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A B S T R A C T ! !

Passivating!contacts!based!on!polycrystalline!silicon!on!an!interfacial!oxide!(poly-Si/SiOx)!require!a!"ne-tuned!
in-diffused! dopant! pro"le! at! the! surface! of! the! crystalline! silicon! wafer.! In! particular,! a! strong! dopant! in-!
diffusion!causes!excessive!recombination.!This! study!contributes! to! reveal! the!yet!unclear!mechanism!of! this!
degradation!of!passivation.!Boron!in-diffusion!from!co-sputtered!(p)!poly-Si!layers!through!the!interfacial!oxide!is!
investigated!for!several!layer!thicknesses!and!plateau!temperatures!during!the!solid!phase!crystallization.!It!is!
shown!that!for!higher!temperatures!and!unexpectedly!also!for!thicker!layers!the!observed!recombination!current!
density!increases!up!to!a!total!loss!of!passivation,!accompanied!by!a!physical!interfacial!oxide!disruption,!which!
is!not!observed!for!intrinsic!reference!layers.!This!behavior!is!supported!by!simple!numerical!calculations.!The!
recombination! current!densities! are! transferred! into! the!actual! surface! recombination!velocity!which! in! turn!
reveals!an!exponential!increase!towards!higher!boron!concentrations!at!the!interface!between!the!oxide!and!the!
crystalline!Si!base.!It!is!concluded!that!rather!dopant!penetration!of!the!interfacial!oxide!is!responsible!for!the!
degradation! of! passivation! than! the! actual! boron! concentration! at! the! interface! itself! as! reported! before! in!
literature.!!!

1. Introduction!

In! recent!years,!passivating! contacts!based!on!highly!doped!poly-
crystalline!silicon!(poly-Si)!on!top!of!an!interfacial!oxide!(poly-Si/SiOx)!
have!been!studied!extensively![1–3]!and!are!seen!as!key!technology!for!
future!photovoltaic!applications! [4].!Most! commonly,! the! fabrication!
process!of!such!passivating!contacts!involves!a!high!temperature!anneal!
above! 800◦C! for! several! minutes! in! order! to! crystallize! previously!
deposited! amorphous! silicon! (a-Si)! to! poly-Si! and! simultaneously! to!
diffuse!dopants!from!the!poly-Si!through!the!interfacial!oxide!into!the!
crystalline!silicon!(c-Si)!base.!In!this!way,!a!shallow!dopant!tail!is!formed!
below!the!interfacial!oxide!which!enhances!carrier!selectivity![5,6].!

In!the!context!of!bipolar!junction!transistors,!which!utilized!highly!
doped!poly-Si!as! the!emitter![7],!as!well!as! for!state-of-the-art!high--
ef"ciency!solar!cells!it!was!repeatedly!reported,!that!the!penetration!of!
dopants! through! the! interfacial! oxide! into! the! c-Si! base! dramatically!
in#uences!the!performance!of!the!device![6,8].!In!particular,!starting!

from!zero!dopant!in-diffusion,!a!stronger!in-diffusion!in!terms!of!peak!
concentration! and/or! depth! of! the! shallow! dopant! tail! reduces! the!
recombination!at!the!poly-Si/SiOx!contact!down!to!a!minimum!due!to!
enhanced! shielding! of!minority! carriers.! However,! for! even! stronger!
in-diffusion!the!recombination!increases!again.!This!effect!was!observed!
for!both!polarities,!i.e.!boron![9],!phosphorus![5,9]!and!arsenic![10].!As!
the! diffusivity! of! phosphorus! in! the! interfacial! oxide! is! quite! low!
compared! to! boron! and! arsenic! [11],! it! is! easier! to! control! the!
in-diffusion!of!phosphorus,!which!seems!to!be!one!of!the!reasons!for!the!
present!superiority!of!phosphorus!doped!(n)!poly-Si/SiOx!contacts![1].!

