/Buf-HF/H,0 in volume ratios 40/1/16). After etching, Al base contacts of 2 pm
are evaporated onto the p-type layer using a shadow mask. To ensure a good contact
between the Al and the p-type silicon, an annealing is carried out for 30 minutes at a
temperature in the range of 200 — 400 °C. Before annealing, the resist layer is removed
in an acetone solution. As a last step, the front contact grid is created on top of the
emitter. This front contact consists of 10 metal fingers connected to a busbar and is
made from a stack of Ti (70 nm), Pd (50 nm) and Ag (2 um). The Ti serves as a barrier
for metal diffusion into the silicon, the Pd serves as adhesion layer between Ti and Ag,
and the Ag contact is the conducting metal for the electrons. The distance between the
two fingers is around 1 mm and the finger width is 10 um. An advantage of this concept
is the low contact shadowing because the base contacts are at the edge of the cell. The
total coverage factor of the metals is around 6%.

A second possibility is to use an interdigitated contact process [2-24]. Here both emitter
and base contacts consist of fingers and a busbar on top of the cell. The resistance of the
holes is now mainly determined by the distance between two base contacts. This
concept can also be used for larger cell areas and for thinner p'-layers, but it is a bit
more complicated since an extra photolithography step is needed.

The base contacts are formed by lift-off photolithography and wet chemical etching of
the n*-layer. After the lift-off the Al contacts only remain on the etched base area, and in
the end the base contact fingers have a width of ~ 40 um (Figure 2-11).
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Figure 2-1 1: SEM picture of a base contact finger

= e
on a fine-grained polysilicon layer

In total there are 8 base fingers connected to a busbar, and the distance between two
base contacts is around 1.1 mm. The holes thus need to travel over only 0.3 mm on
average to reach the nearest contact. After the evaporation of the base fingers, the front
grid fingers (Ti-Pd-Ag stack) are evaporated in such a way that there are two emitter
fingers around each base finger. The spacing between two emitter fingers is also 1.1
mm. In a last step the cells are separated by a second lithography process, where small
mesas of 1 cm? are created after wet chemical etching. After etching, the final structure
is annealed to ensure a good contact with the p-type layer. A disadvantage of this
process is the larger shadowing due to more metal coverage (around 8%).
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Chapter 3
Emitter formation on polysilicon layers

3.1 Introduction

After the growth of the p'p-type polycrystalline silicon layers, solar cells are made in
them. Figure 2- 1 showed that the cell process involves several steps, such as creation of
the pn-junction, defect passivation and implementation of an optical confinement
scheme. This chapter takes a closer look at the junction formed by a highly doped n*-
emitter on top of the p-type absorber layer. Most techniques to obtain an n-type silicon
layer use phosphorus as a donor impurity (group V element). The emitter induces an
internal electric field that separates minority and majority carriers generated mainly in
the absorber layer.

In conventional processing of bulk silicon solar cells, the emitter is formed by P
diffusion at high temperatures (> 700 °C) into the p-type layer [3-1]. By an
overcompensation of the acceptors, an n'-region is created (more donors than
acceptors). Throughout this work, this type of emitter is called P-diffused homojunction
emitter. On top of the emitter, an amorphous silicon-nitride (a-SiNx:H) layer is
deposited as an anti-reflective coating (ARC) to reduce the reflectance.

For p-type polysilicon layers grown by chemical vapor deposition, one could also think
to grow the n-type layer in-situ in the CVD system [3-2]. In such a process, the p- and n-
type layers could be grown directly after each other in one single step. Although such a
route seems appealing, there are still problems to reach high active surface
concentrations to enable good contacts and to control the dopant distribution. During the
high-temperature growth, the donor impurities are mobile and give rise to P out-
diffusion. The CVD emitters are not investigated here on polycrystalline silicon, since a
lot of research is currently done on monocrystalline silicon to yield a better controlled
dopant profile [3-3].
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A third type of emitter for thin-film polysilicon layers was introduced in the nineties by
the company Sanyo, the HIT emitter (Heterojunction with Intrinsic Thin layer) [3-4, 3-
5]. In contrast with the previously mentioned high-temperature homojunction emitters,
the HIT emitter is a low-temperature (< 300 °C) heterojunction emitter. It consists of a
thin P-doped amorphous silicon layer (n" a-Si:H) on top of a crystalline base. Because
of the high resistivity of the amorphous silicon, a Transparent Conductive Oxide (TCO)
is used in this case to lower both reflective and resistive losses.

Since the heterojunction is formed at low temperatures and the homojunction at high
temperatures, a different process scheme is used

Figure 3-1). The main reason for the different processes is stability of the passivation,
discussed further in Chapter 4.
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Figure 3-1: Process scheme of a homojunction and a heterojunction emitter [3-6]

For a homojunction, the defect passivation step is carried out after the P-diffusion, while
for a heterojunction it is before the amorphous silicon deposition.

In this chapter, the P-diffused homojunction (section 3.2) and the a-Si:H/c-Si
heterojunction emitter (section 3.3) are investigated for monocrystalline (as a reference)
and polycrystalline silicon. Section 3.4 summarizes the results and explains the
differences. Finally, section 3.5 describes a new emitter based on nitrogen as a donor
element.

-30 -



Chapter 3: Emitter formation on polysilicon layers

3.2 P-diffused homojunction emitter

3.2.1 Introduction

In conventional industrial processes on mono- or multicrystalline silicon, the n'-emitter
is mostly formed by phosphorous diffusion from a P-doped oxide. The oxide is created
by screenprinting, spray-on, spin-on or oxidation of silicon by POCl; gas [3-1]. During
the POCI; treatment, which typically occurs at temperatures around 850 °C, a
PhosphoSilicate Glass (PSG) is formed that contains the P-atoms. In a next step at those
high temperatures, the P diffuses from the oxide into the silicon layer (drive-in). After
etching the oxide, a Gaussian dopant profile is obtained with the P concentration falling
off exponentially from a highly doped n'-layer. This n'-layer consists of a dead layer
with a very low diffusion length and a layer that is highly doped, but where the diffusion
length is significant [3-7].

For multicrystalline silicon, this P-diffusion also leads to a gettering effect of metallic
impurities [3-8]. Those impurities are incorporated in the multicrystalline silicon wafer
during the growth of the ingot. At the high diffusion temperatures, the impurities diffuse
towards the P-rich region which improves the quality of the multicrystalline material.
After this gettering step the n'-region containing the impurities can be removed and a
new P-diffusion can be done to create the emitter on top of an improved p-type layer.
For CVD polycrystalline silicon layers most of the research so far has been done using
this P-diffused homojunction emitter. The polysilicon layers are prepared in very clean
conditions in the absence of metal contamination and therefore no improvements are
expected due to the gettering effect. After P-diffusion in polysilicon material, typically a
thin n" top layer is observed (with the dead layer) together with P-spikes along the grain
boundaries. Preferential diffusion along the grain boundaries occurs because of the
relatively small activation energy for impurity diffusion along defects compared to
diffusion in the grain itself [3-9, 3-10, 3-11]. It was found that these spikes influenced
the current collection of the cell yielding a higher response at longer wavelengths [3-
12]. This led to the development of the “TREBLE” concept (ThRee-dimensional
Emitter Based on Locally Enhanced diffusion) where the top layer of the emitter is
minimized and the dopant spikes of the emitter extend over almost the whole active
layer. In this way, it was tried to combine a large open-circuit voltage (V,.) due to grain
boundary passivation with P, with a high short-circuit current density (J;.) due to an
enhanced collection at the spikes [3-13, 3-14].

3.2.2  Experimental details

Before P-diffusion, samples are always cleaned to remove organic and metallic
impurities sticking on the surface. The cleaning consists of three steps of 10 minutes
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separated by water rinsing, 30s HF (2%) dipping to remove the oxides, and another
water rinsing. In the first step the samples are immersed in an IMEC-clean solution
(H,SO4/H,0,: 4/1) to oxidize the organic contaminants. In the second step, a more
thorough RCA1 cleaning (NH;OH/H,0,/H,0: 1/1/5 at 70 °C) is done to remove the
remaining organic impurities, and in the final step an RCA2 cleaning (HCI/H,0O,/H,0:
1/1/5 at 70 °C) follows to remove the metallic impurities from the surface. After this
extensive cleaning, a P-doped pyrolithic oxide is deposited on top of the polysilicon
layer at Atmospheric Pressure CVD (APCVD) and 400 °C using N, as a carrier gas and
SiHy, O, and PH; as precursor gasses. Immediately on top of that, an undoped pyrolithic
silicon oxide layer is deposited to prevent out-diffusion of P during the following high-
temperature treatment. The drive-in of P-atoms occurs in tube furnaces at atmospheric
pressure during a 10 minutes anneal (typically at 860 °C). When diffusion is finished,
the pyrolithic oxide layers are etched away in a pure HF solution (49 %). The emitter
sheet resistance (Rgneet) is checked by a simple four-point probe measurement giving a
rough idea on the depth and/or the dopant concentration of the emitter.

After the formation of the pn-junction, the grain boundaries are passivated (Chapter 4)
and a silicon nitride ARC is deposited. These steps are done in a direct plasma enhanced
CVD system (PECVD) (Figure 3-2).

matching
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Figure 3-2: Schematic illustration of the PECVD chamber based on the Oxford Plasma
Technologies Plasmalab 100 system [3-15, 3-16]

The PECVD system consists of two parallel plates that form a capacitor. Underneath the
grounded bottom plate there is a graphite heating system controlling the temperature of
the samples lying on top of it. The top plate is connected to an RF-source (13.56 MHz)
and develops a negative potential during the plasma because of the high mobility of the
electrons compared to the ions. For a similar reason the bottom plate develops a lower
potential than the plasma, leading to ion bombardement and plasma damage of the
sample surface. The processing gasses are introduced through openings in the top plate.
The bottom plate has a diameter of 8 inch while the top plate is a bit larger to ensure a
uniform deposition on the bottom plate.
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Before deposition of the a-SiNx:H layer, temperature and gas flow are stabilized
respectively during five and one minute. The deposition occurs at 270 °C, 1.2 Torr and
93 mW/cm?® using 50 sccm NH; and 20 sccm SiH, as precursor gasses. Ellipsometry
measurements show that the nitride layer has a thickness of around 80 nm and a
refractive index close to the optimal value of 2.0.

After the nitride deposition, either Al side-contacts or Al interdigitated contacts are
evaporated (see section 2.6) and a good ohmic contact with the base is obtained by
annealing the samples for 30 minutes at 400 °C. To make the front Ti-Pd-Ag contact,
openings are made in the nitride to contact the highly doped emitter. This is done using
a lift-off structure made by photolithography and a subsequent etching ni Buffer HF.

In section 3.2.3, the results of the homojunction emitter are shown on monocrystalline
silicon (as a reference) while in sections 3.2.4 and 3.2.5 the results on passivated fine-
grained and passivated coarse-grained polysilicon are presented. For the monosilicon
layers, it is necessary to cover the area surrounding the cell using a non-transparent
black foil to avoid extra current collection because of the high diffusion length of the
material. For polysilicon layers, the use of such a foil is not needed due to the low
diffusion length of the minority carriers in this material. For coarse-grained polysilicon
layers, only the results on alumina substrates are discussed since the same trends are
obtained on glass-ceramic substrates. The mesa cell results shown here are based on the
total cell area of 1 cm? and not on the active area (i.e. area without the metal contacts),
while the interdigitated cell area does not account for the area covered by the busbars.
The cell results in this work are maximal values, but the observed variations were
confirmed several times.

3.2.3  Monocrystalline silicon

To investigate the homojunction cell process, some tests are done on high quality
monocrystalline silicon to avoid the detrimental impact of grain boundaries. Therefore,
20 pm thick monosilicon layers (10'7 cm™ B doped ~ 0.2 Qcm) are used that are
epitaxially grown by RTCVD on top of a highly doped p’-monosilicon substrate.
Besides these epilayers, also 380 pum thick polished Float Zone (FZ) silicon wafers (1
Qcm) without BSF region are used. In contrast with polysilicon material, no bulk
passivation step is done due to the excellent material quality. Since no insulating foreign
substrates are used, the devices have a conventional two-side contacted structure with
the base contact covering the whole back side.

The diffused emitter is studied by varying the P-diffusion temperatures (Tgigusion)- Table
3-1 shows the influence of Tggmsion ON homojunction monosilicon solar cells (not
textured). The shunt resistances (Rguun) Of these devices as determined by the solar
simulator are extremely high due to the excellent cell isolation. Sometimes even
negative unreliable values are obtained and therefore Ry, is omitted in Table 3-1.

Rineer and J. of the epitaxial layers decrease when the P-diffusion temperature is higher.
This is due to the thermally activated diffusion process which yields a deeper emitter
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(and hence a lower Ry,.e¢) and a wider dead layer (and hence a lower J,.) in the samples
with a higher thermal budget. On the other hand, Ryies and V. seem unaffected by a
different Tdiffusicn.

Active Tdiffusion Jsc Voc FF EffiCiency Rseries Rsheet
layer °C mA/cm’ mV % % mQcm’ Q/sq
Epi 830 21.8 622.6 82.5 11.2 153 54
Epi 860 19.1 627.6 823 9.9 218 26
Epi 890 18.4 624.7 82.5 9.5 134 20

FZ 860 312 605.1 80.0 15.1 491

Table 3-1: IV results of the homojunction cell process on polished monocrystalline
silicon material.

When FZ material is used, a significantly higher J;, and a slightly lower V, are obtained
in comparison with the epitaxial layers. The higher J. is explained by the p-type region
which is much thicker and less doped for the FZ material. The lower V,. on the other
hand is due to the lower dopant concentration (lower built-in potential) and the absence
of a BSF region. The efficiency of 15.1 % on flat FZ material shows that the
homojunction process works well for monosilicon material and that it provides a good
starting point for thin polysilicon layers.

3.2.4 Fine-grained polysilicon

In this paragraph the influence of the P-diffusion of the homojunction emitter is
investigated. After characterization of the emitter, homojunction cells are made to
optimize the p-type layer of fine-grained polysilicon material. Fine-grained polysilicon
is grown on an oxidized silicon wafer and it is composed of very small grains of only ~
0.2 um (Chapter 2). Before the start of this work, the highest efficiency obtained on
such layers was 2.9 % [3-17]. These homojunction cells suffered from low open-circuit
voltages, typically below 400 mV.

As mentioned, the grain boundaries of polycrystalline silicon act as fast diffusion
channels for P atoms. This preferential diffusion has an influence on the current
collection and therefore it is investigated in more detail. One-dimensional
characterization techniques such as Secondary Ion Mass Spectroscopy (SIMS) or
Spreading Resistance Profiling (SRP) can be used to deduce an approximate position of
the junction, but they give no direct evidence for preferential diffusion. To obtain the
doping profile over the whole cross-section, two-dimensional techniques need to be
used as e.g. Scanning Capacitance Microscopy (SCM). It is based on a MOS-contact
(Metal-Oxide-Semiconductor) between a conducting AFM (Atomic Force Microscopy)
probe and a silicon sample (covered with a thin dielectric layer). The measured
capacitance is determined by the local carrier concentration of the semiconductor
sample. To find the exact location of junctions is a challenging task with SCM as a

-34-




Chapter 3: Emitter formation on polysilicon layers

broad depletion band is observed that can not be directly linked to the electrical junction
depletion layer [3-18].

Here, a recently developed technique is used called Scanning Spreading Resistance
Microscopy (SSRM) which has a higher sensitivity and a better resolution than SCM [3-
18]. Figure 3-3 shows a schematic set-up. It uses a high force between a conductive
AFM probe (width of ~ 10 — 15 nm) and a semiconductor. Because of this high force,
the measured resistance is dominated by the spreading resistance (i.e. the resistance
associated with a constricted current passing through a small electrode at the surface of
a semiconductor material) and not by the contact-resistance. The hard conductive probe
(typically diamond coated) is scanned in contact mode across the sample, while a dc
bias is applied between a backcontact at the back-side of the sample and the tip. The
resulting current is measured using a current amplifier. The SSRM technique allows a
direct link between the spreading resistance and the carrier distribution and is relatively
robust and less sensitive to sample preparation conditions than SCM.

(1012.104 A

conductive AFM probe
to ADC

T bias voltage

backcontact (50-500 mV)

Figure 3-3: Illustration of the SSRM basic scheme

In Figure 3-4, the resistance profile over the whole cross-section is shown for a fine-
grained polysilicon layer with the standard homojunction emitter as measured by
SSRM. The horizontal and vertical scales are the same (see Figure 3-4). Because of the
excellent resolution the regions with a low resistivity (emitter at the top and BSF at the
bottom) can be distinguished from the region with a high resistivity (base in the middle).
The average depth of the emitter is 0.6 pm while the P-spikes along the grain
boundaries reach a depth of 2 um. Not all grain boundaries seem to result in the same
depth of the P-spikes reflecting the different types of grain boundaries in the polysilicon
material. Note also the Boron out-diffusion from the highly doped BSF into the p-type
layer, which occurs mainly during the growth of the p-type layer. Compared to the
emitter profile, the B-spikes are less deep because of the higher activation energy
needed for B-diffusion (1.9 eV) compared to P-diffusion (1.7 eV) [3-19]. This dopant
redistribution results in a reduced (< 2 pum) p-type thickness compared to what was
aimed at (3 um).
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Figure 3-4: Cross-section of a diffused homojunction emitter on fine-grained polysilicon
Tittusion= 860 °C; 2 pm p* 3 pm p (10" em™ doped)

The performance of homojunction cells is influenced by the diffusion conditions as
observed in monosilicon material. A higher temperature yields a lower Ry, and a lower
Js. on epitaxial monosilicon layers. On polycrystalline silicon, an additional influence is
expected of the dopant spikes along the grain boundaries when diffusion temperatures
are varied. SSRM measurements on samples with a different Tgigsion Show that a higher
temperature leads to a deeper preferential diffusion (maximum depth) and a deeper
intra-grain diffusion (average depth) (Table 3-2).

T gittusion Average depth Maximum depth
°C um um
830 0.4 1.2
860 0.6 2.1
890 0.7 2.1

Table 3-2: Influence of the diffusion temperature on the P-depth profiles

To investigate the influence of these different diffusion temperatures on the cell
performance, solar cells are made on identical structures with 2 pm p' and 3 pm p-type
(10" cm™ B-doped) layers. The diffusion time is fixed at 10 minutes while the diffusion
temperature is varied from 830 till 890 °C. The graph in Figure 3-5 shows that also on
polycrystalline silicon layers, the Ry, decreases with a higher diffusion temperature
because of a deeper emitter. The absolute values for Ry, are higher than for
monocrystalline silicon which may be due to the preferential P-diffusion along the grain
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boundaries. Another reason might be that P-segregation at grain boundaries further
depletes the finite source as diffusion takes place leading to a shallower diffusion [3-11].
On cell level, V,. remains more or less constant with the diffusion temperature
(maximum value of 383 mV at 830 °C and minimum value of 373 mV at 860 °C), while
J;. shows a highest value at 860 °C. The constant value for the V. indicates that
recombination does not decrease with a deeper P diffusion along the grain boundaries

and hence that P-diffusion along the grain boundaries does not result in enhanced V.-
values.

13.5 250
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Ng %;U
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diffusion temperature (°C)
Figure 3-5: Influence of the homojunction diffusion temperature on J,. and Ry of fine-
grained polysilicon solar cells

To investigate the influence of Tgimsion ON the current collection mechanism and hence
on the J. of these devices, External Quantum Efficiency (EQE) measurements are done
(Figure 3-6). A higher diffusion temperature leads to a lower response for the short
wavelength region but to a higher for the long wavelength region explaining the
maximum of Jg. at 860 °C. The lower response at short wavelengths is due to a deeper
diffusion into the grains (a wider dead layer), and the higher response at long
wavelengths to a deeper diffusion along grain boundaries (Table 3-2). This combined
effect also decreases the maximum quantum efficiency and shifts the EQE peak towards
larger values with diffusion temperatures.

The influence of the doping density and the layer thickness of the p-type layer on the
homojunction cells is also investigated (Table 3-3). The cells have a 2 pm thick p'-type
layer and the emitter is diffused at 860 °C. Cell contacting is done using the side-
contacted process where the holes need to travel relatively far to reach the base contacts.
In general, the efficiencies are in the same range of those obtained in the past (2.9 %)
[3-17]. In contrast with the monocrystalline silicon layers, the shunt and series
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resistance of these polysilicon cells are very poor. For the cell with a 2 um thick p-type
layer, these resistances even limit V. and Js.. The extremely low shunt resistance in this
case is due to the deep P-spikes that reach a depth of 2 um and hence come into contact
with the p'-region of the BSF. A higher p-type doping leads to a slightly lower J,. and a
slightly higher V.. In Chapter 2 it is shown using ESR- and p vs. T measurements that a
higher dopant density leads to a lower base quality, which may explain the higher J;. for
a more lowly doped base region. Another possible reason can be that the preferential
dopant spikes are less active with a higher base dopant density since the acceptor
concentration is less easily compensated by donor dopants. The reason for the higher
Vo is the lower saturation current of the junction between emitter and more highly
doped base. The final efficiencies are equal which reflects the weak influence of the
base dopant density when a homojunction is used on fine-grained material.
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Figure 3-6: Influence of the homojunction diffusion temperature on the external
quantum efficiency of fine-grained polysilicon solar cells

Na Base Jsc Vac FF EffiCiency Rseries Rshunt

em’ thickness mA/cm’ mV % % mQcem’ Qcm?
um

3x10'° 2 10.8 328.0 48.3 1.7 6542.9 140.2

3x10' 3 13.6 365.1 52.6 2.6 5681.5 393.9

10" 3 13.2 372.9 53.1 2.6 5095.6 540.2

Table 3-3: Influence of the p-type layer on homojunction solar cell
The highest efficiency on fine-grained material with a homojunction emitter is 2.8 %

(Js= 13.9 mA/cm?; V= 413 mV) reached using 1 um p" and 4 pm p-type (3x10'° cm™
doped) layers.
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3.2.5 Coarse-grained polysilicon

As stated in Chapter 2, also coarse-grained polysilicon material is made with a grain
size of 5 um. Due to the larger grain size, there are less grain boundaries for
recombination or for preferential dopant diffusion. Although no SSRM measurements
were done, it is argued later (section 3.4) that the P-diffusion leads to P-dopant spikes
along the grain boundaries also on this material.

The influence of the p-type doping density on homojunctions of coarse-grained
polysilicon is investigated using the side-contacted process (Table 3-4) [3-20].

N a Jsc Vac F F EffiCienCy Rseries Rshunt
cm’® mA/cnt’ mV % % mQcnt’ Qcnm’
5x10" 16.5 418.7 64.5 4.5 1911.2 1834.6
10" 16.7 407.4 63.8 43 2287.3 1610.9
3x10'° 17.3 410.9 63.7 45 2223.8 1345.3
10" 16.4 428.6 62.5 4.4 2361.3 831.5

Table 3-4: Influence of p-type layer dopant density on the solar cell characteristics
3 pm p+ and 3 pmp (Tdiffusion =860 OC)

It is again observed that the p-type dopant density has only a weak influence on the cell
parameters, just as on fine-grained material. Clearly, the use of coarse-grained material
results in larger J. and V,.-values compared to the fine-grained layers (Table 3-3 for 3
um thick p-type layers). In Chapter 5 it is shown that the different substrate, i.e. an
alumina substrate versus an oxidized silicon wafer, results in a different substrate
reflection which can partly explain the difference in Ji.. The enhancement of V,. by
more than 50 mV (and J,, by more than 3 mA/cm?) is also expected due to the large
difference in grain size (factor 20). The reason for the higher Ry, in case of coarse-
grained material is the lower chance to have a local contact between P-spikes and the p'-
layer since the number of grain boundaries is drastically reduced. Another reason might
be that the P-diffusion along the grain boundaries is slower for coarse- than for fine-
grained material.

When the p'- and p-type layers are reduced to respectively 0.5 pm and 1.5 pm (3x10'¢
cm™ B-doped), maximum values are achieved for J (up to 17.0 mA/cmz) and the V.
(up to 453 mV) (Figure 3-7). On the other hand, the side-contacted process with this
thin p* layer results in a very large Ryeies of more than 7 Qcm? and a low Ry of only
255 Qem?. Using the interdigitated contact design (Chapter 2) on layers with the same
thicknesses, the FF problem is largely solved and a maximum efficiency of 5.6 % is
obtained (Figure 3-7). In the interdigitated contact process, the holes need to travel over
a much shorter distance before they reach the contact, which explains the lower series
resistance. The Ry, is also improved because of the smaller space between base
contacts, which results in a lower chance of having a local contact between the heavily
doped regions (the preferential P-spikes and the p”-layer).
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Figure 3-7: IV-curve of coarse-grained homojunction solar cells showing the side-
contacted cell and the cell with interdigitated contacts
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3.3 a-Si:H/c-Si heterojunction emitter

3.3.1 Introduction

The previous section has shown that the use of a diffused homojunction emitter leads to
extensive smearing of dopant impurities along grain boundaries. To avoid the influence
of P-spikes on cell performance, a low-temperature emitter has to be used such as the a-
Si:H/c-Si heterojunction emitter. On multicrystalline silicon the use of an a-Si:H/c-Si
heterojunction does not seem ideal since high-temperature P-diffusion is needed to
improve the bulk quality (“gettering”). Since no gettering step is required to improve
polycrystalline silicon, a heterojunction emitter does make sense for polycrystalline
silicon.

The HIT (Heterojunction with Intrinsic Thin layer) emitter was introduced in the
nineties by Sanyo and is composed of a thin intrinsic and a thin doped amorphous
silicon layer on top of the crystalline base [3-4]. These amorphous silicon layers are
deposited by PECVD and the highest temperature during the process is 200 °C (=low-
temperature emitter). In the nineties Sanyo also developed the SPC (Solid Phase
Crystallization) technique to create an n-type polysilicon layer on top of a metal
substrate (grain size ~ 1.5 um) [3-21]. An excellent efficiency of 9.2 % was reached (J
= 25 mA/em?, Vo = 553 mV) when the HIT emitter was used on these polysilicon
layers [3-22, 3-23]. Despite these good results, Sanyo changed their activity from
polysilicon to monosilicon n-type Czochralski (CZ) material to make high-efficiency
cells with the HIT emitter. Their maximum cell efficiency has reached nearly 22 % (J
=38.6 mA/cm’, Vo, = 718 mV) for a cell area of 100 cm? [3-24]. These excellent results
have led to a lot of research worldwide on the a-Si:H/c-Si heterojunction emitter.

The best heterojunction cells besides Sanyo have been made at HMI (19.8 % on n-type
FZ material [3-25]) and at NREL (18.2 % on p-type FZ material [3-26, 3-27]). Although
these groups used higher quality material compared to Sanyo (FZ vs. CZ), the V-
values are merely 650 mV. In Figure 3-8 the band diagram in case of a n" a-Si:H/p c-Si
heterojunction is sketched. The band line-up at the hetero-interface results in a
conduction band offset AE, and a valence band offset AE,. The literature consensus is
that there is a larger AE, (~ 0.45¢V) and a smaller AE, (~ 0.15eV) reflecting the small
difference in electron affinity (i.e. the distance from the conduction band edge to the
vacuum level) between c-Si (~ 4.09 eV) and a-Si:H (~ 3.90 eV) [3-28]. The reason for
the higher efficiency on n-type material compared to p-type material has been discussed
in literature and is explained by a higher built-in voltage at the crystalline silicon part.
Because of the high AE,, the Fermi level of the p* a-Si:H / n ¢-Si structure is close to the
valence band edge. This results in a higher barrier for charge carriers (=E,.si for n ¢-Si;
<Bg.si for p c-Si) from the n-type crystalline silicon absorber to recombine at the
interface [3-29]. At NREL and HMI, also heterojunction cells with a polysilicon base
were made. At NREL the polysilicon material is obtained by Atmospheric Pressure
Iodine Vapor Transport (APIVT) and the highest heterojunction efficiency was 3.6 %
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with an open-circuit voltage of 460 mV [3-30]. At HMI the polysilicon is made using an
AIC seed layer and a subsequent low-temperature epitaxial growth. Their highest
efficiency is 1.3 % with V,.’s of 350 mV [3-31].

AE,

n" a-Si:H p c-Si

Figure 3-8: Schematic band diagram of an n" a-Si:H/p c-Si heterojunction.

3.3.2  Heterojunction processing

The heterojunction emitter involves a lower thermal budget than the homojunction
leading to a different process scheme for polysilicon solar cells (Figure 3-1). Passivation
is done at temperatures around 400 °C while the a-Si:H deposition is done at
temperatures below 200 °C. To avoid crystallization or modification of the a-Si:H, the
passivation step is now done before the creation of the emitter, contrary to the
homojunction process.

Before the passivation of the layers, the samples are cleaned using “the” IMEC solution.
The additional RCA cleaning steps used for homojunction processing are now omitted
as no high temperature processes are done. Then the layers are passivated and in the
subsequent step the intrinsic and n'-doped a-Si:H layers are deposited. These
depositions are done in the same PECVD system described before for deposition of a-
SiNx:H layers (Figure 3-2). However another chamber is used to avoid cross-
contamination with dopant impurities. Just before loading, the samples get an HF dip
(2%) to remove the native oxide resulting in a hydrophobic polysilicon surface. It was
reported in literature that the native oxide enhances the number of interface defects and
lowers V. of heterojunction solar cells [3-32]. After pumping down the chamber, its
temperature is stabilized during 10 minutes. Then SiH, (100 sccm) is introduced and the
gas flow is stabilized during another minute. After this conditioning of the chamber and
the samples, the plasma is ignited at 37 mW/cm?’ and the power is lowered to the
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deposition power which is in the range of 15 to 25 mW/cm?. When the intrinsic layer is
deposited, the power is switched off and 100 sccm of diluted phosphine (1% PHj; in Hy)
is added to the gasflow to deposit the n" a-Si:H layer using the same plasma sequence as
for the i a-Si:H layer.

The provide a conductance path and an anti-reflective effect, an Indium Tin Oxide
(ITO) layer is sputtered as a TCO on top of the a-Si:H/c-Si heterojunction. The time
between deposition of a-Si:H and ITO is typically one night, during which the samples
are stored in a N, box to avoid a-Si:H degradation. When the depositions are done
directly after each other, no beneficial influence is found on cell level. The reason is
probably that the amorphous silicon layer is too thin to observe a small degradation on
cell level. The ITO we use, is a degenerately doped semiconductor with a composition
0f 90% In,0; and 10 % SnO,, which serves as a dopant. A higher dopant concentration
of the ITO results in a lower resistivity, but also into a lower transparency of the layer.
The deposition occurs at room temperature by RF-sputtering from the ITO target using
Ar ions (50 scem of Ar at a pressure of 6.8x10~ mbar). The deposition time is typically
4 minutes using a power of 125 W and a self-induced bias voltage of 145 V. Since the
same sputtering chamber is also used for other processes that oxidize the ITO, an
extensive pre-sputtering is done before every set of depositions to remove the isolating
oxide layer on top of the ITO target. The thickness of the standard ITO layer is 80 nm
and the refractive index was close to 2, leading to excellent anti-reflective properties.
The sheet resistivity of the ITO layer on an insulating glass substrate is ~200 Q/sq,
which decreases towards ~80 Q/sq after 30 minutes annealing at 200 °C. Figure 3-9
shows that the grain size of the ITO (measured by AFM) does not increase after
annealing, implying that the reduction of Ry is not due to a crystallisation of the ITO.
The lowering of Rgeee With annealing has been also observed in literature and was
explained by the oxygen diffusion [3-33].

AFMO4_72 #1 AFMO4_72  #2

Figure 3-9: AFM pictures of the ITO layer (a: as grown, b: annealed)
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A typical feature of the sputtering system is also the very low roughness (less than 0.5
nm) of the sputtered layers. The transmittance of the ITO film (E, ~ 3.8 eV) on glass
was larger than 90% in the wavelength range of 400 to 1200 nm.

The last step of the heterojunction process is contacting the pn-structure. The Al base
contacts are created in the same way as for the homojunction device. For the emitter
contacts, no openings through the ARC are required in case of the heterojunction since
the TCO provides a good conductivity. Here, a simple shadow mask evaporation of Ti-
Pd-Ag fingers can be used instead of the lithography steps needed for the homojunction
front contacting. The cells (1 cm?®) are isolated by removing the ITO using HCI/H,0
etching and the a-Si:H using a short etch in a polyetch solution. Finally, the complete
structure is annealed to sinter the contacts. The annealing temperatures are lower than
for the homojunction (400 °C) to avoid a modification of the a-Si:H layer.

In the following paragraphs, the results are shown on monocrystalline silicon, followed
by those on passivated fine-grained and passivated coarse-grained polysilicon.

3.3.3  Monocrystalline silicon

To develop and optimize the a-Si:H/c-Si heterojunction, p-type FZ Si material is used,
just as for the homojunction emitter. For the a-Si:H deposition on monocrystalline Si,
processes are used that were developed in the past to passivate the crystalline Si wafer
[3-34].

The main reason for the high efficiency of the HIT cells is reported to be the use of a
low-damage deposition process [3-24]. Therefore, various deposition parameters of the
a-Si:H are investigated such as the temperature, the power and the time to maximize the
cell efficiency.

In the temperature optimization tests an increase of V. is obtained by 40 mV when the
sample temperature is lowered from 215 °C to 150 °C. Although the differences are
small in the range of 140 to 180 °C, an optimum temperature of 150 °C is chosen for
further experiments. Several papers indeed show that the deposition temperature has a
large influence on the quality of the a-Si:H [3-35, 3-36]. The decrease in V,, with a
higher deposition temperature is attributed to the onset of epitaxial growth on the
crystalline silicon. This epitaxial layer has such a bad quality that it does not passivate
the silicon wafer anymore resulting in a drop in V.

The deposition power of the a-Si:H layers is the next parameter investigated using Jg.
and V. values of the heterojunction cells (Table 3-5).

It appears that a higher deposition power has a beneficial influence on V,, suggesting

that the interface defect density is reduced. However the higher deposition power also
leads to a slightly lower Jg., probably because of the faster growth and the thicker a-Si:H
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layer. On the other hand it is observed that the Vs of 617 mV are not reproduced
when a thicker layer is deposited at 19 mW/cm®. Therefore 25 mW/cm? is chosen as the
deposition power for further experiments. The reason for the higher V,.‘s may be related
to the plasma chemistry leading to softer deposition conditions.

P Jsc I/oc
mW/em’ mA/em’ mV
15 31.7 590.9
19 31.7 593.6
25 31.1 617.2

Table 3-5: Influence of the deposition power of the a-Si:H layers
(30s i a-Si:H 30s n" a-Si:H; Ty gin= 150 °C; Tapmea= 200 °C; 380 um 1 Qcm FZ)

Another key feature of the HIT-emitter is the use of a thin intrinsic silicon layer (i a-
Si:H) between the n' a-Si:H and the crystalline base [3-4]. Table 3-6 shows the
influence of the i a-Si:H deposition time (and thus the i a-Si:H thickness) for polished
FZ wafers. After the removal of the a-Si:H and the ITO surrounding the cell, an
excellent Ry, 18 obtained for all the cells and therefore the Ry,.n-values are omitted in
Table 3-6.

ia-Si:H I Ve FF Efficiency Ryeries
s mA/cm’ mV % % mQcm’
0 31.8 610.7 80.4 15.6 278.9
30 31.6 618.8 80.7 15.8 174.7
60 31.0 620.1 76.2 14.7 962.4

Table 3-6: Influence of the i a-Si:H deposition time on the IV characteristics
(30sn" a-Si:H; 25 mW/cmz; Tasin= 150 °C; Tannear= 200 °C; 380 pm 1 Qcm FZ)

The use of an i a-Si:H layer indeed results in an increase of the V. by 10 mV. Contrary
to the better V., J;. decreases and Rges increases because of the thicker a-Si:H layer.
The i a-Si:H gives a better passivation of the surface dangling bonds (and hence a lower
interface recombination velocity) compared to n* a-Si:H as it contains less defects (no
dopant atoms). However a thicker a-Si:H layer also means more absorption in that layer
which is lost for collection and a higher resistivity due to majority carrier transport
through that layer. The optimum i a-Si:H deposition time for the polished wafers is 30s,
which is a trade-off between the gain in V,. and the loss in J;. and Reies. As shown in
Chapter 5, this optimum time is affected by the roughness of the samples with rougher
surfaces requiring thicker layers.

As a last step towards the optimal heterojunction process, the annealing temperature of

those final structures (with Al contact present) is investigated. Figure 3-10 shows V.
and efficiency as a function of annealing temperature. An optimum temperature arises
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around 200 °C for efficiency and V,.. The improvement of the efficiency is more than
1% while the V. gains around 25 mV. A too low temperature has not much influence
on the efficiency because the contact sintering is rather poor and the contact resistance
remains high. A too high temperature even decreases the efficiency, probably because of
the modification of the a-Si:H or the out-diffusion of dopant atoms from the ITO. Also
note the large increase in V. of 30 mV compared to the results from Table 3-6 where
Tamear 1S also 200 °C but where a higher resistivity FZ wafer is used. The lower
resistivity of the FZ material results in a higher built-in potential at the junction interface
(and a higher V) but also in a lower diffusion length (and a lower J.), explaining the
nearly identical efficiency.
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Figure 3-10: Influence of the annealing temperature on the V. and the efficiency
(30s i a-Si:H 30s n" a-Si:H ; 25 mW/em?%; Tosi= 150 °C; 390 um 0.5 Qcm FZ)

To investigate the reason for the improvement upon annealing, a separate experiment is
carried out where annealing was done in different steps of the process (i.e. after a-Si:H
deposition; after ITO deposition; after Al deposition). Almost no influence of the
annealing is found when it is carried out without the presence of the Al back contact.
The lowered Rgee; of the ITO due to annealing does not result in a beneficial influence
on Ry ies- This means that the width between the emitter contact fingers is small enough
to avoid resistive losses because of the ITO. When the Al back contact is present during
annealing, a large increase in V,. is obtained because of the better contact.
Measurements of the contact resistance indeed show a Schottky contact before
annealing at 200 °C and an Ohmic contact after.

The highest efficiency on p-type FZ material is 15.8 % which is 0.7 % higher than for
the homojunction emitter. This efficiency proves the good quality of the a-Si:H/c-Si
heterojunction emitter considering that no texturing or BSF was applied.
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Next to the FZ material, the heterojunction process is also tested on a monosilicon
epitaxial layer (see section 3.2.3, 20 um p-type layer 10'7 cm™ B doped) (Table 3-7).
The V. value of 652 mV is the highest reached in this work. This voltage is higher than
on FZ material because of the higher doping level and the thinner p-type layer.
Compared to the homojunction emitter, the heterojunction increases V,. by 25 mV and
the efficiency by 1%.

Jsc I/oc F F EffiCienCy Rseries
mA/cm’ mV % % mQcm’
epi 22.6 652.4 81.3 12.0 359.8

Table 3-7: IV-results of the heterojunction on a monosilicon epitaxial layer
(30s i a-Si:H 30s n" a-Si:H; 25 mW/em?% Tosin= 150 °C; Tannea= 200 °C)

Although it is outside the scope of this work, some investigations are also done on ip" a-
Si:H emitters on n-type monocrystalline CZ material. Those cells have Ti-Pd-Ag
contacts both for base and emitter. No beneficial influence is observed in this case due
to an additional annealing as Ti acts as a metal barrier. Table 3-8 shows the influence of
a P-diffused BSF and the influence of the gas phase composition during the a-Si:H
growth at cell level.

BSF B,H, (1 %) Jye Ve FF  Efficiency Rieries
SiH mA/enm’ mV % % mQcn’
4
No 1 26.5 586.8  74.8 11.6 2754.5
P-diffused 1 28.2 606.7 775 13.2 2239.8
P-diffused 2 28.6 629.6 785 14.1 2152.1

Table 3-8: IV-results of ip" a-Si:H emitters on n-type CZ material
(30sia-Si:H 30s p" a-Si:H; 25 mW/cm?; Togin= 150 °C; 630 um 1 Qcm CZ)

As can be seen the presence of the BSF region is an important prerequisite for
“efficient” cells. The BSF is created using the P-diffused homojunction process because
of its simplicity. After this high-temperature diffusion, the samples are cleaned and the
a-Si:H layers deposited. A higher doping level of the emitter because of the higher
diborane gas flow further increases J,. and V. because of the larger band bending. The
highest efficiency on n-type CZ material is 14.1%, which is only a starting point for
further experiments since there is still a huge potential for further improvement.
Because of time limitations, no further experiments are carried out.

3.3.4 Fine-grained polysilicon

For the heterojunction experiments on p-type polysilicon layers, we use the conditions
that lead to the best results on monocrystalline Si material (0.525 Torr, 25 mW/cm?,
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Taeposition= 150 °C, Tapnea= 200 °C). Only the thickness of the amorphous silicon layers is
changed because of the larger roughness of the as-grown polysilicon layers compared to
the polished monocrystalline wafers.

The thickness and the deposition rate of i a-Si:H and n" a-Si:H on fine-grained material
are monitored using TEM measurements. In Figure 3-11 a) a TEM picture is shown of
the a-Si:H layer (60s i a-Si:H and 60s n" a-Si:H) on top of the polysilicon. The a-Si:H
covers the polysilicon surface. No interface between i a-Si:H and n' a-Si:H can be
observed. In Figure 3-11 b) the thicknesses of i a-Si:H and n" a-Si:H are plotted versus
the deposition time.
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Figure 3-11: a) TEM picture of the heterojunction emitter on fine-grained polysilicon; b)
thickness of a-Si:H as a function of the deposition time (25 mW/em?; Tpgin= 150 °C)

The deposition rate is ~ 8 nm/min, with intrinsic amorphous silicon growing faster than
doped. Probably the slower growth of the n" a-Si:H has to do with the hydrogen radicals
present in the plasma during n" a-Si:H deposition (PH; is diluted in H,) which are
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known to result in a slight etching of the silicon. The deduced thickness after one minute
deposition of both the i a-Si:H and the n" a-Si:H is 17 nm.

Since the heterojunction process is done at low temperatures, it is not expected to
observe preferential diffusion spikes of dopant atoms along grain boundaries. In Figure
3-12 three SSRM pictures are shown of the cross-section of the device (80 nm ITO — 17
nm a-Si:H — 5 pm poly-Si).
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Figure 3-12: SSRM pictures of a) the heterojunction emitter and the ITO layer; b) the
same structure after a local second scribing; c¢) the same structure using a scan parallel
to the ITO layer

In Figure 3-12 a) the low resistivity of the ITO layer and the higher resistivity of the

poly-Si layer can be observed. As expected there are no preferential dopant spikes
anymore like in the homojunction emitters. Underneath the ITO layer an unexpected
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low-resistivity layer is observed which is investigated in more detail. For picture b) part
of the layer was scanned twice from the top to the bottom of the sample and as can be
seen this light brown layer then widens. Therefore it is concluded that this second layer
appears because of a downwards scratching of the brittle ITO layer since the
measurement is done from the top to the bottom using a high force. In picture c) the
sample is rotated 90° and the scan is thus done parallel to the ITO layer to minimize
scratching of ITO. The pale brown layer is almost completely gone now. In picture c)
also a very thin (5 nm) high-resistivity layer can be observed just underneath the ITO
probably part of the amorphous silicon layer.

Table 3-9 shows the influence of the a-Si:H thickness on cell level. These polysilicon
layers have a textured surface obtained using a short polyetch step (Chapter 5).

ia-Si:H n"a-Si:H Je Ve FF  Efficiency Ryeries Rpuns
s s mA/cm’ mV % % mQcm’ Qcm?
0 30 9.9 278.4 43.7 1.2 7174.1 88.1
0 60 10.9 402.4 494 2.2 8470.5 296.5
0 90 9.6 370.1 455 1.6 10967.6 179.7
15 15 8.1 194.8  49.0 0.8 5239.8 48.4
30 30 10.5 406.5 58.2 2.5 4959.4 9717.8
60 30 10.3 465.5 63.5 3.0 4354.7 2239.2
60 60 9.8 500.9 69.3 34 3782.1 6244.1

Table 3-9: Influence of the a-Si:H thicknesses on fine-grained polysilicon solar cells
2ump’ 2 pmp (~ 10" B doped)

In general, the heterojunction emitter on polysilicon material leads to better results
compared to the homojunction emitter. The highest V,. found is 500 mV compared to
typical V.-values below 400 mV in case of a homojunction. However, the J, of
heterojunction devices seems to be lower than for the homojunction. Section 3.4 studies
in depth the differences between a heterojunction and a homojunction emitter. Table 3-9
again shows that the insertion of an i a-Si:H layer leads to an increase of V.. Thicker
layers typically lead to the highest V,.’s and efficiencies despite a lower J.

To investigate the difference in J;, when different a-Si:H thicknesses are used, EQE
measurements are done. Figure 3-13 shows that thicker a-Si:H layers lead to a lower
response of the cells in the blue wavelength region. After 500 nm those differences
disappear and the samples have the same response. Although thinner a-Si:H layers lead
to a higher collection, Table 3-9 shows that they do not lead to the most efficient cells
since the J. gain is overcompensated by a V. loss. Therefore the longest deposition
time of 60s for both the i a-Si:H and the n" a-Si:H is chosen for further experiments on
polysilicon heterojunction cells, which means that the a-Si:H layer is around 17 nm
thick.
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Figure 3-13: Influence of the i a-Si:H and n" a-Si:H deposition time on the EQE curves
of polysilicon cells in the blue wavelength region (samples from Table 3-9)

After the a-Si:H thickness is chosen, the influence of doping density of p-type
polysilicon layer is examined. A lower dopant density (3x10' ecm™ versus 10'7 cm™)
leads to a large increase of the Jy. (typically 3 mA/cm? or 30 %) and a small increase of
the V. (typically 20 mV) for fine-grained polysilicon layers. An explanation for this is
the decreased number of defect states with a lower doping concentration (as measured
by ESR and p vs. T, Chapter 2). The observed influence of the dopant concentration
with a heterojunction emitter is thus larger than with a homojunction. As discussed in
section 3.4, the heterojunction device depends more on the quality of the base layer
while the homojunction device depends more on the depth of the P-spikes and less on
the quality of the base layer.

In section 3.2.5 it was seen that thin p’-layers gave the best results on coarse-grained
polysilicon. Therefore the p'-thickness was varied using the heterojunction emitter with
the interdigitated or the side-contacted process. In Figure 3-14 the influence of p'-
thickness on Rgies and Rgyune are shown for the side-contacted and the interdigitated
contact cell. As expected, a thinner p'-layer leads to a higher Ryyies and a lower Ry
when the side-contacted process is used. For p'-thicknesses below 1 pm, the J, and V,
are seriously limited respectively by the too large Ryeies OF t00 1ow Rgyune. As can be seen
the interdigitated contact enhances Ry, and lowers Rgeies. Both parameters become
now almost independent of the p'-thickness. Even for the cell with 1 um p', the
interdigitated contact pattern still leads to an increase of the FF from 57% to 68%. In
general, it can be said that the heterojunction emitter leads to a strong enhancement of
the Rguune compared to the homojunction cells of Table 3-3 (2 pm p') where the Rgyun-
values were lower than 400 Qcm?.
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Figure 3-14: Influence of the p' layer on Ry and Ryeyies for finegrained polysilicon
using a side-contacted (O) or interdigitated (00) contact (4 pm p 3x10'® cm™ doped)

Processing of interdigitated cells with a heterojunction emitter shows that annealing of
the base contact (very thin fingers) is more important than for the side-contacted cells.
Before annealing FF-values of 25 % and V,.-values of 150 mV are sometimes observed
while after annealing those same cells can give FF-values above 70 % and V,.’s above
500 mV. This is because the base contacts in a side-contacted cell are much wider than
in an interdigitated cell, increasing the chance of having a good local contact.

As a last step in the heterojunction process on fine-grained polysilicon, the influence of
the p-type layer thickness is investigated (Table 3-10). The cells are again textured using
a short polyetch (Chapter 5).

Base thickness Iy Voe FF Efficiency
um mA/cm’ mV % %
1 11.4 520.3 67.9 4.0
2 14.3 504.5 68.8 5.0
3 12.3 472.8 69.9 4.1
4 12.1 464.7 65.2 3.7

Table 3-10: Influence of the p-type thickness (3x10'® cm™ doped) on fine-grained
polysilicon cells with 0.3 pm p" and interdigitated contacts (60s i a-Si:H 60s n" a-Si:H)

For Ryeries and Rgpyne there is no clear trend and therefore they are omitted from Table
3-10. Contrary to the homojunction emitter where p-type fine-grained layers of 2 pm
resulted in shunted cells, it is now observed that thinner p-type layers yield an increase
of V. and J.. Once the thickness becomes lower than 2 pm J starts to decrease also in
case of a heterojunction emitter. EQE-measurements of these heterojunction solar cells
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indicated that the fine-grained polysilicon layers with only 1 pm p suffers from the low
quality of the fine-grained material in the first micron (Figure 2-2 and Figure 2-3)
yielding a lower maximum of the EQE.

The V, on the other hand increases with a thinner p-type layer, even below 2 pm. This
is expected from theoryas explained below. In a thin-film cell, the saturation current
from the base J, s is inversely proportional to the effective diffusion length L.g of the
silicon material.

qn;D
JO,base = 3-1)
Leff N a
The effective diffusion length L.y can be expressed as:
1+(L,S/D)tanh(W /L) 52)

= " (L,S/D)+ tanh(W /L,)

with W the thickness of the layer, L, the electron diffusion length, D the diffusion
constant of the minority carriers and S the recombination velocity at the layer —
substrate interface. From (3-2) it can be seen that in a low quality material (very low L,)
the effective diffusion length (and indirectly the J, .5 and the V) can be improved by
decreasing the base thickness, if the surface recombination velocity at the back of the
layer is low enough. A low S can be achieved through the use of the BSF layer [3-37, 3-
38].

The highest V.. on fine-grained material is 536 mV using a p-type layer thickness of
only 0.3 um [3-39], which is exceptional regarding the small grain size. Due to the thin
p-type layer, this cell has a relatively low J;. of 4 mA/cm? and hence a low efficiency.
The highest efficiency of 5 % (reached on textured p-type layers of 2 um) is remarkable
compared to the previous record on fine-grained layers of only 2.9 %.

3.3.5 Coarse-grained polysilicon

This section shows the results of the heterojunction emitter on coarse-grained
polysilicon layers. Those tests investigate the influence of the p" and p-type thicknesses,
the p-type dopant density and the interdigitated contacting scheme.

In Table 3-11 the cell parameters are shown for different ratios of p* over p-type
thickness while keeping the total layer thickness equal. Note that these cells are not
textured.
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P+ P Jsc Voc FF EffiCienCy Rseries Rshunt
um um mA/cm’ mV % % mQcm’ Qcm’
0 6 1.7 463.7 26.7 0.2 245114.8  304.5
2 4 14.1 456.5 62.1 4.0 4247.1 1256.7
4 2 13.6 468.7 67.5 43 3237.5 1452.8

Table 3-11: Influence of the p* and p-type (3x10' cm™ doped) thickness on the IV-
results (60s i a-Si:H 60s n" a-Si:H ; side-contacted cells)

Compared to the homojunction results on coarse-grained material (Table 3-4) V,.’s of
the heterojunction device are higher while J.’s are lower. An explanation for this is
given in section 3.4. Without the p'-layer the IV-curve is a straight line completely
limited by the series resistance. The 200 nm thick AIC seed layer (highly doped with
Al) is clearly not conductive enough to limit Ry, €ven if interdigitated contacts are
used. The V,.-values are in the same range as for heterojunction cells on fine-grained
material that have a similar p-type thickness (Table 3-10). The reason for the similar V.
values is discussed in Chapter 4. The J.-values are also in the same range, but the fine-
grained material is textured while the coarse-grained material is not textured. When
untextured fine-grained and coarse-grained layers are compared, the coarse-grained
material shows a higher J.. The reason for the larger J;. in case of the coarse-grained
material is discussed in Chapter 5.

Like on fine-grained material with a heterojunction emitter, the p-type dopant density is
found to influence Ji.. Typically a gain of 2 mA/cm® is obtained when the dopant
density is lowered from 107 cm™ to 3x10'® cm™. EQE-measurements show an enhanced
collection at longer wavelengths when a lower p-type doping is used (Figure 3-15).
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Figure 3-15: Influence of the dopant density of coarse-grained polysilicon layers on the
EQE response (60s i a-Si:H 60s n” a-Si:H; 2 uym p* 2 pm p)
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Also here, the use of thinner p" and p-type layers resulted in an increase of J,, and V..
Interdigitated contacts in combination with these thin layers resulted in the highest
efficiency of 5.9 % when no texturing was applied (0.5 pm p* 3 um p 3x10'® cm™). This
record heterojunction cell has J,. = 17 mA/cm’® and V. = 490 mV, which needs to be
compared with the homojunction cell of Figure 3-7 having J, = 17 mA/cm’ and Voo =
453 mV. The highest V,. on coarse-grained material is 539 mV when a p-type layer of
only 1.5 um is used.
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3.4 Discussion: homojunction versus heterojunction

This section discusses the observed differences between the homojunction and the
heterojunction emitter. A typical IV-curve that compares the heterojunction with the
homojunction on identical coarse-grained polysilicon layers is given in Figure 3-16 a).
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Figure 3-16: Comparison of homojunction and heterojunction emitter on coarse-grained
polysilicon layers with: a) 4 um p* 2 pm p (310" cm™ doped) and b) 0.5 pm p* 1.5 pm
p (10" cm™ doped)

The use of the heterojunction instead of the homojunction leads to a remarkable increase

of the maximum V,.’s by ~ 70 mV on coarse-grained (see Figure 3-16) and by ~ 100
mV on fine-grained polysilicon (Table 3-3 for homojunction and Table 3-10 for
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heterojunction). This increase is much larger than the increase of ~ 25 mV that is
observed on epitaxial monocrystalline silicon layers. The J, however tends to be
slightly lower than with the homojunction emitter, although this is not always the case.
The experiments that use thinner p° and p-type layers even yield a higher J for the
heterojunction device (Figure 3-16 b)). Both graphs also show that the heterojunction
emitter leads to an improvement of the shunt resistance.