Even! though! the! increase! in! recombination! in! the! poly-Si/SiOx!
structure!for!strong!in-diffusion!is!well-known,!a!detailed!microscopic!
explanation! is! still! lacking.! Auger! recombination! in! the! in-diffused!
shallow!dopant!tail!was!shown!to!play!a!minor!role![12].!It!was!pro-
posed!that!the!penetration!of!dopants!induces!defects!in!the!interfacial!
oxide!and!thus!increases!the!surface!recombination!velocity![5].!At!least!
for!boron!penetration!a!degradation!mechanism!via!a!reaction!of!oxide!
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defects!with! holes!was! suggested! in! the! context! of! the! negative! bias!
temperature!instability,!which!induces!a!negative!threshold!voltage!shift!
in!(p)!poly-Si!gate!MOSFETs![13].!As!pinhole!formation!in!the!interfacial!
oxide!during!the!high!temperature!anneal!was!found!to!play!a!critical!
role! for! majority! carrier! transport! [14],! these! pinholes! might! also!
contribute!to!this!increase!in!recombination!in!the!poly-Si/SiOx! struc-
ture,!depending!on!the!individual!pinhole!density![8].!In!this!context,!
pinholes!were!shown!to!grow!with!both!temperature!and!duration!up!to!
the!extreme!case!of!the!formation!of!oxide!“balls” (balling-up)!with!a!
minimum!radius!of!three!times!the!original!oxide!thickness!separated!by!
large!regions!of!un-passivated!poly-Si/c-Si!interfaces![15,16].!

This!study!contributes!to!reveal!the!mechanism!behind!the!increase!
in! recombination! in! the! poly-Si/SiOx! structure! for! strong! dopant! in-!
diffusion! by! a! variation! of! the! poly-Si! layer! thickness.! Most! in-
vestigations!regarding!the!poly-Si!thickness!relied!on!ex-situ!doping![5,!
17,18]! as! the! hydrogen-induced! blistering! issue! of! chemical! vapor!
deposited!(CVD)!a-Si:H!layers!often!limits!the!layer!thickness!to!<50!nm!
[6,19–21],!which!is!especially!a!problem!for!boron!doped!layers.!In!this!
study,! an! initially! amorphous! (p)! a-Si! layer!was!deposited! by! in-situ!
boron! doped! magnetron! co-sputtering! whose! suitability! for! poly--
Si/SiOx!contacts!was!previously!demonstrated![22].!These!sputtered!a-Si!
layers!are!basically!hydrogen-free!so! that!blistering! issues!during!the!
high!temperature!anneal!are!completely!avoided,!enabling!to!investigate!
a!wider!range!of!poly-Si!layer!thicknesses.!Keeping!the!boron!concen-
tration!constant,!the!poly-Si!thickness!was!varied!between!27!and!117!
nm!and!different!levels!of!dopant!in-diffusion!were!achieved!by!varying!
the!high!temperature!anneal!between!890!and!950◦C.!It!is!known!that!
the! temperature! variation! provides! rather! coarse! changes! of! the!
in-diffused!shallow!dopant!tail,!while!the!thickness!variation!is!expected!
to!cause!small-scale!changes!as!only!the!absolute!number!of!boron!atoms!
available!for!diffusion!is!increased.!