The devices from Figure 3-16 a) are also characterized by the Suns-V,. tool. This
measurement takes the V. as a function of the light intensity or Suns (1 sun equals 1000
W/m2) which determines the ideality factor n, the pseudo-FF and V,. without the
influence of the Ryues [3-40]. The plot of the Suns versus the voltage on a semi-
logarithmic scale (Figure 3-17) shows that when using a heterojunction, there is a shift
from large ideality factors (2.1) to an ideality factor of 1.2 on coarse-grained material.
Also on fine-grained material the use of a heterojunction device results in a lowering of
the ideality factor from 1.7 to 1.3. Ideality factors of around 2 indicate that
recombination in the Space-Charge Region (SCR) is the dominant recombination
mechanism. The SCR comprises both the pn-junction SCR and the grain boundary SCR
if the grain boundary defects pin the Fermi level at midgap. Chapter 4 shows that the
Fermi level is not pinned at midgap in the polysilicon material studied here and hence
that the grain boundary recombination does not lead to n =2 but to 1 < n < 2. On the
other hand, ideality factors of 1 demonstrate that the intra-grain and not grain boundary
recombination is the dominant recombination mechanism in the base (no SCR for intra-
grain defects) [3-41]. The results shown here for the ideality factors indicate that the
heterojunction device is much less determined by the recombination at the junction SCR
than the homojunction device.
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Figure 3-17: Suns-V,. comparison of homojunction and heterojunction emitter on
coarse-grained polysilicon solar cells from Figure 3-16 a)
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To explain the observed differences between heterojunction and homojunction emitter,
possible reasons are now discussed [3-39, 3-42].

At open circuit, the diode current precisely compensates the photogenerated current. In
the two-diode model, this is described by the following expression:

qVOC
KT

quc

)= 1]+ J g, [exp( KT

J sc = J 01 [exp( ) - 1] (3-3)

where J,; is the saturation current density for the recombination components taking
place in quasi-neutral regions and J,, is the saturation current density associated with
recombination taking place in the SCR. The ‘-1’ terms on the right hand side are much
lower than the exponential terms and can be neglected.

In the devices used, the contribution of the emitter to the first diode is expected to be
very small and can also be neglected. The introduction of the relevant expressions for
Jo1 and J;, yields:

2

n,"D, V. W e qV,,
= +
=1 exp( KT )+q o7 eXp(sz)

J

(3-4)
A = poly

where Ly is the effective diffusion length of the polysilicon material, W, is the width
of the zone of maximal recombination and 7 is the average excess carrier lifetime in the
SCR [3-43, 3-44]. The second diode recombination rate is the highest at the location
with maximum field strength and quickly decreases on either side of the maximum.
Therefore, recombination is not considered in the complete SCR but in a narrower
region of width W, only (‘the sweet spot’). It is not possible to solve this equation
analytically for V., but it is clear that higher pre-exponential factors lead to a lower V..
Now, the parameters that might differ between homojunction and heterojunction devices
are discussed. If for some reason, the doping level in the base is higher in the case of the
heterojunction device, this can be an explanation for the higher V. values. However, the
starting layers are identical and resistivity profile measurements on complete solar cell
structures have indicated that dopant activation is about 100 % in both cases.

Another important factor is the minority carrier lifetime. If the lifetime is higher in

heterojunction devices, this implies both higher T and L,y (=+/ D, 7 ), leading to higher

V.. values. This can be caused by the passivation which might be more effective in case
of the heterojunction compared to the homojunction. As the homojunction requires that
the diffused emitter is already present at the passivation stage, a barrier for the
passivation may be present. In Chapter 4 it is shown that the passivation is more
effective in heterojunction cells. However it also shows that this cannot explain all
observations. One example is that the same trends (i.e. higher V. and lower J,. with a
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heterojunction) are observed when the layers are not passivated, indicating that another
phenomenon is responsible for the different V. .-values of polysilicon solar cells with
different emitter type. Chapter 4 shows that the difference in V,. between a
heterojunction and a homojunction on fine-grained polysilicon can even be larger before
than after passivation (150 mV compared to only 90 mV).

To explain the differences, a model is developed based on the P-spikes along the grain
boundaries (Figure 3-4). It is believed that there is a direct correlation between P
preferential diffusion and device characteristics of thin-film polycrystalline silicon solar
cells.

To prove that preferential diffusion indeed influences the cell results, CV-measurements
are done. From classical CV-measurements the active doping concentration N and the
built-in potential Vy; can be deducted by plotting 1/C? versus the bias voltage V. If one
side is more heavily doped than the other (a one-sided abrupt junction) a straight line
should be obtained:

1 2V, =V
— = ( bi - ) , (3-3)
C” gg,6,A°N

with N the lowest concentration of N, and Ny, A the junction area (or the cell area), Vy;
the built-in potential and q the elementary charge.

However, on the polysilicon solar cells, CV-measurements cannot be used directly since
the measurements suffer too much from a large series resistance. To measure the CV-
characteristic of polysilicon cells an alternative approach was proposed by Straub et al.
[3-45] in which the impedance Z is measured versus the frequency f of a small-signal
alternating voltage. From the Z vs. f measurement a certain region can then be found
where the series resistance does not have any impact anymore on the measurement of
the capacitance of the device. Figure 3-18 shows the small-signal equivalent circuit
model in reverse bias of a nonideal pn-junction as in polycrystalline silicon (high series
resistance or low shunt restance) [3-45].
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Figure 3-18: Small-signal equivalent circuit model of a nonideal pn-junction diode in
reverse bias
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Using the equations from [3-45], it is then possible to deduct the capacitance at a certain
bias V. Figure 3-19 shows the obtained 1/C* vs. V plots for a fine-grained polysilicon
solar cell with a heterojunction emitter and for three solar cells with homojunction
emitters formed at a different Tgsusion (i.€. the cells from Figure 3-5). The built-in
potential of the fine-grained material with a heterojunction emitter is around 0.65 V with
an active doping density of 1.15x10"7 ¢cm™. This deducted doping density is slightly
larger than the real doping concentration (1x10' c¢m™) which may be due to the
charged defect density at the grain boundaries that is around 4 X 10'® cm™ for the whole
layer (Chapter 4). No linear relationship between 1/C* and V is observed for the cells
with homojunction emitters, so that a derivation of Vy,; and N is not possible for the cells
(Figure 3-19). Clearly preferential diffusion along grain boundaries should have an
impact on the capacitance via the junction area A ((3-5)). In case of an abrupt flat
junction, such as the heterojunction, A is simply the active cell area. In case of
preferential diffusion the junction area A is larger than the cell area. The actual junction
area then depends on the applied reverse bias V (the deeper along the grain boundary,
the weaker the influence of the reverse bias on the width of the depletion region),
explaining the non-linear 1/C* and V relationship observed for homojunction cells.

Figure 3-20 shows the ratio Chomojunction/Cheterojunction for different Tgifrusion. Assuming that
Vi and N are equal for both emitter types, this capacitance ratio is equal to the junction
area ratio for both emitter types. At zero reverse bias, a maximum ratio of five is
obtained for the fine-grained polysilicon devices. This is close to the value that is
obtained by measuring the junction area in Figure 3-4 and comparing it to the
heterojunction emitter. This SSRM picture show an enhancement of the junction area by
a factor 4.8 for the 860 °C diffused emitter. When a reverse bias is applied the ratio

Chom ojunction

C

formed at a higher Tgmsion lead to larger junction areas (see Figure 3-20). This is
consistent with the SSRM results from Table 3-2 and with the hypothesis that
preferential diffusion along the grain boundaries plays a major role in these devices.

The reason for the junction area ratio below 1 for the lowest Tyirsion at large reverse bias
could be that our model assumes that both junction types fit an abrupt junction model
with the highly doped side having a uniform concentration. However, because of the
preferential diffusion along the grain boundaries and because the phosphorus
concentration is decreasing within the p-type base, this is not a very precise assumption
for a homojunction. A linearly varying doping concentration of the n" region results in a
lower phosphorus concentration along the grain boundaries and locally into a lower
built-in potential. This lower built-in potential leads to a higher capacitance due to the
smaller width of the depletion region.

A similar experiment is done for the coarse-grained polysilicon solar cells from Figure
3-16 a) which show an increase of the junction area of 2.5 at zero reverse bias when the

decreases due to the larger intra-grain SCR. Homojunctions that are

heterojunction
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homojunction is diffused at 860 °C. On fine-grained layers this ratio is much higher
(typically around 5) which is consistent with the smaller grain size of fine-grained
polysilicon layers which enhances the impact of preferential diffusion.

6
- heterojunction
- 830 °C diffusion
N: {1860 °C diffusion
=4 ->-890 °C diffusion
=
©
=2}
0
-4 -3 -2 -1 0

\% reverse bias (V)
Figure 3-19: Influence of diffusion temperature of the homojunction diffusion
temperature on CV-measurements and comparison with a heterojunction using fine-
grained polysilicon layers with 2 pm p* 3 pm p (10" cm™ doped).

5
5 <>-890 °C diffusion
g 4 {1860 °C diffusion
'g -0-830 °C diffusion
O 3t
S 1T
O 1 1 1
-4 -3 -2 -1 0

\Y reverse bias (V)

Figure 3-20: Influence of the diffusion temperature of the homojunction emitter of fine-
grained polysilicon on the ratio Chomojunction/Cheterojunction fOI' the polysilicon layers from
Figure 3-19.

The influence of the larger junction area of the homojunction (diffused at 860 °C)

compared to the heterojunction (Figure 3-20) on current collection is investigated by
EQE measurements (Figure 3-21). This comparison shows that the heterojunction
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device has a higher collection at short wavelengths, caused by the very small a-Si:H
thickness (~ 17 nm as confirmed by TEM) compared to the homojunction thickness (~
0.6 um as confirmed by SSRM). The higher current for the diffused emitter (13.2
mA/cm? for the homojunction compared to 7.4 mA/cm?® for the heterojunction) arises
clearly from the higher collection at large wavelengths because of the dopant spikes
along the grain boundaries. A similar behavior is found on coarse-grained polysilicon
solar cells when a relatively thick p” and p-type layer are used.

The results above clearly show that P atoms diffused along the grain boundaries remain
active when they get trapped. This phenomenon has several consequences. Due to
diffusion along the grain boundaries, the active junction area of a homojunction is
extended along these grain boundaries compared to a heterojunction emitter where an
abrupt flat junction is obtained (Figure 3-12 and Figure 3-20). In order to assess its
impact on the V., (3-4) is rewritten to take into account the reality of an increased
junction area:

2

n-D
J o = d———exp(

A = poly

\ A'uncion W \
q 00)+ junct qnl MR exp(q OC) (3-6)

KT A, | 2 2kT

The first diode component is in a first approximation unchanged by preferential doping,
as the recombination volume in the quasi-neutral base is more or less the same with or
without preferential doping. In contrast it is clear that a large junction area extends the
SCR and thus the SCR recombination (J,;). This can partly explain why V. is reduced
and the ideality factor is increased using a homojunction compared to a heterojunction.
If the two fine-grained layers from Figure 3-21 are taken, the expected decrease of the
Vo due to the enhanced junction area of a homojunction emitter can be calculated
(Table 3-12).

The start is the measured J,, of the heterojunction cell multiplied by the junction area
factor (~ 5) to calculate J,, of the homojunction. Using the same parameters as for the
heterojunction and assuming that the homojunction is limited by the second diode as
justified by the Suns V,. measurements, the expected V,. of the homojunction is
calculated. Such a short calculation yields a decrease of V. by 30 mV (432 mV vs. 462
mV) compared to the heterojunction which is lower than the actual decrease of 90 mV
(373 mV vs. 462 mV) for passivated cells. An additional effect clearly plays a role,
resulting in a further decrease of the V. by 60 mV.
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Figure 3-21: EQE measurements of homojunction (Tgifusion = 860 °C) vs. heterojunction
device for the fine-grained polysilicon solar cells of Figure 3-20

measured J,; measured V,. calculated J,, calculated V,,

107 A/em’ mV 107 A/em’ mV
heterojunction 3.7 462
homojunction 70 373 18.5 432

Table 3-12: Measured and calculated J,, and V. of the homojunction and heterojunction
cells from Figure 3-21

Preferential diffusion of P-atoms along grain boundaries also results in another
phenomenon that influences the V.. Due to the potential energy barrier at grain
boundary, there is an electric field opposite to the junction field, leading to a locally
lower built-in potential when the grain boundary crosses the pn-junction. Modifying the
gradient of the junction dopant profile was shown to have a large effect on the impact of
the grain boundary on the electric field, with the lowest impact occurring for an abrupt
junction such as a heterojunction [3-46]. A large influence of this electric field reduction
is expected in case of a homojunction emitter since the P-dopant gradient is the lowest
at the tips of the spikes (around 2 um deep). This lower doping at the tips reduces the
junction electric field and therefore increases the width W, of the zone of maximum
recombination in many places [3-47]. It is concluded that a large recombination in
homojunction cells occurs at these tips, confirmed by the cell results on the samples
from Table 3-2. These layers have a different emitter profile with different depths of the
P-spikes while their V,.-values were more or less constant. Due to the presence of the
tips for all the diffusion temperatures, this large recombination current is present in all
the cells, explaining the fact that V. is independent on the depth of the spikes.

Preferential P-diffusion can also lead to a difference in observed J, since the collection
volume is not solely determined by the effective diffusion length L, as in case of the
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heterojunction emitter, but also by the depths of the P preferential diffusion peaks along
grain boundaries. The minority carriers need to travel only over a distance equal to half
the grain size to reach the nearest junction at the grain boundary. This can explain why
Js. 1s higher in case of a homojunction emitter on samples with a thickness larger than
Lyoly- For samples with a thickness smaller than L, this difference disappears and in
this case even larger J. values can be obtained with the heterojunction emitter due to the
reduced thickness of the dead layer.
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3.5 Nitrogen-diffused homojunction

For polysilicon layers made at low temperatures by solid phase crystallization [3-48, 3-
49] or grown by low-temperature epitaxy [3-31], a rapid thermal anneal (RTA) is used
after the growth to “anneal” the defects from the layer. This step typically takes only a
few minutes and is carried out at ~900 °C. On the fine-grained polysilicon layers (grown
at high temperatures), such a treatment is investigated by annealing the samples at such
temperatures. The cycling time of the annealing process is larger than for an RTA
treatment since a simple furnace is used which has a long ramping-up and cooling-down
time.

The process scheme is relatively straightforward. First the fine-grained layers are grown
in the Epsilon system. Then the layers ae cleaned using a full RCA clean before they are
inserted in the furnace for the defect-anneal. After annealing the samples are finished
into cells using the standard heterojunction process.

The cell results (Table 3-13) show the influence of different annealing gasses such as
Ar, N, and Forming Gas (10% H,; in Nj, FG). These results are compared to these of the
standard heterojunction emitter on the same fine-grained material (“no anneal”).

Annealing Gas Jye Ve FF Efficiency Rieries Rpunt
mA/em’ mV % % mQem’ Qcn’

No anneal 10.3 464.4 70.7 34 2884.4 1577.2
Ar 10.2 474.9 71.6 3.5 2730.3 34743

N, 12.0 465.4 69.2 3.9 2674.7 3020.9

FG 14.3 441.0 62.0 3.9 2546.1 425.5

N, + polyetch 13.6 476.3 68.6 4.5 2810.3 3144.0
FG + polyetch 16.5 442.0 59.5 43 3676.8 292.3

Table 3-13: Influence of the annealing gas on the IV-parameters of fine-grained
polysilicon solar cells (2 um p* 4 um p 3x 10" cm™; Tanncating= 950 °C; tanncaling= 180
minutes)

The surrounding gas ambient clearly has an important influence on annealing. The use
of Ar leads to a modest improvement of V. and has no influence on J.. The nitrogen
containing mixtures (N, and FG) increase the J respectively 2 and 4 mA/cm?. During
the experiment it is observed that the use of N, or FG results in a hydrophilic surface
having a bad influence on V,. of heterojunction devices. As these gases contain
nitrogen, this can indicate that a dense nitride layer is formed on top of the layer. To
remove the nitride a short polyetch is done and Table 3-13 includes a sample with such
a treatment (“N, + polyetch”). This short polyetch (30s) etches the nitride but results
also in a texturing of the sample explaining the better J.. In this way an efficiency of 4.5
% is obtained and a current of 14.3 mA/cm”. Using the 30s polyetch for a FG annealed
sample the maximum J is even 16.5 mA/cm>.
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Figure 3-22 shows the Spreading Resistance Profile (SRP) for as-grown fine-grained
layers and for layers that received an additional annealing. The SRP plots the resistivity
from the layer as a function of the depth. The resistivity is an indirect measure for
dopant concentration, but for polysilicon there is an additional influence of the potential
barriers at the grain boundaries. As can be observed, there is a substantial amount of B
that diffuses from the BSF into the p-type layer. The out-diffusion of B due to the
annealing results in a lower J,. if the p-type layers are smaller than 3 um. Therefore 4
um thick p-type layers are used when such a high temperature experiment is carried out.

1
£
) 0.1 ,
2
=
@
8 0.01 || = no anneal
-15'@ 950 °C
< 45'@ 950 °C in N2
=75 @ 950 °C depth (um)
0.001 L L L L
0 1 2 3 4 5

Figure 3-22: Influence of annealing on the SRP profile of 5 um thick (2 um p* and 3 pm
p 10" cm™ doped) fine-grained polysilicon layers grown on an oxidized silicon
substrate

The increase of the current due to FG annealing is investigated using EQE
measurements (Figure 3-23). The layers annealed in FG clearly have a much larger
response in the long wavelength region compared to the layers without annealing. At
short wavelengths both cells have an identical response.

After annealing, the resistivity of fine-grained p-type samples (5 pm p) as measured by
p vs. T drastically drops e.g. from 230 Qcm to below 1 Qcm. Figure 3-24 shows the
SRP-measurements for those p-type layers. For the non-annealed sample, a drop of the
resistivity is observed in the first microns due to the passivation front (Chapter 4). The
measurements also indicate the formation of a junction when such a high temperature
anneal is done in a nitrogen containing ambient. In case of the FG environment, the
emitter is 2 pm deep while in the case of the N, environment it is less than 1 pm. Since
no P is used during this experiment, only N, also being a group V element, can have
functioned as a dopant. It needs to be stressed that the type conversion is only visible
when the layers are subsequently passivated.
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Figure 3-23: Influence of the FG annealing on EQE measurements of 30s polyetched
fine-grained polysilicon layers.
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Figure 3-24: Influence of annealing on the SRP profile of passivated p-type (3x10'® cm
3 doped) fine-grained polysilicon layers.

The N-concentration in the layers before and after annealing is measured using
Secondary Ion Mass Spectroscopy (SIMS). Figure 3-25 gives the N-content in the
reference and the FG annealed sample. The background signal for N in the chamber is
10" em”.
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Figure 3-25: N-concentration as measured by SIMS in two fine-grained polysilicon
layers

The as-grown sample has a N-concentration below the background signal indicating that
if N is present in these layers, the concentration is below 10'” ¢cm™. For the annealed
layers the concentration is above the background signal and shows a N-concentration
above 10" cm™ for more than 1 pm depth. This is quite large compared to the base B
concentration which is typically smaller and which can explain the observed type
conversion. ESR measurements could not detect the presence of the N atoms as its
concentration is insufficient, but also indicated the conversion from p to n-type Si if the
layers are annealed in FG and passivated.

As a last verification for this N-donor effect, cells ae made using this FG anneal and
subsequent passivation without an extra heterojunction emitter or anti-reflective coating
to investigate the N-donor on cell level. Table 3-14 shows the results of these cells. A
real cell is obtained after FG annealing although the efficiency is quite low.

Annealing Gas Jg, Voe FF Efficiency Rieries Ropune
mA/em’ mV % % mQcm’ Qcnt’
No anneal 0.0 0.0 0.0 0.0 0.0 0.0
FG 2.1 1572 37.5 0.1 28725.7 94.1

Table 3-14: IV-results of fine-grained polysilicon solar cells using the FG annealing
2ump' 4 pump (107 cm™ doped)

In literature this N donor has been observed for amorphous materials [3-50, 3-51].
However in a crystalline base, no such behavior has been observed before because of
the difficulties to incorporate substitutional N atoms. N atoms can only be
accommodated substitutionally in Ge or Si and be active as donor impurities if they are
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incorporated in a defective region. The grain boundaries of fine-grained polysilicon are
defective regions and hence they are excellent candidates to host the N atoms.
Preferential diffusion of N-donors along grain boundaries is responsible for the
observed effect on cell level (IV, EQE-measurements). Impedance measurements show
an enhancement of the junction area by a factor of 12 which is even larger than for the
P-diffused homojunction. The preferential diffusion explains the EQE measurements at
long wavelengths, just as for the P-diffused homojunction emitter. However, the EQE at
short wavelengths shows no decrease due to intra-grain diffusion, which is explained by
the results from literature showing a very slow diffusion of N in a crystalline Si region.
By preferential diffusion the decrease of Ry and V. can be explained when such a FG
anneal is done (Table 3-13). Because of the fundamental problem with these dopant
spikes, the N-diffused homojunction emitter is not considered as a viable alternative for
the heterojunction. Furthermore, the N-donor leads to a lower efficiency on coarse-
grained material despite a higher J..
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Chapter 4
Passivation of polysilicon layers

4.1 Introduction

It is shown that fine-grained polycrystalline silicon layers contain a large number of
defects. Most defects are present at the grain boundaries and are identified by electron
spin resonance as silicon dangling bonds. The dangling bonds result from Si atoms not
tetrahedrally coordinated resulting in an sp® wavefunction with an unpaired electron.
This introduces a defect level in the band gap giving rise to a large recombination
current. Two approaches are followed in this thesis to reduce the number of dangling
bonds. First of all, coarse-grained polysilicon is developed with larger grain sizes and
less grain boundaries (section 2.5). Secondly, it is tried to passivate Si dangling bonds at
the grain boundaries as much as possible. This second approach is discussed in this
chapter.

Foreign atoms are introduced in the layer to passivate the Si db. These impurities bind to
the dangling bond and in this way the donor and acceptor states associated with the
defect are removed from the band gap (i.e. passivation of the defect). Hydrogen is such
an impurity which is a fast diffuser in silicon because of its small size [4-1]. Already in
the seventies it was observed that hydrogen removed dangling bonds in amorphous
silicon leading to a reduced leakage current of the pn-junction [4-2]. Later on, such
improvements were also reported for polycrystalline silicon, resulting in an enhanced
grain-boundary conductivity [4-3, 4-4, 4-5, 4-6, 4-7, 4-8]. The similar behavior of the
defects in amorphous and polycrystalline silicon upon hydrogenation is expected since
the lineshape of the polysilicon dangling bond is identical to the lineshape of an
amorphous silicon dangling bond (as measured by ESR). Other modifying agents like
oxygen, nitrogen, helium and sulphur hexafluoride were also tried to improve the
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electronic material properties. However, these impurities led to a higher potential energy
barrier at grain boundaries [4-3, 4-9, 4-10].

H can have different charges in Si depending on the doping type and the Fermi level of
the silicon, H’, H" and H~ are possible [4-11, 4-12] (Figure 4-1). Hydrogen is a so-called
“negative-U” (correlation energy) impurity which means that the donor level (H'/H’
transition energy) lies higher in the band gap than the acceptor level (H/H transition
energy). Because of this amphoteric nature (both donor and acceptor), hydrogen can not
be used as a dopant source for silicon [4-13]. An example of a “positive-U” impurity is
the Si dangling bond were the acceptor lies higher than the donor level.
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Figure 4-1: Relative formation energies for different charge states of a hydrogen
interstitial impurity in silicon as a function of the Fermi level position relative to the
edge of the valence band [4-11]

In p-type Si, positively charged hydrogen is the stable species because it has the lowest
formation energy while in heavily doped n-type Si, hydrogen is negatively charged.
Uncharged hydrogen is never formed in silicon when the material is at equilibrium. The
positively charged ion prefers to sit in a Bond-Centered (BC) position where there is a
high electric charge density, while the negatively charged hydrogen prefers a tetrahedral
(Ty) position with a low electron density. The different charge and the positions of
hydrogen in the Si lattice lead to different diffusivities of hydrogen in n and p-type Si.
Experimentally, a faster diffusion of the hydrogen in p-type silicon than in n-type silicon
is observed [4-12].

For polycrystalline silicon, the diffusion of hydrogen is expected to be different
compared to monocrystalline since the activation energy for impurity diffusion along
grain boundaries is much lower than for diffusion within the grains. The grain
boundaries act as diffusion channels for H atoms, yielding a higher microscopic
diffusion coefficient along the grain boundary than within the grain. On the other hand,
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the dangling bonds at the grain boundary also trap the hydrogen and impede its diffusion
in this way. This trapping results in a smaller effective diffusion coefficient of hydrogen
in poly than in crystalline silicon [4-14].

A detailed model on hydrogen diffusion in polycrystalline silicon is given in [4-15] and
[4-16]. Just as in crystalline silicon, hydrogen needs to surmount potential energy
barriers between minimum energy positions to diffuse through silicon. In p-type Si these
minimum energy positions (also called shallow trap states) are the BC positions. The
additional process in polycrystalline Si is based on trapping and de-trapping of H from
Si dangling bonds (also called deep trap states). The shallow trap sites have a short time
scale for the H-trapping and release, while the deep states have a long time scale
resulting in a reduced diffusivity of the hydrogen. Based on this model a hydrogen
density of states was developed showing the energy of the H relative to the vacuum
level (zero energy) [4-17]. The hydrogen chemical potential separates filled from empty
states in relation to the Fermi level. The process of H diffusion in polycrystalline silicon
can then be described in terms of H trapping and release from the density of binding-
sites energies.