2. Materials!and!methods!

2.1. Sample!preparation!

Symmetrical! (p)!poly-Si/SiOx/c-Si! test! samples!were!processed!on!
Czochralski-grown! silicon! (Cz)! wafers! (n-type,! ~35! Ωcm,! 5x5! cm2,!
~150!μm).!After!a!saw!damage!etch!and!piranha!clean!of!the!Cz!sub-
strates,! an! interfacial! thermal! oxide! was! grown! at! a! temperature! of!
625◦C,!resulting!in!a!thickness!of!~1.7!nm!as!determined!by!spectro-
scopic! ellipsometry.! Subsequently,! in-situ! doped! (p)! a-Si! layers!were!
deposited! by!magnetron! co-sputtering! (AJA!ATC! 2200,! AJA! Interna-
tional!Inc.)!using!a!pure!silicon!target!(6!N,!3.7!W/cm2)!and!a!pure!boron!
target!(3!N,!1.8!W/cm2)!in!Ar!ambient!at!2!mTorr!and!a!table!heater!set!
temperature!of!450◦C.!Solely!the!process!duration!was!adjusted!between!
750!and!3000!s!to!achieve!different!mean!poly-Si!layer!thicknesses!of!
27–117!nm!as!determined!by!spectroscopic!ellipsometry!following!the!
procedure! described! in! Ref.! [21].! Immediately! after! a! wet! chemical!
ozone-cleaning,! the! samples! were! subjected! to! a! high! temperature!
anneal! in! a! conventional! tube! furnace!with! plateau! temperatures! of!
890/920/950◦C! in! N2! ambient.! The! set! load/unload! temperature!
(780◦C),!heating/cooling!rates!as!well!as!the!total!process!duration!(90!
min)! were! kept! constant! resulting! in! different! plateau! durations! of!
41.25!min/30!min/18.75!min.!In!this!way,!it!is!ensured!that!the!duration!
of!exposure!to!temperatures!equal!to!or!above!890◦C!is!the!same!for!all!
three!processes,!thus!providing!a!higher!degree!of!comparability!with!
respect!to!boron!diffusion.!

Reference! samples!with! intrinsic! (i)!poly-Si! layers!were!processed!
equally!except!of!using!only!the!silicon!target!for!a-Si!deposition.!In!this!
way,!the!total!deposition!rate!during!sputtering!is!reduced,!which!was!
compensated!by!slightly!increased!process!durations!in!order!to!yield!
layer!thicknesses!comparable!to!the!doped!(p)!poly-Si!layers.!

For!hydrogenation!of!the!symmetrical!test!samples!with!the!doped!
layers,! a! hydrogen-rich! silicon! nitride! (SiNx)! was! plasma-enhanced!
chemical! vapor! deposited! (PECVD,! Plasmalab! System! 100,! Oxford!

Instruments)!on!top!of!the!(p)!poly-Si!layer!and!subsequently!the!sam-
ples!were!"red!at!a!set!peak!temperature!of!819◦C!in!a!conventional!fast!
"ring!belt!furnace.!For!subsequent!pinhole!magni"cation!as!described!in!
Ref.![23],!the!SiNx!layer!was!removed!in!10%!hydro#uoric!acid!and!the!
underlying!(p)!poly-Si!layer!was!exposed!to!30%!TMAH.!

2.2. Characterization!

The!characterization!of!the!samples!was!done!at!several!stages!during!
the!process!as!depicted!in!Fig.!1.!The!recombination!current!density!at!
the!contact!J0!was!measured!by!photoconductance!decay!measurements!
(PCD,!Sinton!lifetime!tester!WCT120,!Sinton!Instruments!Inc.)!corrected!
as!described! in!Ref.! [24].!A! relative!uncertainty!of!8%!was!assumed!
[25].! Electrochemical! capacitance-voltage!pro"ling! (ECV,!Wafer! Pro-
"ler!CVP21,!WEP)!was!used!to!measure!quantitatively!the!active!boron!
(hole)!concentration!pro"les!nh(z)!as!a!function!of!the!depth!z,!while!
glow!discharge!optical!emission!spectroscopy!(GD-OES,!GDA!750!HR,!
Spectruma!Analytik!GmbH)!as!well!as!secondary!ion!mass!spectroscopy2!

(SIMS)!were!used!to!measure!qualitatively!the!chemical!boron!concen-
tration!nB(t)!as!a!function!of!the!sputter!time!t!in!both!the!(p)!poly-Si!
layer!as!well!as!in!the!substrate.!GD-OES!was!also!utilized!to!gain!in-
formation!about! the! interfacial!oxide! from!the!corresponding!oxygen!
signal.!After!TMAH!etch!based!pinhole!magni"cation,!regions!of!506!
μm2!were!recorded!using!scanning!electron!microscopy!(SEM)!in!order!
to!count!the!evolved!etch!pits.!The!resulting!etch!pit!density!(EPD)!was!
interpreted!as!the!original!pinhole!density!npin!in!the!interfacial!oxide.!

2.3. Simulation!

Furthermore,!FlexPDE![26]!was!used! to!numerically!solve! the!1D!
diffusion!equation!for!the!(p)!poly-Si/SiOx/c-Si!structure!according!to!
Fick’s!law.!The!(p)!poly-Si!and!interfacial!oxide!thicknesses!were!set!to!
the!values!determined!by!spectroscopic!ellipsometry!(27–117!nm!and!
1.7!nm,!respectively),!while! the!thickness!of! the!c-Si!region!followed!
from! the! boundary! condition! of! a! "xed! thickness! of! 300!nm! for! the!
whole!structure.!The!diffusivities!in!the!(p)!poly-Si,!interfacial!oxide!and!

Fig.!1. Process!#ow!of!samples!with!both!doped!and!intrinsic!poly-Si!layers!as!
well!as!applied!characterization!methods!at!several!stages!of!the!process.!

2 SIMS!measurements!conducted!at!Forschungszentrum!Jülich!GmbH,!Insti-
tute!of!Energy!and!Climate!Research.!
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c-Si!base!were! taken! from!Ref.![8].!The! thermal!dependencies!of! the!
diffusivities! were! considered! using! the! set! temperature! pro"les! as! a!
function!of!the!process!time!of!the!different!high!temperature!anneals!as!
described!above.!

3. Results!and!discussion!

3.1. Passivation!

Fig.! 2! presents! the! passivation! quality! in! terms! of! recombination!
current! density! J0! before! (a)! and! after! (b)! hydrogenation,!while! the!
overall!trends!are!the!same!and!therefore!discussed!simultaneously.!For!
the!thin!poly-Si!layers!(~27!nm)!values!slightly!above!10!fA/cm2!were!
measured!after!hydrogenation!regardless!of!the!annealing!temperature.!
In! contrast,! for! increasing! layer! thicknesses! up! to!~117! nm! a! clear!
temperature!dependence!was!found:!At!890◦C!the!passivation!quality!is!
independent!of!the!layer!thickness,!while!at!920◦C!the!recombination!
current!density!is!strongly!increased!for!>57!nm!and!at!950◦C!this!in-
crease!occurs!already!for!>27!nm!thick!layers!and!is!even!stronger!up!to!
~630! fA/cm2! after!hydrogenation.!The! temperature!dependence!was!
partly!expected!in!the!context!of!a!stronger!dopant!in-diffusion!through!
the!interfacial!oxide.!However,!the!strong!loss!in!passivation!quality!for!
thicker!layers!in!the!absence!of!blistering!is!surprising!and!cannot!be!
explained!by!the!temperature!alone.!

A!correlation!of!these!strong!increases!in!recombination!can!be!found!
in!the!corresponding!ECV!and!SIMS!depth!pro"les!as!depicted!in!Fig.!3.!
First!of!all,!the!SIMS!pro"les!con"rm!an!identical!and!homogeneously!
distributed!total!boron!concentration!in!the!poly-Si!layers!regardless!of!
the!actual!layer!thickness.!At!890◦C!annealing!temperature!all!pro"les!
show!a!shallow!dopant!tail!and!no!signi"cant!differences!for!all!poly-Si!
layer!thicknesses!in!both!the!ECV!and!SIMS!pro"les.!This!observation!
corresponds!to!the!constant!low!recombination!current!density!in!Fig.!2.!
At!920◦C!a!deeper!in-diffusion!is!visible!for!thicker!poly-Si!layers,!with!a!
pronounced!higher!interface!concentration!for!the!sample!with!~117!
nm!thick!layer.!A!similar!behavior!was!also!found!for!950◦C,!while!the!
disproportionately!strong!in-diffusion!and!high!interface!concentration!
is! already! observable! at! ≥57! nm! layer! thickness.! Both! strong! in-!
diffusions! at! 920◦C! and! 950◦C! correspond! to! signi"cantly! larger!
recombination! current! densities! as! shown! in! Fig.! 2! (open! symbols).!
Hence,!a!strong!boron!in-diffusion!and!high!boron!interface!concentra-
tion!can!safely!be!linked!to!strong!recombination.!From!the!perspective!
of! the! temperature! variation,! this! conclusion! is! well-known! and! not!
surprising.!But!from!the!perspective!of!the!layer!thickness!variation!in!
face!of!equal!boron!concentration!in!the!poly-Si!layer,!such!huge!dif-
ferences! in! boron! in-diffusion! and! in! absence! of! blistering! are! quite!
unexpected.!