Besides the passivation of defects at the silicon grain boundaries, the hydrogen atoms
also induce undesirable effects such as dopant deactivation and defect creation. Pankove
et al., showed that hydrogen in p-type material was able to passivate the B dopants
making them electrically inactive [4-18, 4-19]. Other reports also claimed passivation of
donors, although the effect was less severe [4-12, 4-20]. Besides doping deactivation,
hydrogen also induces defects in the underlying silicon layer [4-21, 4-22, 4-23]. These
defects occur just underneath the surface and are called platelets. The platelet formation
involves molecular H, formation and is more favorable in n- than in comparable p-type
doped material due to Fermi level pinning at the surface and hydrogen charging [4-24].

Here, three different passivation techniques are studied using both the hetero- and the
homojunction emitter on fine- and coarse-grained polysilicon material. In case of a
homojunction emitter, hydrogen passivation is done after emitter formation while for an
a-Si:H / ¢-Si heterojunction, it is done before a-Si:H deposition.

Section 4.2 describes the direct-plasma hydrogenation technique, in which samples are
immersed in the plasma itself and are therefore subjected to ion bombardment. To
reduce the possible damage a remote-plasma (section 4.3) setup is investigated where
the samples are separated from the hydrogen plasma. Section 4.4 introduces a novel
passivation method for polysilicon solar cells based on a short “firing” (high-
temperature annealing) of a hydrogenated amorphous silicon-nitride (a-SiNx:H) layer.
This technique is widely used in industry for multicrystalline silicon. For polysilicon
layers however, it looks rather challenging to obtain the same degree of passivation as
with the hydrogen plasmas since the a-SiNx:H layer contains only a limited amount of
hydrogen atoms (solid source). After description and comparison of these techniques,
the plasma and the nitride hydrogenation are combined in section 4.5. Finally, section
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4.6 discusses the influence of the grain size on the passivation and the hydrogen
diffusion. In Section 4.7 future experiments are suggested.
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4.2 Direct-plasma hydrogenation

4.2.1 Experimental setup

For direct-plasma hydrogenation, the same PECVD-system is used as for the deposition
of a-SiNx:H layers (Figure 3-2). Just before loading, the samples are dipped in an HF-
solution (2%) to remove the native oxide. This oxide layer prevents the H-atoms to
penetrate in the layer and might lead to a bad passivation [4-14, 4-25]. After loading of
samples, the system is evacuated and the temperature is stabilized for 10 minutes in
flowing hydrogen. The plasma is ignited at 77 mW/cm?® and 2 Torr after which the
power and the pressure are immediately lowered to 62 mW/cm® and 1 Torr. The
hydrogenation temperature is around 400 °C at which the hydrogen is relatively mobile.
To avoid too much out-diffusion of hydrogen during sample unloading, the layers are
cooled down in the system while keeping the plasma on [4-26, 4-27]. After cooling
down, the plasma is switched off and the samples are unloaded.

In this setup, the samples are lying in the plasma on top of an electrode and hence they
are bombarded by hydrogen ions. Figure 4-2 shows a microscope picture of a fine-
grained polysilicon sample that is partly covered by another silicon piece during the
hydrogen plasma treatment.

a4 A4

Figure 4-2: Opt1 irso icre (20) showing the 1nterfae etwen he non-
hydrogenated and the hydrogenated (2 hours) part on fine-grained polysilicon

The interface between covered and uncovered region is clearly visible because of the
ion bombardment. In parallel, it is also observed that the sheet resistance of the n"pp'-
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type fine-grained polysilicon layers tended to increase upon hydrogenation. Before
hydrogenation, an average sheet resistance of 80 — 100 /O is obtained which increased
in some cases by more than 50 % after hydrogenation. The reason for the rougher Si
surface and the enhanced sheet resistance could be a slight etching of the silicon by the
hydrogen atoms [4-28, 4-29].

The passivation of the grain boundaries after direct-plasma hydrogenation is studied by
characterization of p-type fine-grained polysilicon samples and of solar cells on fine-
and coarse-grained polysilicon material.

4.2.2  Characterization

To investigate the hydrogen passivation, the hydrogen content in the layer can be
measured or the electrical activity of the grain boundaries can be determined. The H-
concentration in the polysilicon samples is too low for detection with techniques such as
ERDA (Elastic Recoil Detection Analysis) which has a detection limit of 1 atomic %.
For lower concentrations, SIMS can be used if the hydrogen isotope deuterium (D) is
used. For the direct-plasma system no D-line is present, and therefore the
characterization is restricted to the electrical characterization of p-type polysilicon
layers.

The grain boundary activity was determined by the p vs. T method discussed in Chapter
2. Figure 4-3 shows the p vs. T curves for an as-grown and a direct-plasma
hydrogenated fine-grained polysilicon layer.
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Figure 4-3: Influence of direct-plasma hydrogenation (a few seconds at 385 °C + 30
minutes during cooling down) on the p vs. T curves of fine-grained polysilicon (5 pm
107 cm™ doped)
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The resistivity of the as-grown layer is 51 Qcm at room temperature, while after
hydrogenation this is reduced to 1.5 Qcm. This very large decrease of resistivity is due
to the passivation of defect states at grain boundaries. By hydrogenation of the samples,
the activation energy E,. decreases from 230 meV to 17 meV indicating that a lot of
dangling bonds are passivated after this short hydrogen treatment (a few seconds at 385
°C + 30 minutes during cooling down). The lowering of the activation energy by
hydrogenation proves that the Fermi energy level is not pinned at midgap in polysilicon
material, contrary to what is sometimes assumed for fine-grained polysilicon [4-30].

The activation energy of the resistivity is thus sometimes smaller than the thermal
energy (~ 26 meV), indicating that the current is not dominated anymore by thermionic
emission across the potential energy barriers at the grain boundary. Therefore
information on the barrier height ¢, can no longer be accurately derived from the
temperature dependence of p. However, the slope of the p vs. T (and thus E,) is still a
measure for the electrical activity of the grain boundary. From the barrier height ¢, of
the hydrogenated samples, one can only extract a maximum value for the trap density N,
of 3.7x10'® cm™ in case the potential energy barrier equals the thermal energy, which is
a factor of three smaller than after the growth of the layer (1.1x10'" cm™, see Table 2-2).
These calculations rely on the assumption that no other material property is changed
after hydrogenation. However, the hydrogen atoms can decrease the active dopant
concentration. This causes an increase in p and may lead to an underestimation of the
observed passivation effect [4-28]. If the grain boundaries would be completely
passivated, p should increase with temperature, as for monocrystalline silicon. Other
thin-film silicon technologies such as pc-Si:H and a-Si:H reach activation energies for
the resistivity of respectively 50 meV and 200 meV which is clearly worse than the
passivated polysilicon material [4-31].

The resistivity and its activation energy are determined for different doping densities of
the as-grown (obtained from Figure 2-5) and passivated polysilicon layer (Table 4-1).

doping before H' after H'
em” p Eqex p ) o
Qcm meV QOcm meV
10" 4536.0 405.2 15.2 43
3x10' 368.6 300.1 1.9 19
10V 513 230.9 1.0 17

Table 4-1: Influence of the doping density and the hydrogenation (30 minutes at 385 °C
+ 30 minutes during cooling down) on p and E,; of 5 um thick fine-grained polysilicon
layers

Before hydrogenation, there is a strong impact of the dopant density on the resistivity

and the activation energy. After hydrogenation, the layers also have a lower resistivity
and activation energy for the more highly doped samples, although the differences are
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now much smaller. The smaller potential energy barriers at higher dopant densities
indicate that most of the material is not fully depleted due to the grain boundaries [4-
32].

The bulk minority carrier diffusion length is an important parameter for photovoltaic
devices. In monocrystalline silicon, the effective diffusion length L., depends on the
bulk diffusion length L,, the recombination velocity at the contacts and the surface
recombination. For polycrystalline silicon, the effective diffusion length Ly is
additionally determined by the grain size g and the recombination velocity at the grain
boundaries Sy,. Using the charged trap density per surface area of grain boundaries N,
and the potential barrier ¢, as measured by p vs. T, the grain boundary recombination
velocity Sy, can be calculated. Next, the effective diffusion length L, can be extracted
from S, and the grain size L, [4-33]. The two equations needed for these calculations
are [4-34]:

Sy = VinoN, exp(%j (4-1)

To derive these equations it is assumed that the defects are mono-energetic centers of
areal concentration N, and that they have an equal capture cross section for holes and
electrons o, = 6, = 6. The diffusion constant D is typically 20 cm?*/Vs and the thermal
velocity vy, for silicon is 2x10’cm/s. For monocrystalline silicon an effective diffusion
length Lm0 of 100 um is assumed.

Using a rather high capture cross section of 5x10™° c¢m?® as usually assumed for n'p-
polysilicon solar cells, L,y is calculated to be 0.5 pm after and 0.005 pm before
hydrogenation for samples with a doping level of 10" cm™. This corresponds to grain
boundary recombination velocities Sy, approaching the thermal velocity before and
smaller than 9.4x10* cm/s after hydrogenation.

For samples with a lower doping level of 3x10' ¢cm™ this procedure is repeated
(measurement of N;, calculation of Sy, and L), yielding effective diffusion lengths of
0.5 pm after hydrogenation and 0.002 um before hydrogenation.

The passivation of the grain boundaries in polycrystalline silicon is influenced by the

hydrogenation time and temperature [4-35], and their influence is therefore investigated
for the material used here.
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Table 4-2 shows the influence of the hydrogenation time (with the same cooling down
time for all samples) on the majority carrier properties (the mobility pu as measured by
Hall-effect measurements, p and E,).

ths M P E,
Minutes cm’/Vs Qcm meV
No 2.1 51.3 231
0 15.1 1.5 25
30 1.0 17
120 18.5 1.1 16
180 16.9 0.8 11

Table 4-2: Influence of hydrogenation time t;;, at 385 °C (+ 30 minutes during cooling
down) on mobility, resistivity and activation energy of fine-grained polysilicon samples
(5 pm 10" cm™ doped)

A longer hydrogenation results in a better passivation of the defects and a higher
material quality (higher p, lower p and lower E,.). However, the improvement with time
is slower than the initial improvement after short hydrogenation times. This results in
the fact that even after 3 hours of plasma hydrogenation the influence of the grain
boundary is still visible. When no cooling down time is used, higher p and E, are
obtained. As mentioned before, this is likely due to out-diffusion of H from the layer.
Longer cooling-down times have no longer an influence on p or E,y. Therefore, 30
minutes cooling down is used in all further experiments unless specifically mentioned
otherwise.

In Figure 4-4 the influence of hydrogenation temperature on passivation is shown by
plotting mobility and activation energy versus sample temperature during
hydrogenation. Higher hydrogenation temperatures continuously increase p, and
decrease E,,. This suggests that more H enters the layer at higher temperature
(thermally activated diffusion) and that a more effective passivation is obtained.

Since the potential energy barrier can no longer be determined from the activation
energy (smaller than the thermal voltage), ESR measurements are done to determine the
influence of hydrogenation on the layer spin density (Table 4-3). Short hydrogenation
times (a few seconds at 385 °C + 30 minutes cooling down) lower the number of defects
by a factor of three, as observed from the p vs. T measurements. Longer hydrogenation
further reduce the dangling bond density by a factor of two. The better passivation with
increased hydrogenation has also been observed by others [4-36].

For a-Si the defect density measured by ESR equals 10*' ¢m™ which decreases to a
residual concentration of 10" — 10'® cm™ if hydrogen is incorporated [4-37, 4-38, 4-39,
4-40]. Upon illumination, the spin density again increases by more than a factor 10 due
to the Staebler-Wronski degradation effect. For microcrystalline silicon a similar ESR
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signal is obtained as for a-Si:H [4-39, 4-40, 4-41, 4-42]. The pc-Si:H material is very
inhomogeneous and therefore, the interpretation of the ESR spectrum is controversial.
Values in the range of 5x10"° — 10" cm™ have been reported with the absolute value
depending on the crystalline fraction of the layer.

The values presented here for fine-grained polysilicon are in the same range as those of
amorphous or microcrystalline silicon. However, due to the full crystallinity of the
layers no degradation in time is expected. The use of coarse-grained polysilicon is
expected to lower the number of defects of the polysilicon material further because of
the larger grain size. In this way it should be possible to obtain stable solar cell
efficiencies that are higher than for a-Si:H and pc-Si:H material.
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Figure 4-4: Influence of the hydrogenation temperature (a few seconds at Thydrogenation +
30 minutes during cooling down) on mobility and activation energy of fine-grained
polysilicon layers (5 pm 10'7 cm™ doped)

Doping No H' ty+
em? minutes
0 30 60
10 2.4x10" 1.8x10"
3x10'° 7x10" 2.3x10" 1.1x10"

Table 4-3: N, gsg (cm™) as a function of hydrogenation time (+ 30 minutes cooling
down) and doping level of 5 um p-type fine-grained polysilicon layer

Because of the difference in processing between a hetero- and a homojunction device,
SRP measurements are done to determine the impact of the hydrogenation on the
resistivity of both structures. The deposition of the a-Si:H / c-Si heterojunction emitter
did not lead to a lowering of the resistance and therefore it was excluded from Figure

4-5.
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Figure 4-5: SRP profile of as-grown, plasma hydrogenated (60 minutes at 385 °C + 30
minutes during cooling down) and plasma hydrogenated homojunction fine-grained
polysilicon layers (5 pm 10" cm™ doped)

The resistivity of the as-grown fine-grained polysilicon layer increases from 100 Qcm at
the surface towards 10000 Qcm at the Si-SiO, interface. This explains the resistivity of
an identical layer of 4536 Qcm determined by temperature dependent resistivity
measurements (Table 4-1). The high resistivity at the substrate is due to the bad quality
of the first microns of the fine-grained layers, while the lower resistivity in the top part
of the layer is caused by the competitive growth mechanism (Figure 2-3). The
hydrogenation of the sample results in a lower resistivity for the first three micron at the
top of the layer due to the smaller potential energy barriers at the grain boundaries.

The profile of the plasma hydrogenated layer is similar to the one shown in Figure 3-24
(passivated sample without annealing). There, p decreases further to 1 Qcm at the
surface because of the higher doping density of the p-type layer (3x10'® cm™). For the
homojunction device, the resistivity after hydrogenation is as high as for the as-grown
polysilicon sample. The electrical junction for the diffused emitter is observed at 0.6 um
by a peak in p. One possible reason for the high resistivity is that the n” layer acts as a
blocking layer for the hydrogen atoms resulting in a worse passivation. Further evidence
for this effect will be given in section 4.3.2. However, this effect alone cannot explain
why the change in resistivity of the homojunction after passivation is so small and
clearly another effect has some influence. As shown in Chapter 3, the diffused n'-
emitter also leads to preferential dopant spikes along the grain boundaries. These highly
doped n'-regions result in depletion regions in the grains itself and potential energy
barriers for the holes, explaining the high resistivity measured.
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4.2.3  Cell results

The influence of the hydrogen passivation with the direct-plasma setup on cell level is
discussed. First, the impact of the hydrogenation is shown on the homojunction devices
followed on the heterojunction ones. For each emitter results are presented on fine- and
on coarse-grained material.

4.2.3.1 Homojunction

For homojunction devices, the hydrogenation step is done after the P-diffusion of the
emitter. Table 4-4 shows the influence of the direct-plasma hydrogenation for fine-
grained polysilicon solar cells.

Passivation Jye Voe FF Efficiency Rieries Rpune
mA/cm? mV % % mQcm’ Qcm?

No 8.8 189.9 37.5 0.6 7928.4 30.4
Yes 13.2 3729 53.1 2.6 5095.6 540.2

Table 4-4: Impact of direct-plasma hydrogenation (a few seconds at 385 °C + 30
minutes during cooling down) on homojunction cells of fine-grained polysilicon
Q2 pmp' 3 pmp 10”7 cm™ doped)

Before hydrogenation, V,. of the homojunction cell is only 190 mV and the cell is
suffering from severe shunting. The hydrogen plasma treatment enhances Js., V. and
fill factor, resulting in an increase of the efficiency by a factor of 4.3. Ryeies decreases
due to the reduced potential energy barriers. The enhanced sheet resistivity of the
emitter after direct-plasma hydrogenation has no major influence. Ry, improves by a
factor of 18 due to the hydrogen passivation treatment. This shunting of the
homojunction cell is caused by the hopping of carriers from the n'- (including the P-
spikes along the grain boundaries) to the p'-type region through states in the band gap
(for example via the defects at grain boundaries). By hydrogenation a lot of defects are
passivated at grain boundaries, which reduces the number of leaking paths. By Suns-V,,
a reduction is measured of the ideality factor n from 2 before hydrogenation to 1.7 after.
This means that the passivated sample is still limited by the recombination in the space
charge region of the emitter and that the better performance after hydrogenation is
mainly due to the reduction of the J,, recombination current.

Figure 4-6 shows the EQE-spectra of the cells from Table 4-4.
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Figure 4-6: Influence of direct-plasma hydrogenation on EQE of fine-grained
polysilicon cells with a homojunction emitter (Table 4-4)

The hydrogenation of the homojunction improves both the maximum EQE (from 50 %
to 80 %) and the response at longer wavelengths (> 450 nm). The plasma hydrogenation
passivates the defects at grain boundaries where the P-spikes are present. Due to
passivation, more e/h" pairs generated deep in the layer can be collected by these spikes
without too much recombination (reduced Jy;). The collection at small wavelengths
decreases a bit upon hydrogenation, which may be due to the generation of defects such
as platelets underneath the n* surface.

Because of the SRP-results (Figure 4-5), the influence of the diffused n'-emitter on
hydrogenation is investigated. Solar cells are made on fine-grained material where an
increasing part of the homojunction emitter is etched off before direct-plasma
hydrogenation. The homojunction is created by P-diffusion at 860 °C in fine-grained
polysilicon samples and emitter etching is done in a polyetch solution that has an
etching rate of ~100 nm/minute. After the etching, the sheet resistance is measured to
get an idea on the remaining depth of the emitter, being 80 Q/01 before, 264 Q/07 after 2
minutes, 513 Q/0 after 5 minutes and out of range after 10 minutes etching. The fact
that no sheet resistance could be measured after 10 minutes etching indicates that the
intra-grain n'-emitter is almost completely removed on that layer but that the spikes
along the grain boundaries are still present resulting in huge potential energy barriers
and a high sheet resistivity. After etching, the samples are hydrogenated and a
heterojunction emitter is deposited on top to limit the series resistance. Figure 4-7 shows
Jsc and V. of these samples.
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Figure 4-7: Influence of the etch-back time on J;. and V. of fine-grained polysilicon
solar cells (4 pm p 3x10'® cm™ doped; H': a few seconds at 385 °C + 30 minutes during
cooling down)

J,. for homojunction devices (13.9 mA/cm?) is again higher than for heterojunctions on
similar layers (10.3 mA/cm?). After emitter etching, J first increases and then
decreases. EQE-measurements show that increased etching leads to a higher response in
the short but a smaller response in the long-wavelength region. This is respectively due
to etching of the dead layer and of the spikes. For V,. the opposite trend is observed:
first it decreases and then it increases slightly. The decrease of the V. is unclear but
might be due to a reduced internal field. Another possible reason might be that the cell
without etching had a 1 pm thick p'-layer, while the other had a 2 pm thick one. It has
to be mentioned that V.. = 413 mV before etching is the highest value obtained for
homojunction devices on fine-grained polysilicon. The subsequent increase in V,, with
etching time is very small and can be due to improved hydrogenation or to etching of
spikes. However, V. for the 10 minutes etched sample (intra-grain emitter completely
etched off) is still smaller than for a cell with a heterojunction emitter, which is well
above 450 mV. These results are a final proof that the V,.’s of homojunction devices are
mainly limited by the tips of the dopant spikes along the grain boundaries and not by a
better hydrogenation.

The influence of passivation is also investigated on cell performance for coarse-grained
polysilicon with a homojunction emitter, by varying the hydrogenation time (Table 4-5).
Again, an increase is obtained of the J., V. and Ry, upon hydrogenation although the
increase in efficiency (factor 1.8) is smaller than for fine-grained layers. This smaller
improvement is expected since fine-grained polysilicon has much more grain boundaries
susceptible to the hydrogenation. Longer hydrogenation times lead to a minor
improvement of Ry, but have no influence on Ji. and V.
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ty+ Jsc Vac FF E.f.ﬁCiency Rseries Rshunt
minutes mA/cm? mV % % mQem’ Qcn’
No 15.1 305.9 50.4 2.3 3559.6 144.1
0 16.7 412.4 59.9 4.1 2968.6 901.3
60 16.6 411.1 59.8 4.1 3100.9 1141.9
180 16.1 404.0 59.3 3.9 3060.2 1194.8

Table 4-5: Influence of hydrogenation time (+ 30 minutes during cooling down) on
coarse-grained polysilicon cells (2 pum p* 3 pm p 10" cm™ doped) with homojunction
emitter

Figure 4-8 shows the EQE-spectra for a coarse-grained polysilicon cell with a
hydrogenated and non hydrogenated homojunction emitter.

80
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Figure 4-8: Influence of hydrogenation (60 minutes at 385 °C + 60 minutes during
cooling down) on EQE-measurements of coarse-grained polysilicon layers (2 pm p” 2
pm p 107 cm™ doped) with a homojunction emitter

The improvement of current collection after hydrogenation again is located at
wavelengths above 450 nm. Compared to fine-grained layers, the improvement is much
lower. Another possible reason for this besides the lower defect density might be that
dopant spikes along grain boundaries, which induce a depletion region in the grain, lead
to completely depleted grains for fine-grained polysilicon layers due to the small grain
size. These completely depleted grains act as a flat emitter and require a polycrystalline
base layer with a high diffusion length, just as for a heterojunction emitter. For the
coarse-grained polysilicon it is not expect that such completely depleted grains occur
and hence collection efficiency depends primarily on the depth of the dopant spikes and
not on the improved base quality.
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4.2.3.2 Heterojunction

For a heterojunction emitter, hydrogenation is done before deposition of the a-Si:H
layer. Table 4-6 shows the impact of direct-plasma hydrogenation on fine-grained
polysilicon cells with a heterojunction emitter.

Passivation Jse Ve FF Efficiency Rieries Rpunt
mA/en’ mV % % mQenm’ Qcn’

No 6.6 417.0 57.7 1.6 8351.8 807.9
Yes 11.3 511.5 66.1 3.8 2425.3 1610.6

Table 4-6: Impact of direct-plasma hydrogenation (a few seconds at 385 °C + 30
minutes during cooling down) on heterojunction solar cells of polyetched fine-grained
polysilicon (0.3 pum p* 1 pm p 3x10' cm™ doped)

Before hydrogenation, V. is 417 mV, which is even higher than for a homojunction
emitter after hydrogenation. This V,. value is quite remarkable, since no extra
treatments are done after the growth. The fact that the heterojunction gives higher V-
values than the homojunction before hydrogenation proves again that the spikes along
the grain boundaries are the main reason for the low V.. of homojunction devices and
not hydrogenation. Also note that before hydrogenation, Ry, of the heterojunction cell
is more than a factor 20 larger compared to the homojunction. This is partly due to the
absence of the dopant spikes which reduces the probability of carriers hopping from p*
to n” regions. After hydrogenation, J,, improves by a factor of 1.7 which is larger than
the factor of 1.5 in the case of a homojunction emitter. V. on the other hand increases
only by 100 mV which is less than for the homojunction emitter. Rgeies of the
heterojunction device decreases more than Ry of @ homojunction which is partly due
to the absence of the potential energy barriers of the dopant spikes. This leads to an
increase of the efficiency by a factor of 2.4.

The ideality factor n of fine-grained heterojunction cells decreases from 1.6 before
hydrogenation to 1.3 after which shows that recombination in the “bulk™ of polysilicon
layers becomes more important than in the space charge region of the emitter.

Figure 4-9 shows EQE curves for both fine-grained polysilicon layers. EQE increases

from wavelengths of 400 nm. For the heterojunction this is expected since the collection
efficiency largely depends on the diffusion length of the polysilicon material.
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Figure 4-9: Influence of direct-plasma hydrogenation on EQE of fine-grained
polysilicon solar cells with a heterojunction emitter (Table 4-6)

As shown before with p vs. T measurements hydrogenation improves L,y from 0.002
pm to 0.5 pm, explaining the higher EQE. An alternative equation to calculate Ly,
using the J. and the V. of the cell is [4-33]:

gn’D V.1 & Y/
J. =——exp(—=)——+qm. DV, | ——exp(—=
=N p( v ) A DV 12 NV, p( 2Vt) B

a t poly poly

(4-2)

In (4-2) V. is the thermal voltage (=kT/q) and the built-in potential Vy; is assumed to be
0.65 V (Section 3.4). To obtain Eq. (4-2), it is assumed that the value of L, does not
depend on the position in the cell (SCR or bulk), that the effective diffusion length
equals the bulk diffusion length in solar cells with a high SCR recombination and that
there is an abrupt junction. For polysilicon cells, it results in an effective diffusion
length of 1.4 pm after and 0.5 um before hydrogenation for a heterojunction emitter.

The values for a heterojunction emitter are much higher than those calculated from (4-1)
by assuming a cross-section ¢ of 5x107"° ¢cm® The same values can only be obtained
from (4-1) if the grain boundary recombination velocity is made much smaller by
lowering ¢. Assuming a lower ¢ = 5.2x10™'¢ cm?, Loty is calculated to be 1.4 um after
hydrogenation plasma treatment and 0.01 pm before. The grain boundary effective
recombination velocity Sy, after hydrogenation that is calculated in this way is only
9.8x10° cr/s. These values for the grain boundary recombination velocities are more
than one order of magnitude smaller than predicted in the literature for pn-junctions on
polysilicon layers with such a small grain size [4-33, 4-43, 4-44]. Before hydrogenation
it is necessary to take even smaller capture cross-sections (5x10™ cm?) to fit the
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obtained cell results, but the uncertainty on the calculated values for Sy, (80000 cm/s)
and L,y (0.5 pum) here is much larger.

As mentioned before longer hydrogenation times and higher hydrogenation
temperatures lead to a lower defect density of the p-type polysilicon material (Table
4-3). In homojunction devices no improvement of the solar cells is observed with
hydrogenation time of coarse-grained polysilicon layers. Table 4-7 shows the influence
of hydrogenation time on fine-grained polysilicon cells with heterojunction emitter.

th+ Je Voe FF Efficiency
minutes mA/cm’ mV % %
0 8.6 475.8 68.8 2.8
60 9.8 476.0 63.9 3.0
120 9.6 474.0 63.2 2.9

Table 4-7: Influence of ty, at 385 °C (+ 30 minutes during cooling down) on fine-
grained polysilicon layers (2 um p* 2 pm p 3x10'° cm™ doped) with a heterojunction
emitter

Longer hydrogenation times lead to a higher J although the improvement is small
compared to the decrease of the spin density by a factor 2. For the hydrogenation
temperature, a lower efficiency is even found at higher hydrogenation temperatures.
Possibly this is due to a trade-off between an improved bulk quality (as confirmed by
majority carrier transport measurement) and an increased damage of the layer due to the
direct-plasma of the hydrogen.