3.2. Interfacial!oxide!disruption!as!origin!of!the!poly-Si!thickness!
dependency!

In!order!to!investigate!this!unexpected!layer!thickness!dependency!in!
more!detail,!FlexPDE!was!utilized!to!solve!Fick’s!diffusion! law!in!1D!
with!the!ECV!determined!active!boron!concentration!of!the!(p)!poly-Si!
layers! as! input.! Fig.! 4! exemplarily! shows! the! resulting! boron! depth!
pro"les!of!all!layer!thicknesses!for!a!high!temperature!anneal!at!950◦C.!
Thicker!layers!show!a!slightly!stronger!in-diffusion!and!a!larger!boron!
concentration!at!the!interface!as!well!as!within!the!poly-Si!layer,!while!
all!these!concentrations!are!lower!than!the!initial!concentrations!(hori-
zontal!dashed!line).!These!observations!are!intuitively!explained!by!the!
larger!absolute!number!of!boron!atoms!present!in!the!poly-Si!layer!for!
thicker!layers,!hence!larger!diffusion!reservoir.!However,!with!respect!to!
the!huge!in-diffusion!differences!observable!in!the!ECV!and!SIMS!pro-
"les!(Fig.!3),!this!simulated!effect!seems!to!be!rather!weak!and!cannot!be!
the!only!explanation!for!these!measured!pro"les.!

In!fact,!utilizing!EDNA![27]!to!determine!the!Auger!recombination!
within!the!in-diffused!part!of!the!ECV!pro"les!of!the!samples!with!high!
recombination!and!strong!boron!in-diffusion!leads!to!values!in!the!range!
of! 5–16! fA/cm2.! Compared! to! the! measured! values! of! up! to! ~630!
fA/cm2,! it! is! evident! that!Auger! recombination! cannot! explain! these!
values!and!thus!another!predominant!mechanism!has!to!be!identi"ed.!

A!hint!for!such!a!mechanism!is!provided!by!the!observation,!that!at!
950◦C! the! ECV! pro"les! are! basically! identical! for! all! poly-Si! layer!
thicknesses! between!57! and!117!nm,! except! for! the! deepest! few!nm!
(Fig.!3!c,f).!Two!possible!explanations!are!suggested:!First,!the!chemical!
boron!concentration!has!reached!the!solid!state!solubility!limit!in!silicon!
of! ~1020! cm 3! at! 950◦C! [28],! which! is! compatible! with! the! boron!
concentration!at!the!interface!determined!by!ECV!(Fig.!3c).!Or!second,!a!
structure! similar! to! a! boron-rich! layer! has! evolved! as! known! from!
borosilicate-glass!based!diffusion!processes![29,30].!In!both!cases,!it!can!
be!assumed!that!the!interfacial!oxide!is!consumed!or!disrupted.!Clearly,!
this!hypothesis!would!also!explain!the!simultaneous!strong!increase!in!
recombination!as!the!chemical!passivation!ability!of!the!interfacial!oxide!
would!be!equally!destroyed!(open!symbols!in!Fig.!2).!

A!strong! indication!for! the!validity!of! the!hypothesis!of!disrupted!
interfacial!oxides!was!found!during!the!TMAH!etch!process!originally!
meant!for!pinhole!magni"cation.!This!etch!process!is!expected!to!stop!at!
the!interfacial!oxide,!which!was!not!the!case!for!some!samples.!Table!1!
indicates!for!which!samples!the!etch!process!did!not!stop!at!the!interface!
(values! marked! by! round! brackets)! and! shows! the! corresponding!
recombination!current!densities!(same!values!as!in!Fig.!2).!Clearly,!no!
TMAH!etch!stop!correlates!with!signi"cantly!larger!recombination.!This!
correlation!holds!not!only!for!higher!annealing!temperatures,!where!a!
physical! disruption! was! reported! before! in! literature! [15,16],! but!

Fig.!2. PCD!measured!recombination!current!density!J0!a)!before!and!b)!after!hydrogenation!as!a!function!of!the!mean!poly-Si!layer!thickness!and!for!all!three!
annealing!temperatures.!Open!symbols!correspond!to!samples!with!disrupted!interfacial!oxide.!
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notably!also!for!increasing!poly-Si!layers!thickness.!
The! hypothesis! of! an! underlying! interfacial! oxide! disruption! is!

further! supported! by! the! SEM! images! in! Fig.! 5.! Large! scale! inverted!
pyramid!frustums!with!a!size!of!a!few!μm!as!typical!for!global!TMAH!
etching!of!the!silicon!base!were!found!throughout!all!samples!without!
etch!stop!(Fig.!5a).!In!contrast,!small!scale!inverted!pyramids!~100!nm!
can!be!seen!as!locally!under-etched!interfacial!oxide!and!thus!magni"ed!
pinholes!on!samples!with!global!etch!stop!(Fig.!5b).!

Yet!another!indication!of!the!presence!of!interfacial!oxide!disruptions!
is!the!depth!resolved!oxygen!signal!measured!by!GD-OES!and!corrected!
according!to!Ref.![31].!The!interfacial!oxide!appears!as!a!peak!in!the!raw!
depth!pro"le!as!exemplarily!shown!in!Fig.!6a!for!the!~57!nm!poly-Si!
layers!before!(a-Si)!and!after!(poly-Si)!the!high!temperature!anneal.!As!
is!clearly!visible,!the!area!below!the!peak!corresponding!to!the!sample!
exposed!to!950◦C!is!signi"cantly!smaller!compared!to!all!other!peaks.!
Within!the!picture!of!a!disrupted!oxide!this!is!explained!by!a!redistri-
bution!of!the!oxygen!atoms!over!a!larger!region!in!direction!of!the!depth!
pro"le! measurement! axis,! for! example! by! the! above! mentioned!
balling-up!of!the!interfacial!oxide![15,16].!This!redistribution!eventually!
broadens!the!measured!peak!and!due!to!the!limited!GD-OES!resolution,!
parts!of!this!broadened!peak!fall!below!the!detection!limit!and!conse-
quently!the!area!under!the!measured!peak!reduces.!

As!a!rough!estimation!of!the!disrupted!fraction,!the!oxygen!signal!is!
integrated! for! the! crystalized! samples! (Ipoly-Si)! and! the! as-deposited!
samples!(Ia-Si)!in!the!range!of!the!thermal!oxide!(grey!region!in!Fig.!6a).!
The!disrupted!fraction!was!calculated!according!to!(Ia-Si!– Ipoly-Si)/Ia-Si.!

This!quantity!is!shown!in!Fig.!6b!as!a!function!of!the!poly-Si!layer!
thickness!and!the!temperature.!Therein,!data!points!not!compatible!with!
zero!disrupted!fraction!within!the!uncertainty!range!are!marked!as!open!
symbols,!with!the!exception!of!the!57!nm!sample!annealed!at!920◦C,!
whose!uncertainty!range!is!comparably!close!to!zero.!Interestingly,!these!
four! data! points! correspond! to! the! same! samples! that! showed! high!
recombination!(Fig.!2),!strong!boron!in-diffusion!(Fig.!3)!and!no!TMAH!
etch!stop!(Fig.!5).!