As mentioned before cooling down in the H-plasma is important to avoid H out
diffusion during unloading of samples. Table 4-8 shows the influence of this cooling
down on the heterojunction cell level. Lower cooling down temperatures are obtained
by longer cooling down times.

Tona Jee Ve FF Efficiency
°C mA/em’ mV % %
385 8.3 446.3 66.4 2.5
330 8.0 446.0 60.6 2.2
220 10.1 471.2 62.8 3.0

Table 4-8: Influence of cooling-down end temperature (after 55 minutes at 385 °C) on
IV-parameters of fine-grained polysilicon cells (2 pm p* 4 pm p 3x10'® cm™ doped)
with heterojunction emitter

For the first sample, no cooling-down time is used and the samples are unloaded from

the chamber at the temperature at which the hydrogenation took place (385 °C), while
the second and the third sample receive an additional 15 and 30 minutes in the plasma to
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cool down. Cooling down to 220 °C clearly has a beneficial influence on the IV-
parameters resulting in a relative increase of the efficiency by 20 %. Longer cooling
down times have no further influence. Keevers et al. reported that optimal termination
temperatures of the hydrogen plasma were in the range of 300 to 350 °C for solid phase
crystallized material [4-27]. The results here on epitaxially grown material clearly
indicate that it is necessary to go lower than 300 °C.

For the direct plasma system, no influence of the hydrogenation temperature is found on
cell level. This is discussed more in detail in section 4.3.3.2.

In the introduction of this chapter, it is mentioned that hydrogen atoms can also
deactivate B dopants. Annealing at 200 °C after hydrogenation was shown to break the
BH complex [4-19]. To investigate B-deactivation, the layers are annealed after
passivation (and before a-Si:H deposition) up to different temperatures and a
heterojunction is made on top of it (Figure 4-10). The final cell structure is always
annealed at 200 °C to ensure a good back contact.
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Figure 4-10: Influence of post-hydrogenation annealing temperature on the fine-grained

polysilicon solar cells (2 pm p* 3 pm p 3x10'® cm™ doped; H-plasma: 10 minutes at 385
°C + 30 minutes cooling down)

Annealing results in a lower J, and V,. with a higher temperature leading to more
severe degradation. This degradation indicates that out-diffusion of hydrogen atoms to
the environment has a larger influence on cell parameters than the possible B-
reactivation. Annealing temperatures below 200 °C do not improve the parameters
either, although it was reported in literature that such an annealing could neutralize the
hydrogen-related defects [4-45].
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Finally, the direct-plasma hydrogenation is also investigated on coarse-grained
polysilicon solar cells with a heterojunction emitter (Table 4-9).

Passivation Jye Voe FF Efficiency Rieries Rpunt
mA/en’ mV % % mQcen’ Qcm’

No 9.6 393.6 60.4 2.3 3463.1 879.5
Yes 15.8 483.8 63.1 4.8 3544.2 2039.0

Table 4-9: Influence of direct-plasma hydrogenation (a few seconds at 385 °C + 30
minutes cooling down) on heterojunction coarse-grained polysilicon solar cells (2 pm p*
2 um p 3x10" em™ doped)

Hydrogenation has almost the same impact on IV-results as for heterojunction devices
on fine-grained polysilicon. All parameters drastically improve upon hydrogenation
which in contrast to the homojunction devices on coarse-grained polysilicon where J
increased only by 1.5 mA/cm? upon hydrogenation. Figure 4-11 plots EQE of such cells.
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Figure 4-11: Influence of hydrogenation treatment on EQE-spectra of coarse-grained
polysilicon layers with heterojunction emitter (see Table 4-9)

The increase of EQE curve is similar as for heterojunction fine-grained polysilicon cells.
The increase at long wavelengths is much larger than for comparable coarse-grained
polysilicon layers with homojunction emitter. The reason again is that for homojunction
devices the collection at long wavelengths is mainly determined by the depth of the P-
spikes while in case of heterojunction devices, it is mainly determined by the diffusion
length of polysilicon. Just as for fine-grained layers, L,y is calculated using (4-2) and
yielded an improvement from 0.8 pm to 1.9 pm upon hydrogenation.
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4.3 Remote-plasma hydrogenation

4.3.1 Experimental setup

The second hydrogenation technique used to passivate polysilicon layers uses a remote-
plasma system (Figure 4-12). The advantage over the direct-plasma system is that the
samples are lying downstream of the plasma. In this way, the surface damage due to the
hydrogen ions is avoided as observed for the direct-plasma hydrogenation in Figure 4-2.

Gas Mixture :
Hz, NH3, N20
Microwave Power
Generator Metallic N2
stubs
/ 1 N\
Gas ring
SiH,

Throttling valve

Figure 4-12: Schematic illustration of the remote-plasma system (Plasmalab 400)

The samples are loaded on a chuck within the reactor chamber. The plasma gases are
introduced in the system through a quartz tube. The plasma is ignited in the microwave
cavity using a spark plug. The microwaves are tuned in the cavity using metallic stubs
ensuring that the microwave power is absorbed in the plasma to a maximum extent. To
facilitate the ignition, an electrical spark is used at the cavity. For the hydrogenation
experiments H; is used as a precursor gas and NHj as stabilizator. The pressure during
the plasma is 700 mTorr and the power 120 W. Just as for the direct-plasma system, a
higher power is used for the ignition (700 W) which was gradually decreases to the final
hydrogenation power of 120 W. The hydrogen radicals created within the plasma
diffuse towards the samples while the ions that can create damage recombine within the
plasma.

A second advantage of this system is that it has a deuterium (D,) gas-line. D is an
isotope of H that duplicates the H chemistry. The advantage of D is that it can be
detected in the layer using SIMS, contrary to H that is largely present in the sputtering
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chamber of the SIMS system. When there are different isotopes o and p of the diffusing
species, the ratio of their diffusivities is:

1/2
D, T, _(Mﬁj
=—a | £ (4-3)

where I' is the mean jump frequency an M is the isotopic mass. D has double the mass
of H and it has therefore a lower diffusion coefficient (factor of \/E lower).

4.3.2  Characterization

To characterize passivation of polysilicon samples by remote plasma hydrogenation,
SIMS measurements are used to determine the D-content and majority carrier
measurements to determine the electrical properties.

In the introduction of this chapter, it is mentioned that the hydrogen atoms are charged
in Si, with the charge depending on the doping type. Because of this charging, electric
fields present in the silicon can influence diffusion of hydrogen ions. The implantation
of donors modifying the p-type dopant profile indeed led to a different passivation of
crystalline silicon [4-46, 4-47]. It was also observed that the electric field at the junction
(i.e. the field determined by the built-in voltage minus the applied voltage) during
deuteration determined the D-profile, suggesting a field-driven motion of hydrogen
when electrical fields are present [4-48, 4-49].

To determine the influence of the electrical field of the junction on hydrogen
incorporation of fine-grained polysilicon layers, the D-profile is measured with SIMS on
a sample with a homojunction emitter during deuteration and on a sample without
emitter during deuteration (Figure 4-13).

The n'-diffused emitter clearly blocks deuterium (and hydrogen) penetration in the layer
leading to a build-up of D atoms in the first hundredth nanometers. The hydrogen atoms
entering the sample during hydrogenation are immediately converted to H™ by reaction
with electrons given by the n-type dopant in the n'-region. The negatively charged
hydrogen atoms diffuse slowly in the emitter region because the diffusion mechanism
involves an energetically unfavorable neutral transition state. Moreover, the electric
field at the junction tends to repel the negative hydrogen ions. However, in lowly n-type
doped Si and in p-type Si positively charged hydrogen atoms are more stable, the more
so the higher the p-doping level. The hydrogen atoms that, in spite of slow diffusion in
the n'-region, do reach the depletion region because of the thermal motion, get
converted into H' ions. These positively charged hydrogen atoms are driven by the
electrical field and end up in the p-type layer. Once hydrogen ions arrive in the p-type
doped silicon, the dangling bonds at the grain boundaries trap them. The above results
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show that it is better to avoid having to hydrogenate polysilicon layers ‘through’ a
junction. The case of an n-type base with a p'-emitter is expected to be even worse than
for the present n'-p devices, because hydrogen remains in positive ion form in the
depletion region and feels a repulsive electric field. For the cell design used in this
work, it is impossible to hydrogenate from the p-type side when there is already a
junction, since a substrate configuration is used. In a superstrate configuration, where
the n" emitter is close to the substrate, it could be possible to hydrogenate from the p-
type side. However, for devices in substrate configuration, hydrogenation followed by a-
Si heterojunction formation is the best way to obtain a high D-concentration in the
silicon layer. Since this heterojunction is made at temperatures below 200 °C and since
hydrogen is immobile at those temperatures, it can be assumed that the D-profiles
without an emitter present during the diffusion are the same as for the heterojunction
device. The build-up of D at the surface may also involve hydrogen platelets.

For the sample without emitter during deuteration, there is a maximum after 200
nanometers followed by an exponential decay. The reason for this maximum within the
layer and not at the surface is that there are probably still some deuterium atoms that
diffuse out of the layer during passivation. Another reason might be that defects at the
surface result in a pinning of the Fermi-level converting silicon into an n-type layer. The
exponential decay within the silicon layer is expected because of the diffusion
mechanism. After 1.2 um both layers show the same D-content.
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Figure 4-13: Influence of a diffused n" emitter on the D-profile after remote-plasma
hydrogenation (30 minutes at 380 °C + 30 minutes during cooling down) of a fine-
grained polysilicon layer (5 pm p 10'7 cm™ doped)

Besides the emitter, also sample temperature during hydrogen plasma plays an

important role on passivation efficiency as observed before for the direct-plasma
hydrogenation on majority carrier transport. Figure 4-14 shows the D-profile after
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remote-plasma passivation at different sample temperatures. Higher temperatures result
in a higher D incorporation into layers (up to a factor of ten larger after 2 um) and in a
flatter D-profile. This results from the activated behavior of deuterium diffusion which
leads to a higher diffusion coefficient for higher temperatures.
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Figure 4-14: Influence of sample temperature on D-content in polysilicon layer (5 pum p
3x10" cm™ doped) after remote plasma hydrogenation
(30 minutes + 30 minutes during cooling down)

If it is assumed that D diffusion is limited by defect trapping, as justified in section 4.6,
the diffusion constant of hydrogen can be calculated from:

[H]=[H, Jexp(- ([d)K, /D, )"*x) (4-4)

where [H] is hydrogen concentration, [Hy] corresponding surface concentration, [d]
density of traps (as measured by ESR), and K, rate constants for defect trapping [4-50].
Figure 4-15 plots the diffusion coefficient of deuterium for these three temperatures (Dp
=5.7x10" cm%/s at 380 °C).
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Figure 4-15: The natural logarithm of the diffusion constant of deuterium as a function
of the hydrogenation temperature

From the slope of the curve, an activation energy of 0.46 ¢V for the D-diffusion is
obtained. This value is in good agreement with previous publications on polycrystalline
silicon [4-16].

In general it is observed that the D-content in the layer is larger than the defect density
of the layers after the growth which is in the range of 107 — 10'® cm™. Johnson et al.
also showed a much larger D concentration (a factor of thousand difference) than the
number of dangling bonds for polysilicon. Despite this higher concentration, they found
that the D-concentration was a good indicator of the number of dangling bonds, with a
higher D-concentration leading to a lower spin density [4-51]. This phenomenon was
described as being due to the breakage of weak Si-Si bonds in the neighborhood of the
grain boundaries by the H atoms [4-35]. It was found that these weak Si-Si bonds lead
to a band tailing of the conduction and the valence band giving rise to sub-bandgap
absorption. By hydrogenation this tailing could be reduced [4-52, 4-53]. Calculations by
Van de Walle et al. indeed showed that an increase in bond length of Si-Si bonds (for
instance around the grain boundaries) leads to a lower formation energy of the Si-H-Si
configuration [4-54]. Beside these weak Si-Si bonds, also other defects are susceptible
to H passivation such as decorated dislocations, point defects with deep levels such as
Au and Fe, and oxygen and its complexes. All effects result in a higher H-concentration
than the defect density.

The remote-plasma passivation also leads to a decrease of the number of defects by a
factor of three, as found by p vs. T measurements, and direct-plasma passivation. Table
4-10 shows the influence of the remote-plasma hydrogenation temperature on mobility
of fine-grained polysilicon layers.
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T, hydrogenation M
°C cm’/Vs
no <2

205 10.8
265 13.3
325 14.2
380 18.3

Table 4-10: Influence of sample temperature during the remote-plasma hydrogenation
(10 minutes + 30 minutes during cooling down) on mobility of fine-grained polysilicon
samples (5 pm p 3x10' cm™ doped)

Just as for direct plasma passivation (Figure 4-4), the mobility p of the p-type layer
increases monotonously with hydrogenation temperature. This confirms the SIMS
measurements that show an enhanced D-concentration at higher sample temperatures.
The absolute values of the mobility are in the same range as for the direct-plasma
passivation, which is expected since the number of defects also decreases by the same
factor.

4.3.3  Cell results

4.3.3.1 Homojunction

As observed with SIMS and mobility measurements, the sample temperature during
hydrogenation has a large influence on hydrogen incorporation and subsequent
passivation of the polysilicon layer. Table 4-11 shows the influence of remote-plasma
hydrogenation temperature on homojunction cells of fine-grained polysilicon. The
remote-plasma hydrogenation improves all cell parameters just as for the direct-plasma
technique. A higher hydrogenation temperature has no influence on cell parameters
when a homojunction is used, in contrast to the characterization results. The final cell
efficiencies are in the same range as those reached with the direct-plasma system (Table
4-4). This suggests that the plasma damage of the surface in case of direct-plasma
hydrogenation has no negative impact on the cell results.
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T, hydrogenation Jsc Voc FF EmCiency Rseries Rshunt
°C mA/cm’ mV % % mQcm’ Qcm’
No 9.3 229.2 47.0 1.0 4898.8 67.8
265 11.2 352.8 553 2.2 4344.0 334.5
325 11.0 366.1 58.1 2.3 4204.0 581.4
380 10.9 357.6 55.5 22 4827.8 344.1
440 10.6 360.7 54.1 2.1 5948.0 359.5

Table 4-11: Influence of Thygrogenation (30 minutes at Thygrogenation T 30 minutes cooling
down) on fine-grained polysilicon layers (2 pm p”, 2 um p 3x 10" cm” doped) with a
homojunction

4.3.3.2 Heterojunction

The influence of different hydrogenation temperatures on fine-grained polysilicon layers
is also investigated for the heterojunction emitter (Table 4-12). In this table an identical
cell passivated in the direct-plasma system (at 385 °C) is inserted for comparison.

T, hydrogenation Jsc Voc FF EmCiency Rseries Rshunt
°C mA/em’  mV % % mQcm’ Qcm’
NoH' 3.7 354.8 56.9 0.7 13273.4 881.7
265 7.4 468.1 68.3 24 4052.9 1692.8

325 7.3 472.1 68.7 24 4637.7 1493.5

380 7.5 470.8 68.8 24 4462.3 1442.6

440 7.4 473.2 68.9 24 5000.9 1630.9
Direct plasma 7.0 468.7 69.2 2.3 4002.8 1542.9

Table 4-12: Influence of Thygrogenation (30 minutes at Thygrogenation T 30 minutes cooling
down) on fine-grained polysilicon cells (2 pm p', 2 pm p 10" cm™ doped) with a
heterojunction emitter

Passivation with remote-plasma looks as good as that achieved with direct plasma
hydrogenation. The efficiency increases by a factor of 3.5 after remote plasma
hydrogenation. Similar as for the homojunction emitter, no influence is found of the
hydrogenation temperature on cell level. A hydrogenation at 265 °C results in the same
passivation on cell level as a hydrogenation at 440 °C. This is again in contrast to the
SIMS and the majority carrier measurements on identical p-type fine-grained
polysilicon layers. For other materials such as SPC low-temperature polycrystalline
silicon, it was reported that a higher temperature led to better solar cells. The reason for
the independency of high-temperature polysilicon solar cells at IMEC on higher D-
content is not yet known. A possible reason is that the additional H-atoms in the layer
passivate defects that do not hinder the minority collection but do hinder the majority
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carrier transport. Furthermore it is also possible that the high-temperature polysilicon
solar cells are currently limited by certain defects that are not passivated by hydrogen.

-102 -



Chapter 4: Passivation of polysilicon layers

4.4 a-SiNx:H hydrogenation

4.4.1 Experimental setup

The third passivation technique is hydrogenation induced by the high-temperature
annealing (“firing”) of an a-SiNx:H layer, as commonly used in industry to passivate
multicrystalline silicon substrates [4-55, 4-56]. The system for the a-SiNx:H deposition
uses a low frequency (440 kHz) direct-plasma PECVD reactor. After the a-SiNx:H
deposition, the polysilicon — a-SiNx:H stack underwent a Rapid Thermal Anneal (RTA)
in a belt furnace at temperatures above 750°C. The total cycle time of the firing is
around one minute. The firing releases hydrogen atoms and drives them into the
polysilicon layer. To optimize the silicon-nitride layers for hydrogenation, the
temperature of the a-SiNx:H deposition is varied. Increasing the deposition temperature
leads to a higher density of the nitride layers, which is thought to have a major influence
on the efficiency of the hydrogenation process [4-56]. However, to preserve its function
as an anti-reflective coating, it is important to keep the refractive index of the a-SiNx:H
layer between 2.0 and 2.2 by varying the gas flows. This “solid source” hydrogenation
method has the advantage that it contains one step less than the process sequence that
uses a plasma since the a-SiNx:H layer can also act as the anti-reflective coating. The a-
SiNx:H layer contains only a limited amount of hydrogen atoms. Therefore in the past it
was assumed that its passivation would not be good enough for polysilicon layers due to
the large defect density compared to multicrystalline silicon. Hydrogenation of
polycrystalline silicon layers using a-SiNx:H is novel and uses temperatures above 700°
C while the plasma hydrogenation processes used here are limited to 450 °C. The
passivation of polysilicon layers through a firing at moderate temperatures (600 °C) of
a-SiNx:H (deposited at 300 °C) was already reported in the past, however with limited
success [4-57].

4.4.2  Characterization

For a-SiNx:H passivation it is also possible to use D, gases and hence to detect the D-
content in the layer using SIMS [4-58]. Before SIMS measurements, the a-SiNx:D-
layers are completely removed in a diluted HF solution.

First, the influence of the emitter on the D-content is shown (Figure 4-16), followed by
a comparison of the D-profile after the a-SiNx:D deuteration and after the remote
plasma hydrogenation. Finally the influence of varying deposition temperatures of the a-
SiNx:D layers on the D-content is shown.

An approximately constant value for the D-concentration of around 10'® cm™ is found

when no emitter is present. The presence of an emitter during passivation leads to a dip
in the D-concentration at the junction. At the edge of the depletion region of the emitter,
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the D-concentration rises to 5X10'7 cm™ (emitter ~ 0.6 um deep). This value is clearly
lower than when no emitter was present and indicates again that passivation of
polycrystalline silicon solar cells is best done before junction formation. A similar
profile as in Figure 4-16 with an increase of the D-concentration at the edge of the
depletion region was also observed in monocrystalline material when a n"p-junction was
used [4-49]. The sharp increase of D-concentration after 4 pm is due to the larger
number of defects in the first micron of the polysilicon growth and to the Si-SiOy
interface that contains a lot of dangling bonds.

100

a without emitter %A

& o with emitter ]
g 10 2
A [ .

w—o A
E a
o
a

depth (um)
Figure 4-16: Influence of emitter presence on the D-profile in fine-grained polysilicon
layers (5 pm p 107 cm™ doped) after firing of an a-SiNx:D layer deposited at 450 °C

Figure 4-17 plots the D-profiles for the upper two microns of identical polysilicon layers
after both remote plasma and a-SiNx:H passivation. The influence of the presence of a
diffused emitter on the D-profile is also shown for both passivation techniques. The
remote plasma leads to an exponentially decaying D-profile. The a-SiNx:D passivation
on the other hand leads to a flat profile throughout the entire layer. In the first micron,
the D-concentration is larger after plasma passivation than after nitride passivation.
After the first micron, the D-concentration for both methods crosses and decreases
exponentially after plasma passivation. Because of time limitations, the measurements
after remote-plasma passivation are stopped after 1.5 um. The decay for the remote-
plasma passivated sample is not observed after the a-SiNx:D passivation and suggests
that the nitride passivated sample contains even more D after the first micron than the
plasma passivated one. This is due to the much higher temperature reached during
nitride firing than during the remote-plasma treatment (~ 380 °C). These higher
temperatures result into a deeper penetration of hydrogen in the Si layer. The diffused
emitter lowers D penetration for remote plasma passivation while it results in a dip
(followed by an increase) for the nitride passivation. This can be due to the higher
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temperatures during nitride passivation or the lower H' concentration that enters the
layer.
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Figure 4-17: Comparison between the D-profile in fine-grained polysilicon (5 pm 10"
cm” doped) after passivation with a-SiNx:D firing (Tgeposition = 450 °C) and remote-
plasma deuteration (Tgeyeration = 380 °C; 30 minutes at 380 °C + 30 minutes during
cooling down) and the influence of the presence of a diffused emitter

For multicrystalline silicon solar cells, the deposition temperature and the nitride firing
have a strong impact on passivation [4-59]. Figure 4-18 shows the influence of
deposition temperature and firing (> 750 °C) on the D-profile of fine-grained
polysilicon layers. As seen, a deposition temperature of 500°C yields a higher D-
concentration compared to 400 °C. The reason is assumed to be the higher density of the
nitride layer which favors atomic instead of molecular hydrogen diffusion in the nitride
[4-59]. It is also observed that the firing step clearly leads to a lot of D incorporation in
the p-type layer. During firing, the Si-H and N-H bonds in the a-SiNx:H layer break,
releasing atomic hydrogen that can travel through the polysilicon layer to passivate the
silicon dangling bonds. Without firing, the D-signal decays to 1 % of its surface
concentration beyond less than 2 um. The reason that there is already some D in the
layer before firing of the layer is that the plasma used to deposit the silicon nitride layer
contains D-radicals.

For samples with a diffused n'-emitter, the influence of the deposition temperature and
the firing is investigated (Figure 4-19).
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Figure 4-18: Influence of Teposition and firing of a-SiNx:D layer on the D-concentration
in fine-grained polysilicon layers (5 pm p 10" cm™ doped)
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Figure 4-19: Influence of Tgeposition and firing of an a-SiNx:D layer on the D-
concentration in fine-grained polysilicon layers (5 pm p 10'7 cm™ doped) when a

diffused emitter is present

The dip, which is characteristic for the presence of a diffused emitter, is observed for all
deposition temperatures of the nitride layer. Again a higher D-concentration can be
obtained in the polysilicon layer when the nitride layers are deposited at higher
temperatures. However, the observed differences are smaller than when there is no
emitter present. Clearly when a diffused emitter is present, it is also the firing step that
drives the D atoms through the polysilicon layer. Note that also for the unfired sample,
the D-profile differs from the remote-plasma hydrogenation when a diffused emitter is
present. The dip is present at the junction followed by an enhancement of D-
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concentration. Because of the absence of the high-temperature firing step, the reason for
the dip is linked to the lower D-concentration entering the layer in case of nitride
passivation. The few D atoms that reach the lowly doped n-type region are attracted by
the electric field and end up in the p-type layer explaining the rise in D-concentration.
For the remote plasma system, no such dip is observed since much more D-atoms enter
the layer due to which the diffusion of D-atoms towards the p-type layer becomes more
important than the drift of D-atoms towards the p-type layer.

Electrical characteristics of the fine-grained polysilicon layers after passivation with a-
SiNx:H are shown in Figure 4-20 for different deposition temperatures of the nitride. As
reference, the results without hydrogenation and with the optimized plasma
hydrogenation process are also shown. For the nitride passivation, the highest firing
temperature (~ 800 °C) gives the best passivation and hence is used for further
experiments.
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Figure 4-20: Influence of a-SiNx:H passivation and a-SiNx:H deposition temperature on
mobility and activation energy of fine-grained polysilicon layers (5 um p 10" cm?
doped) and comparison with hydrogen plasma passivation (H-plasma: a few seconds at
at 385 °C + 30 minutes during cooling down)

A Dbetter passivation is observed on majority carrier level when a higher deposition
temperature of the nitride is used. A higher a-SiNx:H deposition temperature results in a
decrease of the activation energy E, and the resistivity p at 20°C and an increase of the
mobility. Above 400°C no further improvement is obtained. When standard plasma
hydrogenation is used, similar values as for the best a-SiNx:H hydrogenation are
obtained [4-60]. The better passivation using higher temperatures is linked with the
higher H content in the layer and the atomic H diffusion [4-Error! Bookmark not
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defined.]. Based on Seto’s Model, it can be calculated that the number of dangling
bonds decreases again by a factor of 3, just as for the plasma passivation methods.

4.4.3 Cell results

4.4.3.1 Homojunction

Table 4-13 and Table 4-14 show the influence of a-SiNx:H passivation and the
comparison with direct-plasma passivation respectively for fine- and coarse-grained
polysilicon. Both tables show that a-SiNx:H hydrogenation gives comparable
efficiencies and V,.’s as plasma hydrogenation in case of a homojunction emitter. These
results suggest that the silicon-nitride layers contain enough hydrogen atoms to
passivate the entire polysilicon layer to the same extent as plasma hydrogenation.
However, from previous results it is known that V,.’s of homojunction cells are mainly
determined by the preferential diffusion spikes along the grain boundaries, and therefore
the comparison is repeated using a heterojunction emitter.

Passivation Jye Voe FF Efficiency Rieries Rpune

mA/cn’ mV % % mQcn’ Qcm’

H-plasma 11.9 3449 40.7 1.7 12024.6 134.3
a-SiNx:H 11.7 355.2 37.4 1.6 15021.2 89.0

Table 4-13: Influence of nitride and plasma hydrogenation (a-SiNx:H: Tcposition = 400
°C + firing; H-plasma: 30 minutes at 385 °C + 30 minutes during cooling down) on
fine-grained polysilicon layers (2 pm p*, 4 pm p 3x10'° cm™ doped) with a
homojunction emitter

Passivation Jye Voe FF Efficiency Riories Rpune
mA/cm? mV % % mQcm’ Qcm?