Fig.!3. a,b,c)!ECV!measured!depth!pro"les!of! the!active!boron!and!d,e,f)!SIMS!measured!depth!pro"les!of! the!SiB-channel!as!measure! for! the!chemical!boron!
concentration!of!samples!after!the!high!temperature!anneals!sorted!by!temperature.!The!vertical!dashed!line!is!the!approximated!location!of!the!interfacial!oxide!with!
poly-Si!on!the!left!and!the!c-Si!base!on!the!right!side.!

Fig.!4. Boron!depth!pro"les!as!simulated!by!FlexPDE.!The!vertical!dashed!lines!
mark!the!region!of!the!interfacial!oxide!(1.7!nm!thickness)!with!poly-Si!on!the!
left!and!the!c-Si!base!on!the!right!side.!The!horizontal!dashed!line!indicates!the!
initial!boron!concentration!used!as!input!for!the!simulation.!

Table!1!
Samples! for! which! the! TMAH! etch! process! did! not! stop,! marked! by! round!
brackets!around!the!PCD!measured!recombination!current!densities!after!hy-
drogenation!(same!values!as!in!Fig.!2).!!!

J0!(fA/cm
2)! (p)!poly-Si!thickness!

26!nm! 57!nm! 86!nm! 117!nm!

Annealing!temperature! 890◦C! 14! 13! 14! 17!
920◦C! 11! 25! – (344)!
950◦C! 12! (449)! (581)! (631)!!
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To! summarize! the! just! discussed! "ndings,! it! is! concluded! that! at!
higher! annealing! temperatures! the! interfacial! oxide! is! disrupted! for!
thicker!layers,!which!is!validated!by!(i)!the!increase!of!the!recombina-
tion! in! the!poly-Si/SiOx! structure! (Fig.!2),! (ii)! the!disproportionately!
strong! boron! in-diffusions! (Fig.! 3),! (iii)! the!missing!TMAH!etch! stop!
during!pinhole!magni"cation!(Fig.!5)!as!well!as!(iv)!the!reduced!oxygen!
signal!measured!by!GD-OES!(Fig.!6).!

In! a! recent! study! by! Padhamnath! et! al.! [18]! ECV! pro"les! of! (p)!
poly-Si/SiOx! contacts!were!published,!which!show!strong!in-diffusion!
similar!to!the!ones!presented!in!Fig.!3c.!Therein,!the!interfacial!oxide!
completely!lost!its!diffusion!barrier!function!for!drive-in!temperatures!
>950◦C!during!BBr3! ex-situ!doping!of!initially!intrinsic!(i)!poly-Si.!In!
light!of!the!strong!experimental!evidence!of!a!dopant!mediated!oxide!
disruption! described! above! and! the! similarity! of! the! ECV!pro"les,! it!
seems!plausible!that!also!the!interfacial!oxides!in!Ref.![18]!were!dis-
rupted!in!a!similar!way.!

3.3. Explanations!for!the!interfacial!oxide!disruption!

In!the!following,!possible!explanations!for!the!oxide!disruption!are!
discussed.! One! explanation! could! be! temperature-induced! interfacial!
oxide!disruption,!which!is!well-known![15,16].!However,!as!for!~27!nm!
all! interfacial! oxides!were! intact! even! after! annealing! at! 920/950◦C,!
temperature! alone!does!not! fully! explain! the!presented!observations.!
Interestingly,!for!intrinsic!(i)!poly-Si!reference!layers!without!boron,!all!
TMAH!etch!processes!stopped!at!the!interfacial!oxide!including!also!the!
thicker!layers!annealed!at!920/950◦C,!hence!the!interfacial!oxides!were!
intact.!Also!corresponding!PCD!measurements!of!the!(i)!poly-Si!refer-
ence!layers!after!hydrogenation!did!not!show!a!similar!abrupt!trend!with!
layer!thickness!as!observed!for!the!doped!ones!(Fig.!2).!Both!results!from!
the!analysis!of!the!(i)!poly-Si!reference!samples!strongly!suggest!that!the!

interfacial! oxide! disruption! is! rather! mediated! by! the!
temperature-dependent!boron!penetration!than!by!the!temperature!it-
self.! This! notion! is! supported! by! the! simulated! thickness-dependent!
boron! pro"les! discussed! above! (Fig.! 4),! where! thicker! layers! led! to!
stronger!boron!penetration,!which!possibly! triggers! the!oxide!disrup-
tion.!A! corresponding!microscopic!mechanism!was!not! yet! identi"ed!
and!will!be!subject!of!future!investigation.!Nevertheless,!possible!can-
didates!based!on!literature!review!are!brie#y!discussed!in!the!following.!