No 14.0 325.0 52.1 2.4 3934.7 2353
H-plasma 15.5 430.3 59.8 4.0 3665.3 1330.5
a-SiNx:H 15.2 421.6 594 3.8 3634.3 1231.4

Table 4-14: Influence of nitride and plasma hydrogenation (a-SiNx:H: Tgeposition = 400
°C + firing; H-plasma: 60 minutes at 385 °C + 60 minutes during cooling down) on
coarse-grained polysilicon layers (2 um p*, 2 um p 10" cm™ doped) with a
homojunction emitter

4.4.3.2 Heterojunction

Figure 4-21 plots the results of a-SiNx:H passivated samples on fine-grained polysilicon
cells with a heterojunction emitter. Before a-Si:H deposition, the a-SiNx:H layers are
removed in an HF solution. The deposition temperature of the nitride is varied and the
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influence of firing is examined. Again a comparison is made with the direct-plasma
hydrogenated cell. Although no cell results are given for a layer without passivation,
Table 4-12 may give an indication for this type of layers without hydrogenation (J,. =
3.7 mA/em?, Voo = 355 mV).
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Figure 4-21: Influence of a-SiNx:H deposition temperatures and comparison with
hydrogen plasma (H-plasma: a few seconds at 385 °C + 30 minutes during cooling
down) for fine-grained polysilicon solar cells (2 pm p* 2 um p 3 10" cm™ doped) with
a heterojunction emitter

With the heterojunction emitter, plasma hydrogenation clearly shows better passivation
than a-SiNx:H hydrogenation alone, resulting in a higher J;. and V.. V. after a-SiNx:H
passivation was ~ 410 mV while after plasma passivation it is ~ 460 mV. Note that J
shows a similar relationship with passivation methods as V,. and that it is also much
lower after a-SiNx:H passivation. The reason for the worse passivation when a
heterojunction is used could be that the H-content in case of a-SiNx:H hydrogenation is
too low and passivation too bad compared to plasma hydrogenation (Figure 4-17). As
stated before, the performance of the heterojunction device depends on the diffusion
length while the performance of the homojunction device primarily depends on dopant
spikes. On the other hand the majority carrier measurements show equal passivation
after a-SiNx:H firing and plasma hydrogenation. It is thought that this is due to a deeper
passivation with a-SiNx:H compared to remote-plasma passivation which counteracts
the worse passivation in the first micron. For the different deposition temperatures an
increase is observed of Ji and V, with temperature, in line with mobility
measurements. Increasing deposition temperature from 250 °C to 500 °C results in an
increase of V,, by 60 mV and of J, by 1.2 mA/cm?®. As expected, firing is necessary to
give a decent passivation. After firing, V,. increases by 50 mV and J;. by 1.1 mA/cm?.
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4.5 Combination of different passivation techniques

4.5.1 Difference in passivation techniques

The previous sections discussed various passivation techniques. Hydrogen passivation
leads to a boost in cell performance for both hetero- and homojunction emitter. For the
majority carrier transport, plasma and nitride hydrogenation give a similar passivation,
but the cell results for nitride passivation, depending on the minority carriers, are clearly
worse when a heterojunction emitter is used. SIMS measurements indicate that plasma
hydrogenation induces more H-atoms in the polysilicon layer than nitride
hydrogenation. However, it is also found that a higher H-concentration is not always an
indicator of a better cell performance. For plasma hydrogenation, a higher H-
concentration, thus a better majority carrier transport, is obtained at higher sample
temperatures during plasma, while the cell results show an independency on
hydrogenation temperatures.

To obtain a further improvement of passivation for minority carriers, high-temperature
a-SiNx:H passivation is combined with low-temperature direct-plasma hydrogenation.
The sequence of the steps is important because of the different temperatures used in the
steps, and therefore each sequence is discussed separately on cell level.

4.5.2 H-plasma + a-SiNx:H passivation

As a first combination the samples are passivated using a hydrogen plasma followed by
nitride firing. In this way it is expected that nitride deposition prevents hydrogen out-
diffusion from the polysilicon layer in the firing step. Table 4-15 shows the cell results
after passivation with this combined approach. As a reference the results for the
individual passivation techniques are added.

Passivation Je Voe FF Efficiency
mA/em’ mV % %
H-plasma 8.2 469.3 65.4 2.5
a-SiNx:H 6.1 410.2 58.4 1.5
H-plasma + a-SiNx:H 5.8 378.8 58.7 1.3

Table 4-15: Combination H-plasma + a-SiNx:H passivation (H-plasma: a few seconds at
385 °C + 30 minutes during cooling down; a-SiNX:H: Tgeposition = 400 °C + firing)
compared to the separate passivation techniques on fine-grained polysilicon layers (2
ump’, 3 pm p 3x10' cm™ doped) with a heterojunction emitter

Plasma hydrogenation leads to a better performance than nitride passivation, as expected

for a heterojunction emitter. The combination of hydrogen-plasma and nitride
passivation shows the worst performance on cell level. A possible reason for this is that
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hydrogen atoms that entered the layer during plasma treatment exit the polysilicon
during firing.

453 a-SiNx:H + H' plasma passivation

The second combination is to passivate the samples first with nitride followed by
hydrogen plasma. In this way, one goes from a high- (> 800 °C) to a low-temperature
technique (385 °C), which should avoid too much hydrogen out-diffusion. Table 4-16
shows the results on fine-grained polysilicon heterojunctions in comparison with single
passivation treatments. The influence of the pressure during the hydrogen plasma is also
shown.

Passivation H' pressure Ise Ve FF Efficiency
Torr mA/cm’ mV % %
H-plasma 1 12.2 448.7 61.8 34
a-SiNx:H 9.8 369.6 56.4 2.1
a-SiNx:H + H-plasma 1 12.4 451.2 62.8 35
a-SiNx:H + H-plasma 1.5 12.3 472.8 69.9 4.1

Table 4-16: Influence of a-SiNx:H and H-plasma combination (a-SiNx:H: Tgeposition =
400 °C + firing; H-plasma: 30 minutes at 385 °C + 30 minutes during cooling down) on
fine-grained polysilicon layers (0.3 pm p* 3 pm p 3x10'® cm™ doped; short polyetch)
with a heterojunction emitter

The combination leads to an enhancement of the efficiency from 3.4 % to 4.1 %.
Different a-SiNx:H deposition temperatures have no influence on the performance,
while an increase of the plasma pressure from 1.0 to 1.5 Torr gives the best
performance. Using this higher pressure, V,. is enhanced by 25 mV. Previous
publications on multicrystalline silicon [4-61] and on string ribbon [4-62] also showed
an improvement when this combination was used instead of a-SiNx:H or plasma
passivation alone. Using light-beam-induced-current characterization, it was found that
this combination resulted in a better passivation of the dislocations.

Further optimization of this combined passivation is shown in Table 4-17 by varying
sample temperature during H-plasma. As observed, lower sample temperatures during
the plasma hydrogenation give the best cell results. A sample temperature of 330 °C
during H-plasma yields a maximum efficiency of 5.0 %. Longer hydrogenation times do
not improve the performance further. The reason for the better performance using
nitride followed by plasma passivation can be that different types of defects are
passivated by both techniques. The high-temperature a-SiNx:H passivation leads to a
deeper diffusion (possibly also intra-grain) while H-plasma mainly leads to grain
boundary diffusion in the first microns because of the lower temperature.
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Passivation Thyarogenation Jee Ve FF Efficiency
°C mA/em’ mV % %
a-SiNx:H 9.4 404.0 48.7 1.9
a-SiNx:H + H-plasma 330 °C 14.3 504.5 68.8 5.0
a-SiNx:H + H-plasma 385°C 13.7 496.1 68.6 4.7
a-SiNx:H + H-plasma 440 °C 13.2 468.2 61.5 3.8

Table 4-17: Influence of Thyarogenation during the H-plasma when using a combined a-
SiNx:H and H-plasma passivation (a-SiNx:H: Tgeposition= 400 °C + firing; H-plasma: 1.5
Torr, 30 minutes at 385 °C + 30 minutes during cooling down) on fine-grained
polysilicon layers (0.3 pm p" 2 pm p 3x10' cm™ doped; short polyetch) with a
heterojunction emitter

No clear improvement is found on cell level with this combined passivation on coarse-

grained material. This can be due to the lower defect density of the material, for which a
short hydrogen plasma is already sufficient to passivate the layer.
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4.6 Influence of the grain size on the passivation

Most defects in the polysilicon layers are located at the grain boundaries. To reduce the
number of defects the grain size can be enhanced or defects can be passivated. However,
as seen before, hydrogen passivation remains necessary for the coarse-grained
polysilicon layers. Due to the difference in grain size, a different passivation and
hydrogen incorporation is expected. This section shows the influence of the grain size
on the cell results and hydrogen penetration. Both homo- and heterojunction emitters are
investigated.

4.6.1 Homojunction emitter

Fine- and coarse-grained polysilicon solar cells with a homojunction emitter show a
different hydrogenation behavior. For fine-grained polysilicon cells, the highest V.
before hydrogenation is 190 mV and for coarse-grained polysilicon 305 mV. After
hydrogenation the highest V. for fine-grained polysilicon is 430 mV and for coarse-
grained 470 mV. The higher V,.’s for the coarse-grained material are due to a reduction
of the number of grain boundaries along which preferential dopant diffusion occurs. The
impact of hydrogenation treatment is larger for the fine-grained cells (a factor of 2 for
V.. and a factor of 4.3 for efficiency, Table 4-4) than for the coarse-grained cells (a
factor of 1.4 for the V,. and a factor of 1.8 for the efficiency, Table 4-5) when an
identical hydrogen treatment is used.

Figure 4-22 shows D-profiles after firing of an a-SiNx:D layer for fine- and coarse-
grained polysilicon layers with a homojunction emitter.

The D-concentration of fine-grained polysilicon layers at the end of the dip is around 5
times higher than for the coarse-grained. This larger D-content for fine-grained layers is
expected based on the difference in grain size, which is a factor of twenty. The peaks in
the D-profile of the fine-grained polysilicon layer at 4.5 pm and 6 pm are due to
passivation of defects at the Si-SiO, interface [4-63]. The SiO, layer on top of the
crystalline wafer is indeed around 1.2 um thick. For the coarse-grained polysilicon
layers, these peaks are not observed since the SIMS measurement is stopped after about
3 um because of the alumina substrate.
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Figure 4-22: Influence of grain size on the D-profile in polysilicon layers (fine-grained
polysilicon: 5 pm p 10'7 cm™ doped; coarse-grained polysilicon: 2 pm p* 5x10" ecm™
doped + 3 ump 10" em™ doped) with a homojunction after firing of a-SiNx:D (T geposition
=450 °C)

4.6.2 Heterojunction emitter

In case of a heterojunction emitter much higher V,.’s are obtained than with a
homojunction. Before hydrogenation the highest V. for fine-grained polysilicon cells is
420 mV, while for the coarse-grained it is 394 mV. The higher V. of the fine-grained
polysilicon layer before hydrogenation is unexpected and might be related to the thinner
p-type layer of the fine-grained polysilicon (1 pm instead of 2 um). After hydrogenation
the highest V. for thin fine-grained layers is 536 mV and for coarse-grained 539 mV.
The heterojunction emitter clearly results in a quasi-independence of V. on the grain
size of the polysilicon solar cells. Figure 4-23 compiles the highest V,.-values obtained
by various groups working on polysilicon solar cells as a function of grain size. The
references are as follows: Sanyo [4-64], Kaneka [4-65], UNSW [4-66], CSG [4-27],
IMEC [4-67, 4-68, 4-69, 4-70], ETL [4-71] and IPHT [4-72]. The results from this work
are added to the plot. It is clear that these points are moving towards the points of Sanyo
and Kaneka. Therefore, it is concluded that V,. of n'p-devices on polysilicon material is
not fundamentally limited by the grain size as suggested in [4-43]. Rather, cell design
parameters such as emitter type and base thickness have a major impact on V,. of
polysilicon solar cells and should therefore be optimized carefully.

The efficiency of the fine-grained polysilicon cells increases by a factor 2.4 for a thin

layer (Table 4-6) and a factor of 3.4 for a thicker layer (Table 4-12) due to the
hydrogenation compared to a factor of 2.1 for the coarse-grained layer (Table 4-9).
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Figure 4-24 shows D-profiles after RTA of an a-SiNx:D layer for fine- and coarse-
grained polysilicon layers. No emitter is present during passivation.
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Figure 4-23: Influence of grain size on V. obtained by various groups
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Figure 4-24: Influence of grain size on the D-profile in polysilicon layers (fine-grained
polysilicon: 5 pm p 107 cm™ doped; coarse-grained polysilicon: 2 pm p* 5x10"° cm™
doped +3 pmp 10" ¢cm? doped) after firing of a-SiNx:D (Tgeposition = 450 °C)

The D-concentration is around ten times higher for the fine-grained polysilicon
compared to the coarse-grained. This corresponds well to the difference in grain size,
which is a factor of about twenty. This difference in grain size leads to a difference in
grain boundary area of a factor 10.5 when columnar grains are assumed, which is
expected to result in a comparable decrease of the number of dangling bonds. The
proportionality of D-concentration with grain boundary area therefore proves that
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hydrogen diffusion and incorporation in thin polysilicon layers is dominated by trapping
of hydrogen atoms at dangling bonds of grain boundaries. The higher concentration of
D-atoms in coarse-grained polysilicon at the back of the layer is probably due to
passivation of the more numerous crystallographic defects within and close to the seed
layer.
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4.7 Future experiments

The number of defects decreases by a factor of 3 and V. increases to 539 mV upon
hydrogenation. Despite these improvements, there are still a large number of defects that
are not passivated and V. is still much lower than for mono- or multicrystalline solar
cells. The resistivity measurements show that the grain boundaries still have an
influence on the carrier transport. This proves that the polysilicon layers are not
completely passivated yet and that further improvement is possible. Because of time
limitations no other experiments are done in this work, but some future experiments are
suggested below.

The high peaks of deuterium at the Si-SiO, interface (Figure 4-22) show that not all
hydrogen that diffuses through the silicon is captured at defects, but that part of it can
diffuse through the whole polysilicon layer without being captured. A diffusion barrier
on the substrate could reduce hydrogen penetration in the substrate. Dense nitride layers
seem a possible solution as a barrier.

Because of the hydrogenation at CSG-solar, the efficiency of their SPC-based
polysilicon solar cells increases from 1.8 % to 8.1 % [4-27]. This improvement is larger
than observed in this work. The typical CSG-hydrogenation takes 4 — 10 minutes at ~
610 °C, followed by a rapid cooling down of 4 minutes to around 300 — 350 °C.
Therefore a better passivation is expected with a higher cooling-down rate of the
hydrogen plasma when a remote plasma setup is used.
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5.1 Introduction

The previous chapters showed the improvement of electrical properties of polysilicon
layers using a hydrogen plasma treatment and an a-Si:H / ¢-Si heterojunction emitter. In
this way, mainly V. of a coarse-grained polysilicon cell increases from 306 mV for an
unhydrogenated diffused homojunction emitter to 539 mV for a hydrogenated
heterojunction emitter. To obtain a higher efficiency (highest so far was 5.9 %), it is
necessary to improve J. limited to 17 mA/cm® for a coarse-grained polysilicon cell on
top of an alumina substrate. The low value of Ji. has several reasons. First of all, the
devices are based on a low quality material that has a limited diffusion length implying
the use of a thin layer of polycrystalline silicon. Secondly, this thin layer absorbs only a
limited fraction of the light entering, because of the relatively low absorption linked to
the indirect band gap of the polysilicon material. Finally, the layers discussed so far
have a relatively flat surface after the growth giving rise to a high reflectance of the
incident light. This chapter discusses how the optical properties of polysilicon devices
on foreign substrates can be improved.

Figure 5-1 shows a schematic cross-section for a light beam incident onto a thin-film Si
surface with a p” and a p-type layer grown on a FOx-coated alumina substrate. In this
picture it is assumed that there is no influence of the grain boundaries. The reflectance
Ryt gives a first idea of the amount of light not absorbed in the layer. The total
reflectance is the sum of the directly reflected photons at the front surface (Rgon) and
the photons that entered the layer but escaped the structure after internal reflection at the
substrate/silicon interface (Rescape)-
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Figure 5-1: Schematic representation of the interaction between an incident light beam
and the thin silicon layer showing external front reflectance Ry, internal front
reflectance Ry and back reflectance R,

The front reflectance is determined by the roughness of the silicon surface. The front
surface reflectance can be highly specular (flat surface) or diffuse (textured surface).
Specular light is defined as light that has a direction perpendicular to the surface (if the
incident light falls in perpendicular to the surface) while diffuse light has a direction
distributed over all angles. A light beam incident on the surface under an angle 0, is
refracted into the silicon layer under an angle 0;, determined by Snell’s law (n;sinf; =
nesinBy, with ny = 1 the refractive index of the air, n; = 3.7 the refractive index of the
silicon). Part of the refracted beam then reaches the substrate (e.g. coated alumina or
oxidized silicon) and gets reflected back into the silicon layer with a reflection
probability Ry,. The light beam will then travel further through the silicon layers with the
probability of getting absorbed, until it reaches the front surface where it can be
reflected again inside the silicon layer with a reflection probability Ry. At each incidence
with the silicon/air interface, a portion of the light within the escape cone with a critical
angle 6. is lost into the air (n;sinf. = 1 or 8, ~ 16° for silicon) and contributes to the
escape reflectance Reseape. All other rays outside the escape cone are reflected by total
internal reflection.

In order to trap the light into the active p p-type polysilicon layer, two requirements
need to be fulfilled.

The first requirement is that the light should not be transmitted through the substrate,

but should be reflected at the silicon/substrate interface into the active layer using a
highly reflective back surface (high Ry). Alumina substrates were shown to have a
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possible role as a back reflector due to the diffuse reflection which results in the
randomization of the light direction and enhancement of the optical confinement [5-1, 5-
2, 5-3]. Groups working on thin-film polysilicon layers showed that ceramic alumina
substrates were suited to obtain J.-values of 26 mA/ecm® [5-4, 5-5]. Section 5.2
discusses the alumina ceramic substrate used here and investigates the role of the FOx
and p'p-type layers on the reflectance profiles.

The second requirement to obtain effective light trapping is that the number of photons
that enters the active layer needs to be enhanced by lowering the first reflectance Ryon
as much as possible. To reduce Ry, two techniques are used.

First of all, one deposits an Anti-Reflective Coating (ARC) on top of the silicon
substrate. For a minimal reflectance this ARC material needs to have a refractive index

narc = 4/N; and a thickness equal to the quarter wavelength criterion. Section 5.3

discusses the anti-reflective coatings used for the homojunction (i.e. a-SiNx:H) and the
heterojunction (i.e. ITO) process.

The second technique used to lower the reflectance R,y is based on roughening the
silicon surface by texturing. For bulk silicon material such as multi- and
monocrystalline silicon, most texturing methods are based on wet chemical etching. For
monocrystalline silicon, alkaline anisotropic etching solutions such as sodium hydroxide
(NaOH) are used and for multicrystalline silicon acidic isotropic etching solutions [5-6].
These techniques have in common that they need to remove several microns of silicon
and therefore they cannot be used for a thin-film material such as polycrystalline silicon
since the active layer is only a few microns thick. For the thin-film approach, other
methods were developed. CSG-solar uses a textured substrate made by coating glass
beads on the substrate before the silicon layer growth [5-7]. Kaneka uses the STAR
texture (natural Surface Texture and enhanced Absorption with a back Reflector), based
on the surface texture directly after the layer growth [5-8]. At UNSW another appealing
technique called aluminium-induced texturing (AIT) was developed to texture the glass
substrates by an interaction between Al and SiO, [5-9]. The work here focuses on light
diffusion induced by plasma texturing method which is industrially applicable and
removes only a limited amount of silicon (< 1 pum). Section 5.4 shows the results
obtained with plasma texturing on surface topology and cell performance. For the fine-
grained material, also another texturing technique is developed based on a wet chemical
treatment of the polysilicon, discussed in section 5.5.
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5.2 Substrate reflectance

5.2.1 Introduction

As polysilicon layers are very thin and crystalline silicon has a low absorption
coefficient, a lot of light is not absorbed after its first pass through the polysilicon layer.
Therefore, it is necessary to use a highly reflective substrate to reflect the transmitted
light back into the active silicon layer. Here alumina is investigated as a substrate for
coarse-grained polysilicon films and compared to an oxidized silicon substrate used for
fine-grained polysilicon.

5.2.2  Alumina substrate

Alumina is known to result in a diffuse reflectance and a limited absorption of light [5-
1, 5-10]. For layers discussed here the reflectance may be different due to the presence
of the FOx-layer between alumina and polysilicon layer. As mentioned in Chapter 2,
this FOx-layer is needed to reduce the roughness of the substrate which results in a
higher quality of seed and absorber layer.

Figure 5-2 shows total (specular and diffuse) and diffuse reflectance of alumina
substrates in contact with air, both for bare (Al,0;) and coated (Al,0; + FOx) alumina
substrates. The data are measured with an X-Rite spectrophotometer that contains an
integrating sphere.
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Figure 5-2: Substrate reflectance (total/diffuse) of bare alumina (Al,O3) and coated
alumina (Al,O; + FOx) substrate in contact with air
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For both substrates, the reflectance is very high (> 80 %) for wavelengths above 600 nm
(corresponding to an absorption depth of 2.4 um in silicon). The FOx-layers only lower
the reflectance at short wavelengths (< 600 nm). This is most probably due to the anti-
reflective effect of FOx-layers that have a refractive index between the one of alumina
and air (ng; = 1 <ngex ~ 1.4 < napos ~ 1.75). However, when a 3 um thick silicon layer
is deposited, most photons at these wavelengths are absorbed before they reach the
substrate. The wavelength region above 600 nm is thus the most interesting part to study
because at these wavelengths the substrate reflection becomes important for current
collection of the devices. The reflection of both substrates in contact with air is almost
completely diffuse, which should also be the case for the alumina — silicon interface.
This strong scattering effect of light occurs because of the polycrystalline nature of the
alumina substrate with the presence of numerous pores inside the material. The light that
enters the alumina substrate is effectively scattered at grain boundaries and pores and
gets a high probability to be reflected back.

Bidirectional Reflection Distribution Function (BRDF) measurements are better suited
to determine the diffuse reflectance of alumina substrates [5-11]. Contrary to the
previous measurements where the diffuse reflectance is determined as the total
reflectance minus the specular, the BRDF measurements determine the reflectance
under all angles separately. Figure 5-3 shows the principle of BRDF measurements.

83°

-8°
Figure 5-3: Principle of BRDF measurements

The samples are irradiated by a Xe-light beam under an angle of -8° to the normal on
the substrate. The spectral radiance coefficient g (or the BRDF) is measured under the
angles from -2° to 83° to the normal. The spectral radiance coefficient g is defined as
the sample radiance (W/(Sr.m?)) divided by the sample irradiance (W/m?). Sr is the
steradian or the SI-unit of the solid angle. At 8° the specular component is observed
while the radiance at higher angles determines the diffusivity of the sample. For a
diffuse reflecting surface one should observe a BRDF independent of the viewing angle.
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Figure 5-4 shows the spectral radiance coefficient at 500 nm as a function of the
viewing angle for alumina, coated alumina (AluminaFox) and a 5 pm thick polished
coarse-grained polysilicon layer deposited on this coated alumina substrate
(AluminaFoxPoly).
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Figure 5-4: Spectral radiance coefficient as a function of viewing angle at 500 nm for
Al,O;, AlL,O; + FOx and AL,Os + FOx + 5 um polished polysilicon
(310" cm™ p-type doped)

The curve for alumina gives no specular reflection and an approximately constant
radiance for larger viewing angles. This confirms the previous results stating that
alumina is a diffuse reflecting substrate. When the alumina substrate is coated with a
FOx-layer a specular component at 8° is obtained and a slightly lower reflectance at
higher angles. When the measurements are done at 800 nm, the peak of the specular
reflectance gets narrower and the diffuse reflectance of the coated substrate increases up
to the diffuse reflectance of the alumina substrate, in accordance with Figure 5-2. After
deposition of the polysilicon layer, the specular peak broadens and diffusivity decreases
further. The main reason herefore is the large amount of light that gets absorbed in the
silicon layer (absorption depth at 500 nm ~ 0.9 um). Due to this light absorption, the
influence of the diffuse back reflectance of the coated alumina is non-existent. The
reason that the spectral radiance coefficient decreases for larger viewing angles is the
non-perfectness of the polishing.

To avoid too much absorption of the light in the silicon layer, other measurements are

done at higher wavelengths. Figure 5-5 shows the influence of the wavelength on the
BRDF in the range of 400 to 800 nm for a 5 pm thick polished polysilicon layer on top
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of the coated alumina substrate. In the wavelength range of 400 to 700 nm the BRDF at
larger viewing angles decreases with the incident wavelength and the diffusivity
remains poor. When the sample is irradiated at 800 nm, diffusivity increases compared
to 700 nm. At these wavelengths (700 — 800 nm) the absorption depth of the photons
increases from 5 to 12 um, which is more than twice the Si thickness. Therefore, at 800
nm the influence of the reflectance at the substrate starts to become more important. As
mentioned before, the reflectance at the substrate is largely diffuse which explains why
the diffusivity of our stack increases. Due to system limitations, no measurements can
be done at longer wavelengths where the influence of the back reflectance should be
more pronounced and where the diffusivity of the stack should increase further.

AluminaFoxPoly
T ] T T T

T
| ——400nm
| ——500nm
104 | ——600nm | §
| ——700nm
[ 800nm

014

0.01 . . . . .
0 20 40 60 80

Viewing angle (%)

Figure 5-5: Influence of the wavelength of incident light on the spectral radiance
coefficient as a function of the viewing angle for the ALLO; + FOx + 5 pm polished
polysilicon layer (3x10'® cm™ doped)

The FOx-layer clearly has an influence on the BRDF of the substrate leading to a higher
specular component. To determine its influence when a polysilicon layer is deposited,
the total reflectance of polysilicon layers on top of coated and uncoated alumina
substrates is measured (Figure 5-6). The three curves show a large hump in the
reflectance at longer wavelengths, due to the back reflection at the substrate (escape
reflectance). The FOx-layer somewhat enhances the reflectance at longer wavelengths
(> 700 nm) a little. This is due to the higher specular component of the reflectance when
alumina is coated with FOx, leading to a higher escape reflectance. As shown in section
5.4, the use of a short plasma texturing step provides a diffuse refracting front surface,
which reduces this problem.
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Figure 5-6: Influence of FOx-layer on reflectance profiles of as-grown fine-grained
polysilicon layers with 2 pm p* and 2 pm p (10" cm™ doped)

Another parameter found to influence the reflectance of as-grown layers was the
thickness ratio of the p'- and the p-type layer. Figure 5-7 shows the reflectance of
different polysilicon layers grown on coated alumina substrates. The polysilicon layers
differ by the ratio of the p'- to the p-type thickness. All have an equal total thickness of
6 um and a p-type doping density of 3x10'¢ cm™.
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Figure 5-7: Reflectance profiles of 6 um thick polysilicon layers grown on a coated
alumina substrate with a different ratio of the p'- to p-type (3 10'® cm™ doped) layer
thickness
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Despite the fact that the same substrate is used (FOx coated alumina substrate), the three
layers yield different values for the reflectance at a wavelength of 1200 nm. A thicker p*
layer leads to a lower reflectance at long wavelengths. The reflectance behavior can be
explained by the Free Carrier Absorption (FCA) mechanism where the free carrier
absorption coefficient apca, largely depends on dopant concentration and on
wavelength of the incident light [5-12]:

Upen, =1.5x107 2% p (em™) (5-1)

Figure 5-8 plots the absorption depth due to free carrier absorption (a'rca ) for a 510"
cm” doped p'-type layer versus the absorption depth due to band-to-band absorption. In
this way the influence of the p'-layer can be simulated.
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Figure 5-8: Absorption depth in crystalline silicon for a p-type doping of 5x10"° cm™ for
band-to-band and free carrier absorption

This plot clearly shows that FCA is negligible compared to band-to-band absorption
except for wavelengths larger than 900 nm in the p* region. This wavelength is similar
to the wavelength where the reflectance curves from Figure 5-7 start to differ, which
confirms that FCA is responsible for the lower reflectance at longer wavelengths with a
thicker p' layer. Similar observations on the impact of FCA on absorbance were shown
in [5-13, 5-14]. The FCA mechanism has no substantial impact on the cell level of the
devices in this work because it only becomes significant at wavelengths above 1000 nm
where the spectral response of the polysilicon cells is anyway very low.

In the past, relatively low reflectances at long wavelengths for polycrystalline silicon are

explained by a two-step absorption of the light via defect levels in the band gap [5-15].
This would result in a significant absorbance at 1200 nm of around 20 %. For the
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polysilicon material used in this work, this is clearly not the case for 6 um thick p-type
material. The reflectance is then 81% at 1200 nm (Figure 5-7) while the transmission is
12%. Therefore, it is assumed that the main reason for the low reflectances achieved in
the past was also the FCA. To obtain final proof that the reflectance at 1200 nm of these
layers is not determined by a two-step absorbance mechanism, reflectance
measurements are done on thin monocrystalline silicon layers (with almost no defect
levels in the bandgap) bonded on alumina substrates using a FOx-layer. Figure 5-9
shows the reflectance profiles of two monosilicon layers with different thicknesses and
the comparison with a coarse-grained polysilicon layer.
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Figure 5-9: Reflectance of thin monocrystalline silicon layers (75 Qcm) bonded on an
alumina substrate and comparison with a polysilicon layer

The monosilicon layers yield the same reflectance at 1200 nm as the polysilicon on the
same alumina substrate. This proves that the long wavelength response for coarse-
grained polysilicon layers is not determined by two-step absorption at defects but
merely by the thickness of the p'-layer and back reflectance at the substrate. In the range
of 800 to 1100 nm, the reflectance of the polysilicon material is lower than that of a
monosilicon. This is due to the larger roughness of the as-grown polysilicon layer
compared to the polished monosilicon layer, which results in a lower Rygoy and Ryge in
the region of 400 to 1100 nm. Thicker monosilicon layers result in a larger absorbance
and a lower reflectance in the region of 800 to 1100 nm, but also yield the same
reflectance at 1200 nm.

The measured reflectance Ry, from Figure 5-6, Figure 5-7 and Figure 5-9 is determined
by the external front reflectance Reon: and the escape reflectance Rescape (Figure 5-1). For
a thin-film photovoltaic device, it is important to determine the back reflectance R, of
the substrate since this largely determines the optical confinement. Therefore, the total
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reflectance Ry, is expressed by the sum of front reflectance and reflectances that
escape from the silicon after each single pass. Then, R, is determined by fitting the
measured reflectance profiles to the simplified expression of Ry
—(apdp+ap+dp+) —(apdp+ap+dp+)
(1 _ R ront Xl _ Rf )Rbe cos(.91) e cos(&z)
front ~(20,d,+2a,.d,,)

1 _ Rb Rf e 005(92)

(5-2)

total —

with dy, dp+, o, and ., respectively thicknesses and absorption coefficient of the p- and
p'-layers. To account for the FCA in the highly doped p' layer, the measured reflectance
values are fitted using:

a, =y, +a (5-3)

FCA,p*

with oy, the band-to-band absorption coefficient of silicon and opcapr the FCA
coefficient as a function of wavelength A and doping density p.

In (5-2) 6, is put equal to 60° because of the diffuse reflecting nature of the alumina
substrate. As can be observed, (5-2) is then determined by three unknown parameters
(Rfronts Rp, 01), which does not allow to extract Ry,. In section 5.4 6, is eliminated through
plasma texturing of the silicon surface and Ry, is determined for a textured polysilicon
layer. This reduces the number of parameters to only one. Fitting the measured
reflectance profiles with the simplified equation for Ry, then yields the back
reflectance Ry,

5.2.3  Oxidized silicon substrate

The cell results on fine- and coarse-grained polysilicon layers mentioned in the previous
chapters, show a substantially larger J,. for the coarse-grained material. A possible
reason besides the larger grain size is the different substrate used, i.e. oxidized silicon
for fine- and coated alumina for coarse-grained polysilicon.

Figure 5-10 gives the total reflectance profiles of p-type polysilicon layers deposited on
both types of substrates to show the different back side reflection. For the alumina
substrate, the reflectance at 1200 nm is 75 % while for oxidized silicon it is only 58 %.
The reason is the different substrate reflectance, which is clearly higher for the alumina
substrate. Also here the two-step absorbance is not expected to play a role. This higher
substrate reflectance might partly explain the better Ji-values of the coarse-grained
polysilicon material on alumina compared to the fine-grained polysilicon material on
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oxidized silicon wafers. Just as for the alumina substrate, Ry, is determined for the
oxidized silicon substrate in section 5.4.
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Figure 5-10: Reflectance profiles of 6 pm thick fine-grained polysilicon layers on a
coated alumina substrate and on an oxidized silicon substrate
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Figure 5-11: IQE/IQE . for two fine-grained polysilicon layers (2 pm p*, 2 pm p
3x10'® doped) grown on an alumina and an oxidized silicon substrate

Figure 5-11 shows two relative Internal Quantum Efficiency (IQE) spectra for fine-
grained polysilicon layers. One is grown on an oxidized silicon wafer, the other one on a
bare alumina substrate. Due to the roughness of the alumina substrate, fine-grained
polysilicon layers are of lower quality and hence yield worse solar cells on alumina than
on oxidized wafers. To visualize the effect of substrate reflectance, the ratio of the IQE
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and IQE,,x is plotted. When an alumina substrate is used, there is a clear increase of the
response in the long wavelength region (from 660 nm onwards) compared to the layer
on the oxidized silicon wafer. A wavelength of 660 nm corresponds to an absorption
depth in silicon of around 4 pm, i.e. exactly the thickness of these layers. The enhanced
current collection at longer wavelengths in the case of the alumina substrate is therefore
due to the better back reflection from the alumina substrate, also observed in Figure
5-10.
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5.3 Anti-reflective coating

5.3.1 Introduction

For a polished silicon surface, the high refractive index of the silicon (3.7) results in a
reflectance of 33 %. To lower these losses, the wafer can be textured (section 5.4)
and/or dielectric layers can be deposited on top of the silicon as an Anti-Reflective
Coating (ARC). Although sometimes several dielectric layers are used here, the devices
use only a single layer. To obtain minimal reflectance, the dielectric layer needs to have

a refractive index narc = 4/N; (04 = 1). The quarter wavelength criterion determines

then that the reflectance is zero for A =4nN,,.d, which determines the optimal

thickness of the ARC layer. For the polysilicon layers, ARC is used with a refractive
index close to 2 and a thickness of around 80 nm. As mentioned before an a-SiNx:H
ARC layer is deposited in case of a homo- and an indium-tin-oxide (ITO) ARC layer in
case of a heterojunction emitter.

5.3.2 Homojunction emitter

Figure 5-12 shows the influence of emitter diffusion and a-SiNx:H layer deposition on
the reflectance profiles of polysilicon layers. To avoid the influence of the FCA in the p*
layer, layers with p-type doping only are used.
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Figure 5-12: Reflectance of 6 um thick p-type (3x10' cm™ doped) coarse-grained
polysilicon layers (pc-Si) after different processing steps of the homojunction emitter
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After high-temperature P-diffusion, the reflectance decreases in the longer wavelength
region. This is linked to FCA, due to the high dopant density in the emitter region.
Again, this does not affect the cell performance since it occurs mainly in the long
wavelength region. After a-SiNx:H deposition, the reflectance indeed decreases due to
the anti-reflective effect and a minimum is reached at 600 nm. This minimum is not
exactly zero, because of the small error related to the measurement setup.

5.3.3 Heterojunction emitter

Just as for the homojunction emitter, the reflectance of thin-film polysilicon layers is
determined after various steps of the heterojunction processing (Figure 5-13).
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Figure 5-13: Reflectance of 6 pm thick p-type (3x10'® cm™ doped) coarse-grained
polysilicon layers (pc-Si) after different processing steps of the heterojunction emitter

Contrary to the diffused emitter, the deposition of the amorphous silicon emitter does
not lead to a lowering of the reflectance at long wavelengths. The reason is that this
layer is too thin to lead to an appreciable FCA. The small change of reflectance at lower
wavelengths can be related to the higher refractive index of amorphous silicon
compared to polycrystalline. After ITO deposition, a minimum is obtained at 600 nm,
just as for the a-SiNx:H layer. The lower reflectance at 1200 nm after ITO deposition is
because of the high dopant concentration in ITO films.
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5.4 Plasma texturing

5.4.1 Introduction

Despite the lowering of the reflectance when an ARC is deposited, the polysilicon
devices on the alumina substrates show relatively low current densities 17 mA/cm’
(Figure 3-16). After the layer growth, Ry, of the Si layer is quite high (~ 28%) for the 6
pum thick polysilicon layers used here (Figure 5-7). To enhance the absorbance within
the polysilicon layer, the front surface reflectance of the Si needs to be lowered by
texturing the surface.

The surface texture can have different functions [5-16]. Surface texturing is used to
control the reflection by roughening the surface in such a way that the incident light gets
more chances to enter the polysilicon layer. Secondly, texturing is used to steer the light
in the desired region, ensuring that the refracted light is absorbed in regions of the cell
which are most responsive. Thirdly, light trapping can be obtained due to the texturing if
used in combination with a rear reflector, yielding an increased effective path length. A
last benefit may come from the mechanical point of view, since a roughening of the
surface is known to improve the adhesion between adjacent layers.

Surface textures are typically divided in three groups depending on the feature size. The
macroscopic group has features that are larger than the incident wavelength (i.e. larger
than a few microns), compared to the microscopic group that has features smaller than
the incident wavelength (i.e. less than 0.1 um). The third group has features in the
intermediate region (i.e. from 0.1 um to a few microns). For macroscopic textures there
is no optical interference and the geometry of the features is used to steer the reflected
and refracted light in the desired directions so that it is kept away from the escape cone
associated with each surface. The propagation of a wave can then be treated by that of a
ray. The square based pyramids formed by anisotropic etching of silicon are an example
of a macroscopic texture. Microscopic features are not particularly effective in light
scattering, since they act as if layers with different amounts of the two media involved
(air and silicon) are deposited on a flat surface (“graded index method”). For the
intermediate sizes, there can be a strong interaction between light and features. Both
reflected and refracted light can be strongly scattered. One simplification is to treat the
surface as Lambertian, which means that the light is scattered uniformly in all directions
(i.e. a diffuse scattering). In this way only a small fraction of the light will enter the
escape cone from the silicon layer into the air.

For thin-film silicon layers the texturing process is a real challenge. Conventional wet
texturing techniques used for bulk silicon wafers remove several microns, whereas for
thin polysilicon films of only a few microns, the texturing process should not remove
more than 1 pm. At IMEC, a dry plasma texturing technique is developed that is also
applicable for thin-film silicon solar cells [5-17, 5-18, 5-19, 5-20, 5-21]. The system
uses two microwave antennas with a frequency of 2.45 GHz to ignite the plasma. These
antennas are positioned just above the polysilicon samples that need to be textured. The
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precursor gasses for the plasma texturing are SF4 and N,O and the texturing occurs due
to the impact of F radicals on the silicon layer.

This section first characterizes the surface of polysilicon material before and after
plasma texturing. Then the influence of plasma texturing on the reflectance of these
layers is described and the back reflectance of the different substrates is determined.
Finally, the influence of plasma texturing on cell level is shown.

5.4.2  Surface characterization

To characterize the top surface of the polysilicon layers, SEM pictures are used. Figure
5-14 shows the top surface of fine-grained polysilicon layers as a function of plasma
texturing time.

As observed, the as-grown top surface of the fine-grained polysilicon layer is already
quite rough due to the competitive growth mechanism (section 2.4). The surface has a
wavy outlook and contains large features of some microns in size. After 15s of plasma
texturing the wavy surface is still present, but small holes are formed due to plasma
texturing. These small dots increase in size when longer plasma texturing times are
applied and after 45s natural texture of the layers has disappeared and a uniform sponge-
like texture is obtained. After 75s of texturing, the feature size increases to ~ 500 nm
close to the wavelength of the incident light. Due to this size of the features, the
situation of a Lambertian top surface is approached and a strong scattering of the light in
all the directions can be expected.

To determine the amount of Si removed by plasma texturing, a SEM cross-section of the
layers is measured. Figure 5-15 shows the cross-section before and after texturing, while
Table 5-1 shows the Si thickness after different plasma texturing times.

Plasma texturing time P

s um
0 4.8
15 4.7
30 4.5
45 4.0
60 3.8
75 33

Table 5-1: Thickness of p-type polysilicon layer after different plasma texturing times as
obtained from SEM

As expected, the use of longer texturing times removes more silicon. After one minute
of texturing, only one micron of silicon is removed which is acceptable for a thin-film
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process. The cross-section images show the rough surface after the layer growth and the
feature size of 500 nm after 75s of texturing.

60s plasma texturing

Ry 4

5-14: Surface of fine-grained polysilicon layers after dlfferent.texturlng times as

measured by SEM (samples tilted under an angle of 45°)
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as-grown 75s plasma texturing

¥ _ s - T = et
Figure 5-15: Cross-section of fine-grained polysilicon layers before and after plasma
texturing as measured by SEM

5.4.3 Reflectance characterization

To avoid a too large influence of the FCA on reflectance measurements, polysilicon
layers are used with p-type doping only. Figure 5-16 shows the reflectance profiles of
fine-grained polysilicon layers as a function of texturing time as measured by a
spectrophotometer.
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Figure 5-16: Influence of plasma texturing time on total reflectance of fine-grained
polysilicon layers (5 pm p, 3x10'® cm™ doped) from Figure 5-14

Before plasma texturing, the reflectance of the polysilicon layers is quite high (30% at

700 nm) despite the roughness of the as-grown layer. After plasma texturing a drop in
reflectance is observed over the entire wavelength region investigated. Longer plasma
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texturing times yield a lower reflectance, due to the larger size of the features at longer
plasma texturing times. After 75s of plasma texturing, reflectance at 700 nm has
decreased to 14%. The removal of more silicon results in a higher cost and therefore, an
optimum should be found between low material cost and low reflectance.

Figure 5-17 shows total and diffuse reflectance of an as-grown and a plasma textured
coarse-grained polysilicon layer on a coated alumina substrate.
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Figure 5-17: The total and the diffuse reflectance of coarse-grained polysilicon layers
(0.5 pm p*, 3 um p, 3x10' cm™ doped) before and after plasma texturing

The as-grown coarse-grained polysilicon layer has a high total reflectance up to 39% at
700 nm with a substantial part of it being specular (18% specular, 82% diffuse). After
plasma texturing, the total reflectance decreases to 19% at 700 nm and the reflectance
becomes almost totally diffuse (4% specular, 96% diffuse). This confirms that the
plasma textured front surface works as a Lambertian scattering surface, already
expected from the feature size after plasma texturing.

Figure 5-18 shows the reflectance profile over the 300 to 1200 nm wavelength region
for a coarse-grained polysilicon layer, both before and after plasma texturing. The
largest drop in reflectance after plasma texturing occurs at small wavelengths. At longer
wavelengths the difference in reflectance decreases because of the larger role of the
escape reflectance. Both layers have almost the same reflectance at 1200 nm which is
expected since they use the same substrate.
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Figure 5-18: Influence of plasma texturing on reflectance profiles of a 6 pm (3% 10" cm
? doped) thick coarse-grained polysilicon layer grown on an alumina substrate

For a randomizing distribution of light, which is the case for plasma textured polysilicon
layers used here, two key results are valid in the limit of weakly absorbed light [5-22, 5-
23]. The first is that the portion of randomized light, incident internally on a completely
transparent surface which escapes from that surface equals (l/nz) with 0, = sin'l(l/n).
The second result is that the average path length of light across the silicon layer between
front and rear surface is twice the average width d (= d, + d,+) of the silicon layer due to
the generally oblique passage of the light. This means that the average angle under
which the light ray travels through the silicon layer 6, = 60° (with respect to the normal
to the layer). In this way the average path length of weakly absorbed light for a layer
with a randomizing top surface and a rear surface of average reflectivity R, can be
written as [5-23]:

p_2d(1+R,)

5-4
(I-=R,R,) G4

In case of a completely transparent top surface with a perfect rear reflector, Ry = (1-1/n%)
and R, = 1, giving a mean free path length of 4nd or a path length boost of 4n”. In case
of silicon this best case scenario leads to a path length enhancement factor of 55. In the
structures studied here, the part of the light that is inside the escape cone (1/n?) is not
completely transmitted, but partly reflected by Rgon. This is because the reflectance of
rays inside the escape cone is identical to the reflectance of the reverse trajectories [5-
241, which means that the expression of Ry becomes:

143 -



Chapter 5: Light trapping in thin-film polysilicon devices

R, =1-——"™% (5-5)

To determine Ry, of a thin-film epitaxial layer onto a back reflecting substrate such as
alumina or oxidized silicon, the reflectance of a sample without back reflector is usually
measured to be sure that the escape reflectance does not influence the measurement [5-
19]. For the polysilicon material this is not possible and Ry, needs to be derived from
the reflectance profile of a polysilicon layer on top of the substrate. Therefore the
reflectance is determined in the wavelength region where the escape reflectance plays
no role or the region where the absorption depth is much smaller than the layer
thickness. As shown in Figure 5-18, this is almost impossible for a 6 pum thick
polysilicon layer since the escape reflectance starts to influence the reflectance from 600
nm onwards. To avoid a too large influence of the escape reflectance on the total
reflectance, a thicker p-type polysilicon layer of 20 um is grown on top of an alumina
substrate. The reflectance profiles of the as-grown and textured polysilicon layer are
given in Figure 5-19.
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Figure 5-19: Reflectance profiles of 20 um thick p-type polysilicon layer (3x10'¢ cm™
doped) on a coated alumina substrate

Again a lower reflectance is obtained after plasma texturing. Contrary to previous
measurements, the reflectance profiles after plasma texturing now exhibit a linear
increase in the wavelength region from 500 to 800 nm which is characteristic for the
front reflectance. This dependency of the total reflectance on the front reflectance is
expected since the wavelengths correspond with absorption depths between 1 to 10 pm.
There is therefore no escape reflectance in that wavelength region in such a thick
polysilicon layer. The straight line (—) drawn in Figure 5-19 is the extrapolation of
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the measured reflectance values in the 500 — 800 nm region to the other wavelengths,
and is used in further experiments as front reflectance of plasma textured polysilicon
layers. Using this front reflectance of the textured wafer, the back side reflectance Ry,
can be deducted by fitting the measured to the calculated total reflectance at 1200 nm.
At this wavelength the reflectance is not influenced by the absorbance in the polysilicon
layer and hence it is only determined by Rg,n and Ry,. Using the values of the refractive
index at 1200 nm (3.5) and the front reflectance (19.9%), the internal front reflectance
Rt can be calculated to be 93.5 % at 1200 nm. Because of the Lambertian top surface
after plasma texturing (6,= 60°) and because of the p-type doping of the polysilicon
layer, (5-2) for the total reflectance is simplified:

(1 - Rfront Xl - Rf )Rbei4apdp

front —4a,d,

1-R,R,e

R, =R

(5-6)

total

This equation is used together with the values of Rgon and Ry to deduct Ry, for the
alumina substrate by fitting the value at 1200 nm to the measured reflectance. The best
fit for the alumina substrate was obtained for a back reflectance R, = 97 %. Using the
equation for the path length enhancement (5-4), an enhancement of the path length of 42
is found. The optical thickness is thus 42 times higher than the physical thickness of the
layers. The reason for the high reflectance of the alumina substrate is the lower
refractive index of both FOx and alumina layers compared to silicon causing an escape
cone of 28° (when no FOx layer is used) and 22° (when a FOx layer is used).
Furthermore the light within this escape cone is reflected back into the silicon layer
because of the high porosity of the alumina substrate (section 5.2.2). The same
procedure can be done for the oxidized silicon substrate which gives R, = 30 %
corresponding to a path length enhancement factor of only 4, confirming previous
indications that the alumina substrate is a much better back reflector.

After ITO sputtering, the reflectance profiles of the polysilicon layers drastically change
because of the ARC effect. Figure 5-20 shows the total reflectance profiles and the
influence of the anti-reflective ITO coating for a textured and non-textured polysilicon
layer. The removal of around 0.5 um of silicon results in a lowering of the minimum
reflectance from 28 % to 19 % before deposition of the ARC. After deposition of the
ITO coating, the anti-reflective effect is observed and the difference in reflectance
between a textured and an as-grown polysilicon layer is limited to the blue wavelength
region (< 500 nm).
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Figure 5-20: Influence of texturing and ITO ARC on reflectance profiles of 6 um thick
p-type (3% 10'¢ cm™ doped) coarse-grained polysilicon layers

54.4  Cell results

The plasma texturing step is introduced in the cell process just after the growth of the
polysilicon layer and before hydrogen plasma treatment. To avoid contamination from
the texturing chamber, the samples are cleaned after texturing using the full RCA
cleaning procedure. Throughout this section only the heterojunction emitter is used to
study the texturing effect, to avoid the influence of the dead layer and the P-spikes on
current collection.

During processing of these heterojunction cells it is observed that the Ti-Pd-Ag front
contacts sometimes come off when an interdigitated contact is used. This clearly occurs
because of the bad adhesion between the Ti layer and the ITO ARC. After texturing of
the front side however, the adhesion is much better which allowed a more reliable and
simpler processing of the cells.

First, the results on monocrystalline FZ-Si material are shown, followed by these on
fine- and coarse-grained polysilicon material.

5.4.4.1 Monocrystalline silicon

Plasma texturing tests are done on p-type FZ Si material, as used in Chapter 3 to
develop the heterojunction emitter. After plasma texturing the surface of the sample is
much rougher and therefore the thickness of the i a-Si:H and the n" a-Si:H layer needs to
be adjusted to obtain a continuous layer everywhere with a surface passivation as good
as on flat FZ material. Table 5-2 compares the cell results of flat and plasma textured
cells with different i and n" a-Si:H deposition times.
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Plasma texturing ia-Si:H n"a-Si:H Jye Voe FF Efficiency
s s mA/em’ mV % %
No 30 30 30.0 637.4 78.5 15.0
Yes 30 30 33.1 629.0 74.7 15.5
Yes 60 60 32.2 644.3 79.6 16.5

Table 5-2: Influence of plasma texturing (60s) and a-Si:H deposition times on the IV-
results of the heterojunction solar cells (390 um 0.5 Qcm FZ)

The cell results show a boost in Ji. by 10% due to the plasma texturing, when the same
amorphous silicon layer thickness is used. However, for that thickness of the a-Si:H
layer, V. drops by 10 mV because of the increased surface roughness. A thicker i a-
Si:H and n" a-Si:H layer increases V. and FF while J,. decreases because of the larger
amount of useless light absorption in the amorphous silicon layer. The improvements in
V.. and FF due to the thicker a-Si:H layer overcompensate the loss in J;. and lead to the
best heterojunction cell at IMEC so far, that has an efficiency of 16.5 %. This is quite

impressive for this simple cell processing, especially since no BSF layer is implemented
on these layers.

Figure 5-21 shows the current-voltage characteristic of this best heterojunction cell at
IMEC.
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Figure 5-21: IV-curve of the textured FZ Si heterojunction solar cell from Table 5-2

This excellent result on textured monosilicon FZ material furthermore proves that the

thin heterojunction emitter (~17 nm) is compatible with the rough surface obtained after
plasma texturing.
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5.4.4.2 Fine-grained polysilicon

For the plasma textured polysilicon layers, the same amorphous silicon thickness is used
as for the untextured ones (60s i a-Si:H 60s n" a-Si:H), since these thicknesses prove to
give a good passivation on textured monocrystalline silicon.

The plasma texturing of thin-film polysilicon layers has two counteracting effects at
solar cell level. First of all, a higher J. is expected after plasma texturing because of the
lower reflectance, just as for monosilicon material. On the other hand, texturing
removes one or more microns of silicon which decreases the p-type thickness and the
absorbance in the thin-film layer. Table 3-10 shows that J,. decreases rapidly when the
p-type thickness becomes too thin (i.e. thinner than the effective diffusion length).

To account for both influences in the first plasma texturing tests, fine-grained
polysilicon samples are used with a different p-type thickness (2, 3 and 4 um) and the
samples with the thickest p-type layer are used to investigate the effect of different
plasma texturing times. In this way, the effect related to the reduced reflectance after
texturing is separated from the effect related to the thinner p-type layer.

P Texturing  Plasma texturing time Ise Voo FF  Efficiency
um s mA/em’  mV % %
2 No 7.6 4752 68.1 2.5
3 No 7.4 4615 67.7 2.3
4 No 7.5 466.5 69.2 24
~3.5 Yes 30s 8.9 467.0 66.9 2.8
~3 Yes 50s 9.0 467.7 66.2 2.8
~2.5 Yes 70s 9.7 4753 655 3.0

Table 5-3: Influence of p-type thickness and plasma texturing times on I'V-results of
fine-grained polysilicon solar cells (2 pm p*; 10'7 cm™ p-type doped)

As observed, a reduction of the p-type layer thickness from 4 to 2 pm does not influence
Js. indicating that the diffusion length of fine-grained polysilicon is smaller than 2 pm.
The use of plasma texturing increases Jg, by 30%, with longer texturing times giving the
highest Ji.-values. A plasma texturing time of 70s removes approximately 1.5 pm of
silicon, which means that the average p-type layer thickness is still around 2.5 pm. This
indicates that the increase in J. is solely related to the reduced reflectance. The higher
Js-values at longer texturing times are then explained by further reduction of the
reflectance (Figure 5-16). Texturing times of more than 70s starts to reduce J-values,
despite a lower reflectance.

Figure 5-22 a) shows the influence of plasma texturing on reflectance of finished cells,
while part b) gives the influence on the external quantum efficiency (EQE) of the cells.
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Figure 5-22: Reflectance and EQE spectra of fine-grained polysilicon solar cells from
Table 5-3 without (4 um p) and with plasma texturing (70s; 2.5 um p)

Clearly, plasma texturing only lowers the cell reflectance in the blue wavelength region
(< 500 nm). This is just like in Figure 5-20 where the reflectance profiles are shown for
polysilicon layers with an ARC but without metal contacts. The EQE of the cell
increases over the entire wavelength region, although the largest increase occurs at short
wavelengths. The increase at short wavelengths is mainly due to the reduced reflectance,
while the small increase at long wavelengths is due to an oblique coupling of the light.
Despite the oblique coupling, the increase at longer wavelengths is rather poor. This
may be related to the low quality of the material (diffusion length too low), the weak
influence of the back reflector (oxidized silicon layer) or the 2 um thick p layer
(limiting the long wavelength response because of too much absorption lost).

To investigate the effect of the p'-layer, the influence of the texturing time on fine-
grained layers is analyzed with a much thinner p* layer (0.3 um). Figure 5-23 shows the
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reflectance of the cell at 500 nm (where the effect of plasma texturing is visible) and J.
as a function of the plasma texturing time.
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Figure 5-23: Influence of plasma texturing time on reflectance and J,. of the
heterojunction solar cells (0.3 pm p*, 4 pm p 3x10'® cm™ doped)

Again, the same behavior is found showing a lower reflectance and a higher J;. with a
longer texturing time. Contrary to the previous results, texturing times longer than 70s
continuously improve J, yielding a final increase in J . of more than 50%. To determine
the reason for this, EQE of these cells is measured (Figure 5-24). Just as with the 2 pm
thick p" layer, plasma texturing increases the response in the blue wavelength region.
This increase occurs already after 15s of texturing only, and saturates after 60s. Also at
longer wavelengths an increased response is observed when sufficiently long texturing
is used which is not observed in case of the cells with a 2 um thick p layer. The
increase after 45s is marginal, but the increase becomes more substantial after 90s of
plasma texturing. This second phenomenon occurs because of the thinner p‘-layer and
the influence of the (weak) back reflector. Once the p-type layer is thin enough, the light
reflected at the oxidized silicon substrate can be absorbed in the p-type layer and
collected at the junction. When a thicker p' layer is used, the absorption in this highly
doped layer strongly limits the amount of light that can get reflected back into the
absorber layer after the first pass. The average thickness of the p-type layer after 90s of
texturing is around 2 pm. This confirms the results from Table 3-10 where the
maximum Jg, on identical layers is reached for a p-type thickness of 2 um. It suggests
that the diffusion length of the fine-grained polysilicon is close to 2 um, which is also
obtained by Taretto’s equation (4-2).

The results on fine-grained polycrystalline silicon clearly show that plasma texturing
needs to be optimized in accordance with p'- and p-type layer thickness to obtain the
best performance.
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Figure 5-24: EQE-profile of fine-grained polysilicon cells from Figure 5-23 as a
function of plasma texturing time

5.4.4.3 Coarse-grained polysilicon

Figure 5-25 shows the influence of the plasma texturing on the morphology of coarse-
grained polysilicon layers with an ITO anti-reflective coating. The two top pictures
clearly show that texturing results in a much rougher surface with the presence of
smaller features. When the textured surface is compared to the pictures from Figure
5-14 (60s) it is concluded that the features after ITO deposition on the plasma textured
surface have a different shape than before. In the cross section measurements the FOx
layer (~ 400 nm thick) and the polycrystalline alumina substrate can be observed.
Interestingly the surface after plasma texturing has a wavy outlook with a much larger
feature size than observed for the fine-grained polysilicon layer. This is not due to a
different plasma texturing behavior, but because of the different roughness of the
polysilicon after the growth on the alumina substrate.

The alumina substrate of the coarse-grained polysilicon layers is a better back reflector
than the oxidized wafer used for the fine-grained polysilicon layers. It is therefore
expected to have a better light trapping after plasma texturing. Just as for the fine-
grained polysilicon layers in Table 5-3, the plasma texturing process was implemented
on coarse-grained polysilicon layers with a p’-thickness of 2 pm and a p-type layer of 4
um. Table 5-4 shows the influence of a 60s plasma texturing step on the IV-parameters
of heterojunction cells on coarse-grained polysilicon.
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Figure 5-25: SEM pictures showig

Plasma texturing Jye Voe FF Efficiency
s mA/cm? mV % %
13.8 465.0 63.2 4.0
60 11.2 471.1 61.6 33

Table 5-4: IV-results of coarse-grained polysilicon solar cells (60s i a-Si:H 60s n" a-
Si:H; 2 um p*, 4 pm p 3x10'° cm™ doped) without and with 60s plasma texturing

Contrary to fine-grained layers and despite the lower reflectance after plasma texturing,
Js. decreases on these coarse-grained polysilicon layers. The first possible reason is that
the removal of Si may have resulted in a layer thickness smaller than the effective
diffusion length. This diffusion length should then be larger than the diffusion length of
the fine-grained polysilicon and larger than the remaining p-type thickness (i.e. 3 pm).
From previous experiments and using Taretto’s formula (4-2) it is however observed
that the diffusion length of the coarse-grained material is slightly lower than 2 pm, i.e.
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smaller than the thickness of the plasma textured layer. Therefore, the lower J.-values
are due to the 2 pm thick p'-layer, because of the more reflective alumina substrate.
This higher substrate reflectance leads to a larger amount of light passing through the
p'-layer and to more lost absorption in this highly doped layer. After plasma texturing,
the p'-layer becomes even more important explaining the reduced current. This is
confirmed by EQE measurements showing a much lower response of the plasma
textured cell at longer wavelengths and an increased response at small wavelengths.

In a subsequent experiment, plasma textured solar cells are produced on polycrystalline
layers with a reduced epitaxial p’-layer thickness (only 500 nm) to limit the lost band-
to-band absorption. Table 5-5 shows the solar cell results as a function of the p-type
thickness and the use of plasma texturing.

D Texturing Jse Voo FF Efficiency
um s mA/cm’ mV % %

1.5 16.6 520.1 42.9 3.7

3 16.7 495.5 46.3 3.8
~2 60 18.5 502.8 42.0 3.9

Table 5-5: Influence of the p-type thickness and the plasma texturing on solar cell
parameters of coarse-grained polysilicon layers (0.5 um p'; 10" cm™ p-type doped)

Like on fine-grained polysilicon, the use of a thicker p-type layer (3 um vs. 1.5 pum) has
only a weak influence on J. and lowered V.. This suggests that the diffusion length of
the coarse-grained material is around 1.5 pm. In section 4.2.3.2 the diffusion length is
calculated using Taretto’s formula (4-2) to be 1.9 um for coarse-grained polysilicon
which confirms these suggestions. During texturing less than 1 um of silicon is removed
yielding a thickness of the p-type layer of around 2 um, which is close to the diffusion
length of this material. After plasma texturing, an increase of J. is observed by nearly 2
mA/cm? due to the reduced reflectance. The thinner p-type layer also resulted in an
improved V,. after plasma texturing. Just as for the fine-grained material, it may be
concluded that the thickness of the p'-layer needs to be optimized together with the
plasma texturing treatment.

Despite the good IV-parameters of Table 5-5, FF-values of the device are quite low
because a thin p'-layer is used in combination with the side-contacted process scheme.
Table 5-6 shows the influence of plasma texturing when interdigitated contacts are used
for coarse-grained polysilicon cells with a thin p* layer.
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Texturing Jse Voe FF Efficiency
s mA/em’ mV % %
17.2 483 69 5.7
60 19.7 506 71 7.0

Table 5-6: Influence of plasma texturing step on [V-parameters of coarse-grained
polysilicon solar cells with interdigitated contacts
(0.5 um p', 3 pm p 3x10" cm™ doped)

The implementation of the interdigitated contacts on a device that effectively traps the
light (alumina back reflector, thin p'-layer, plasma textured front) clearly improves the
FF and increases the efficiency of the devices to 7.0 %. Compared to the cell without
texturing, the main reason for the efficiency increase is related to the J-improvement.
To investigate the increase in Ji, EQE spectra are measured of textured and untextured
coarse-grained polysilicon solar cell (Figure 5-26).
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Figure 5-26: EQE-spectra of plasma textured and untextured solar cells on coarse-
grained polysilicon material from Table 5-6

The textured cell exhibits a higher response mainly at short wavelengths due to the
reduced reflectance (Figure 5-20). The increase at longer wavelengths is much smaller
as the reflectance of textured and untextured cells then is equal. The reason for the small
improvement at long wavelengths is related to the oblique coupling of the light,
resulting in a larger absorbance of the light in the p-type layer.

Because of the boost in efficiency after plasma texturing of coarse-grained polysilicon
layers on alumina substrates, plasma texturing is also investigated on coarse-grained
polysilicon grown on a transparent glass-ceramic substrate (Table 5-7). To obtain a back
reflector for these cells, white paper is placed underneath the glass substrate.
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Texturing Jse Voe FF Efficiency
s mA/em’ mV % %
14.8 513.3 69.5 53
60 17.3 520.2 70.9 6.4

Table 5-7: Influence of plasma texturing on IV-results of polysilicon layers deposited on
high-temperature glass-ceramic substrates (0.5 pm p*, 3 pm p 3x10'® cm™ doped)

With these substrates, plasma texturing also results in increased J and V.. The best
efficiency after plasma texturing is 6.4 %, which is the highest efficiency worldwide for
these substrates. Compared to layers grown on alumina substrates, these layers have a
lower cell performance. Using EQE measurements, it is seen that this is clearly related
to the weaker reflectance at the substrate.

After plasma texturing, the EQE of coarse-grained polysilicon devices on alumina
substrates decreases relatively fast at long wavelengths. To obtain an improvement of
the long wavelength response and hence a further improvement of J., the electronic
quality of the material should be improved or the p' layer thickness further reduced
below 500 nm. Table 5-8 shows the IV-results of textured coarse-grained polysilicon
solar cells with different epitaxial p'-layer thicknesses.

P+ Jsc Vnc FF EfﬁCienCy Rseries Rshunt
um mA/cm’ mV % % mQcm’ Qcm’
0.1 20.2 526.9 70.8 7.6 1590.6 2534.1
0.3 20.1 529.8 72.0 7.7 1745.5 3791.1
0.5 19.6 522.7 73.8 7.6 1278.3 2736.2

Table 5-8: Cell results of plasma textured (60s) coarse-grained polysilicon layers (~ 2
pm p, 3x10' cm™ doped) as a function of the p* thickness

As seen, a thinner p+-layer improves J. further, although the increase is rather small.
The V,-values of these layers are relatively high (probably because of a better material
quality after growth), and show a small enhancement for thinner p'-layers. These
combined effects result in a maximum efficiency of 7.7 %. Also note the excellent FF
value for the 0.5 um thick p'-layer and the slight reduction in FF with the thinner p"
layer because of the higher Ryeies.

Figure 5-27 shows the EQE results of these coarse-grained polysilicon layers in the
long-wavelength region.
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Figure 5-27: Influence of p -thickness on EQE of the cells from Table 5-8 in the long-
wavelength region

The thinner p'-layer indeed improves the response at longer wavelengths although the
increase is rather limited. This higher response at long wavelengths occurs because less
electron-hole pairs are created in the highly doped p* layer, that are lost for collection.

Figure 5-28 shows the IV-curve and the IV-parameters of the best cell made so far
worldwide on coarse-grained polysilicon material grown on an alumina substrate.

20
5 15 | Je=207 mA/cm?
E V,, =533.6 mV
= FF=73.0%
S10 | Eff=80%
'g Reerics = 1355.1 mQcom?

5 b Rgpunt = 2659.7 Qcm?

0 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5

voltage (V)
Figure 5-28: IV-curve of the most efficient solar cell on coarse-grained polycrystalline
silicon material (60s plasma texturing; 0.3 yum p*, ~2 pm p 3x10'® cm™ doped)
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The efficiency of 8% is obtained when the 7.7 % cell is measured again with some extra
pieces of white paper underneath the alumina substrate [5-25]. These pieces of white
paper reflect the transmitted light (which is around 10%) back into the active layer,
resulting in a small increase of J,.. The highest current density so far on these thin p"
layers is 21.2 mA/cm®. The efficiency of 8% is the highest efficiency worldwide
obtained for any polysilicon technology that uses a seed layer technique.

Figure 5-29 plots the reflectance, the EQE and IQE of this cell.

E (%)

300 600 900 1200
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Figure 5-29: Reflectance (R), external quantum efficiency (EQE) and internal quantum
efficiency (IQE) of the cell shown in Figure 5-28

The IQE of this cell peaks at 85% and at longer wavelengths the hump due to the
alumina substrate can be observed. However, compared to the spectral response of
polysilicon solar cells made by CSG-solar [5-26], it is clear that the polysilicon cells
shown here still suffer from a too fast decrease of the IQE at longer wavelengths.
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5.5 Poly etching

Besides by plasma texturing, a roughening of the fine-grained polysilicon layers useable
for light trapping is also obtained by a wet treatment in an acidic solution (‘Poly-etch’:
HNO3/Buf-HF/H,0 in volume ratios 40/1/16). Figure 5-30 shows the front surface of a
30s polyetched fine-grained polysilicon layer. The removal of silicon material is so
small that the difference in thickness before and after etching could not be measured
using cross-section SEM measurements.

Figure 5-30: The front surface of a fine-grained polysilicon layer after a short
polyetching step as measured by SEM

This short polyetching step clearly roughens the front surface of the polysilicon layers.
Compared to the surface after plasma texturing (Figure 5-14) the features look different.
It looks like the polyetching step mainly etches the defects such as grain boundaries.
This is confirmed by polyetching experiments on coarse-grained polycrystalline and
monocrystalline silicon material that show almost no roughening of the front surface
due to their much lower defect density. Table 5-9 shows the influence of the polyetching
step on the IV-results of fine-grained polysilicon solar cells.

Polyetching Jse Ve FF Efficiency Rierios Rpunse
mA/en’ mV % % mQem’ Qcn’

No 9.0 438.0 65.9 2.6 2061.0 1199.0

30s 11.4 440.4 64.2 32 3239.1 13344

Table 5-9: Influence of 30s polyetching on fine-grained polysilicon solar cells (2 pm p’,
4 um p 3x10' cm™ doped)

As observed, the polyetch results in a large increase of the Ji. from 9 to 11.4 mA/cm?,
similar to the improvement reached after 45s of plasma texturing. There is no real
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appreciable increase in V,. as almost no silicon is removed. EQE measurements again
show the largest increase in the short wavelength region primarily due to a reduced
reflectance. On coarse-grained polysilicon, there is almost no effect of polyetching on
reflectance profiles, because of an insufficient roughening of the layer. However, like
with plasma texturing it is found that a short polyetching step is useful to obtain a better
contact adherence between top contacts and ITO layer.

As already mentioned in Chapter 3, the highest efficiency of 5% on fine-grained

polysilicon is obtained by using polyetch texturing in combination with an improved
hydrogen passivation (Table 4-17).
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5.6 Conclusion and future experiments

This section has shown that the alumina substrate is an excellent choice as a back
reflector for thin-film polysilicon solar cells, giving a back reflectance of 97 %. In
combination with the Lambertian top surface provided by plasma texturing, a path
length enhancement factor of 42 is obtained for this light trapping scheme. On solar cell
level, plasma texturing improves the efficiency from 5.9 to 8.0 %.

To improve the cells further, it is required that J increases further.

A first possibility is to switch from a substrate to a superstrate configuration since this
reduces contact shadowing. However, reflectance measurements of an interdigitated cell
show a reflectance of only 9% (Figure 5-29), indicating that the maximum increase in
Js. is limited to 9%. In a superstrate configuration, a transparent substrate needs to be
used, preferably textured. CSG-solar uses such a configuration where the glass
substrates are textured using a sol gel process [5-27]. Also other thin-film technologies
such as a-Si:H and pc-Si:H use textured glass substrates [5-28, 5-29]. Besides the use of
a textured transparent substrate, the use of the superstrate design requires a different
process flow to grow the layers if a top junction cell is used. Alternatively this design
might involve the switch to a back junction cell although this looks rather challenging
for this low-quality material.

Another solution to increase J,. might be to reduce the layers that do not contribute to
current collection. Besides the emitter and the BSF layers, the AIC layer does not
generate any current and hence its thickness should be minimal. As shown in Table 5-8
it is however expected that the expected improvements will be rather small.

The last and probably most efficient solution to increase current collection is to improve
the material quality of the layer. Recently, large concentrations of intragrain defects are
identified that may limit the diffusion length and the long-wavelength response of the
cells [5-30]. Possible solutions to avoid these defects are slower growth of the layers,
development of a better seed layer or a more efficient passivation of these defects.
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6.1 Summary

In this work, thin-film polysilicon solar cells on foreign substrates are investigated.
Three substrates are chosen that are able to withstand the deposition temperatures of
1130 °C, oxidized silicon, alumina and transparent glass-ceramic substrates. Fine-
grained polysilicon is obtained by direct deposition of the silicon onto an oxidized
silicon substrate, resulting in very small grains, i.e. an average grain size of only 0.2 pm.
This material can be obtained relatively fast and is used as reference material to
optimize certain processes on polysilicon layers. Coarse-grained polysilicon is obtained
using an epitaxial thickening of a thin but large-grained AIC seed layer, which result in
an average grain size of around 5 pum.

The main improvements are repeated here. Figure 6-1 shows the progress of the
efficiency of coarse-grained polysilicon layers on top of an alumina substrate as a
function of the time [6-1]. The graph clearly shows a monotonously increasing curve
with an average improvement in absolute efficiency of 1.5% per year. The total increase
of the efficiency is due to four major improvements in the cell design.

The first breakthrough is realized in the beginning of 2004 by inserting a thin FOx-layer
between the alumina and the AIC seed layer. This layer reduces the substrate roughness
and increases the material quality of the polysilicon layers. More details on the
improvement of the material quality will be given in another Ph.D. from the solar cell
technology group of IMEC.
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Figure 6-1: Evolution of the efficiency of thin-film coarse-grained polysilicon solar cells
grown on an alumina substrate

The second major improvement is obtained at the end of 2004 by the development and
application of a thin (~ 17 nm thick) amorphous silicon — crystalline silicon
heterojunction emitter instead of the conventional P-diffused homojunction emitter. This
leads to a boost in V,, of the devices by nearly 100 mV. The main reason is found to be
the absence of preferential P-diffusion spikes along grain boundaries, resulting in less
space-charge-region recombination when a heterojunction emitter is used. Processing of
the heterojunction emitter also leads to a more efficient hydrogen passivation, which can
be done before emitter formation in case of a heterojunction.

After plasma hydrogenation, the defect density of the fine-grained polysilicon layers
decreases by a factor of three. This reduced defect concentration due to hydrogenation
typically increases V,. by another 100 mV and nearly doubles J. Different
hydrogenation techniques are investigated showing that plasma hydrogenation
techniques outperforms solid source hydrogenation based on a dense silicon-nitride
layer.

The process sequence using a short plasma hydrogenation followed by the deposition of
the heterojunction emitter yields V,.-values that are independent of the grain size of the
polysilicon, with the thinner fine-grained polysilicon layers showing as high V,.-values
as the coarse-grained (~ 540 mV). Without hydrogenation this trend is also observed
and a maximum V, of 420 mV is reached for the unhydrogenated fine-grained
polysilicon layer.

In 2005, a third boost in the efficiency is realized using thinner p'- and p-type layers in
combination with an interdigitated contact scheme. The use of thin p'- and p-type layers
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leads to higher V. and Ji. because of a reduced volume recombination but lowers FF
when the side-contacted process was used due to a higher Ryie. The development of
interdigitated top contacts where the base contact fingers are closer to each other, results
in a lower Ryeies and a record FF-value of 74 % for polysilicon layers with an epitaxial
p’ layer thickness of only 200 nm. These effects lead to a best efficiency of 5.9 % at the
end of 2005.

In 2006, the final improvement in this work is obtained through a better optical
confinement of the light in the polysilicon layers. The light trapping structure that
consists of a plasma textured front (acting like a Lambertian surface) and a highly
reflective alumina substrate, shows a path length enhancement factor of 42. The alumina
proves to be an excellent substrate with a back reflectance of 97 % while the plasma
texturing is a useful technique to roughen the polysilicon surface without removing too
much silicon. The combination of this light trapping structure with a thin p' layer
increases the J,, of the devices from 17 to 21.2 mA/cm’. This results in the best
efficiency so far of 8 % for a coarse-grained polysilicon layer on top of an alumina
substrate.

Except for the improvement of the material quality using a FOx layer between substrate
and absorber, the same trends are observed for fine-grained layers on top of an oxidized
silicon substrate resulting in a highest efficiency of 5.0 % and for coarse-grained
polysilicon layers on top of glass substrates yielding an efficiency of 6.4 %. Both types
of polysilicon solar cells show lower efficiencies than coarse-grained polysilicon on
alumina mainly because of a lower current density. For both materials, the lower current
density results from a worse back reflectance compared to coarse-grained polysilicon on
alumina.

The efficiency of 8 % brings the performance of large-grained polysilicon solar cells
close to the efficiencies reached in the field of microcrystalline silicon. Their main
advantage over microcrystalline silicon solar cells is that these cells are fully stable. To
surpass the 10 % efficiency barrier, some further research and development is clearly
needed.
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6.2 Suggestions for further work

Despite the improvements shown in the previous section, there are still some crucial
issues that need to be solved before this technology becomes cost competitive in €/W,, to
other well-developed ones.

First of all, further improvement is necessary of the cell efficiency above 10% to
become competitive with other thin-film technologies. A very important question that
will need to be answered is why no improvement of V. is seen when larger grain sizes
are used. Recently, evidence is obtained that the presence of numerous intragrain defects
in the coarse-grained polysilicon material may limit the electronic quality and hence V.
of this material [6-2]. Future work should therefore focus on improving Js. and V. by
obtaining a larger diffusion length for the coarse-grained polysilicon material. Possibly
this can be realized by optimizing the growth conditions of both the AIC seed layer and
the epitaxial polysilicon layer to reduce the number of intragrain defects. An alternative
solution to increase the diffusion length of the material is to develop a more efficient
hydrogenation to passivate the dangling bonds. First tests in a remote plasma setup show
that hydrogenation at higher temperature than those used here followed by a rapid
cooling down might lead to better layer quality, but this still needs to be confirmed.

Besides continued research on coarse-grained polysilicon layers in the substrate
configuration, initiatives should be taken to develop a superstrate technology for this
high-temperature route. In this way shadowing losses can be avoided and the cell
metallization is more flexible. This configuration might involve the development of a n-
type seed layer to use a top junction solar cell or might be based on a back junction
concept.

Parallel to this continued laboratory work, some first steps should be taken towards the
industrial development of the technology. The enlargement of the cell area, which is
currently only 1 cm’, is one very important topic. It needs to be proven that the
technology is able to deliver similar efficiencies on a larger cell area and on mini-
module level. Besides that, the development of a commercial high-throughput CVD
system needs to be accelerated, since no such systems are available on the market at the
moment. This complicates a possible industrial applicability of the high-temperature
approach. A final requirement is that all laboratory processes have to be replaced by
industrial processes. The lithography that is currently used to contact the layers is an
example of a technique that will need to be replaced by an industrial technique such as
laser scribing in combination with metal printing.
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Appendices

Appendix A Solar Radiation Spectrum

Figure A-1 shows the AMO spectrum (Sunlight at Top of the Atmosphere) and the
global AM1.5 spectrum (Radiation at Sea Level). The AMO spectrum (used for space
applications) is normalized at 1353 W/m’, while the AM 1.5 spectrum (used for
terrestrial applications) is normalized at 1000 W/m?* and a temperature of 25 °C. The
blue wavelength region goes up to 500 nm while the red one starts from 700 nm.
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Figure A-1: AMO and global AM1.5 spectrum [A-1]
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Appendix B Solar Cell Efficiency Table

Table B-1 and Table B-2 summarize the best measurements for cells and modules. The
reported efficiencies are measured under the global AM1.5 spectrum (1000 W/m?,

Appendix A) at a cell temperature of 25 °C [B-1].

Classification Area Jse V,. FF Efficiency date description
cm’  mAlem’ V % %
Mono Si 4 42.2 0.71 83 24.7 3/99 UNSW
Multi Si 1 37.7 0.66 81 20.3 5/04 FhG-ISE
Poly Si 96 27.0 049 75 9.8 8/06 CSG solar
(20 cells)
Mono GaAs 4 28.2 1.02 87 25.1 3/90 Kopin
CIGS 1 34.0 0.70 79 18.8 8/06 NREL
CdTe 1 25.9 0.85 76 16.5 9/01 NREL
a-Si:H 1 17.5 0.86 63 9.5 4/03  U. Neuchatel
ne-Si 1 24.4 0.54 77 10.1 12/97 Kaneka
Dye sensitized 1 21.8 0.73 65 10.4 8/05 Sharp
Organic 1 9.7 0.54 52 3.0 3/06 Sharp
polymer (fullerene)
a-Si:H/pc-Si 14 3.0 546 71 11.7 9/04 Kaneka
(multijunction)
Table B-1: Confirmed terrestrial cell efficiencies
Classification Area I, V,e FF Efficiency date description
cm’ A Vo % %
Mono Si 778 3.9 56 80 22.7 9/96 UNSW
Large Mono Si 12082 6.4 48.6 77 19.7 5/07 SunPower
Multi Si 1017 1.4 14.6 79 15.3 10/94 Sandia
Poly Si 661 0.3 250 68 8.2 7/02 Pacific Solar
CIGSS 3459 22 31.2 69 13.4 8/02 Showa Shell
CdTe 4874 3.2 262 62 10.7 4/00 BP Solarex
a-Si:H/a- 905 3.3 44 66 10.4 10/98 USSC

SiGe:H/aSiGe:H

[B-1]
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Table B-2: Confirmed terrestrial module efficiencies

M. A. Green, et al.,, “Solar Cell Efficiency Tables (Version 30) ”, Progr.
Photovolt., Vol. 15, pp. 425 — 430 (2007)
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