A! dopant! mediated! oxide! disruption! was! previously! reported! in!
Ref.![10],!where!for!identical!process!conditions!except!for!the!initial!
arsenic! concentration! in! the! poly-Si,! the! interfacial! oxide! remained!
intact!in!presence!of!the!lower!concentration,!while!in!presence!of!the!
higher!concentration!the!oxide!was!totally!disrupted.!Unfortunately,!the!
authors! in! Ref.! [10]! did! not! identify! an! underlying! microscopic!
mechanism.!

One!objection!could!be,!that!the!observed!thickness!dependence!is!
not!generally!related!to!boron!penetration!of!the!interfacial!oxide!but!
rather!to!the!magnetron!sputter!deposition!causing!a!sputter!damage!in!
the! interfacial! oxide,!which! is! stronger! for! thicker! layers! due! to! the!
longer!deposition!duration.!Such!passivation!degrading!sputter!damage!
is!well-known!from!transparent!conductive!oxide!deposition!in!silicon!
heterojunction!solar!cells![32,33].!In!the!context!of!poly-Si/SiOx! con-
tacts!a!similar!effect!was!observed!immediately!after!(i)!a-Si!deposition,!
but!was!ef"ciently!compensated!by!the!subsequent!POCl3!diffusion!and!
hydrogenation! [34].!The! results! in! the!present! study!differ! since! the!
samples! were! in-situ! doped! by! co-sputtering! of! boron! and! the! high!
recombination!was!not!compensated!by!hydrogenation.!Furthermore,!
the!effect!of!an!oxide!disruption!for!the!same!poly-Si!thickness!occurring!
only!above!a!threshold!temperature,!is!not!inherently!explained!by!such!
a!sputter!damage.!

Another!explanation!also!related!to!the!sputter!deposition!could!be!

Fig.!5. Representative!SEM!images!with!a)!large!scale!inverted!pyramids!as!typical!for!global!TMAH!c-Si!base!etching!and!b)!locally!magni"ed!pinholes!by!TMAH!
under-etching!of!the!interfacial!oxide.!

Fig.!6. a)!GD-OES!measured!oxygen!depth!pro"les!as!a!function!of!the!sputter!time,!exemplarily!for!the!layers!with!57!nm!thickness.!The!signals!<5!s!are!analysis!
artifacts! from!a!correction!of!atmospheric!contamination! in! the!oxygen!signal![31],!while! the!peaks! in! the!grey! region!originate! from!the! interfacial!oxide.!b)!
Disrupted!fraction!of!the!interfacial!oxide!as!a!function!of!the!poly-Si!layer!thickness!and!annealing!temperature.!
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an!undesired!impurity!in!the!boron!sputter!target,!which!came!with!a!
purity!of!only!3!N!with!iron!being!the!main!contaminant!(180!ppm).!It!is!
consequently! expected! that! iron! is! also! present! in! the!deposited! a-Si!
layer,!even!though!highly!diluted!due!to!silicon!and!boron!co-sputtering.!
A!rough!estimate!is!provided!based!on!the!ECV-measured!boron!con-
centration!and!assuming!equal!incorporation!rates!of!sputtered!boron!
and!iron!in!the!layer.!The!iron!concentration!in!the!layers!is!then!roughly!
estimated! to!5⋅1016! cm 3.! Since! low! recombination! current!densities!
slightly!above!10!fA/cm2!were!achieved,!it!can!be!concluded,!that!this!
contamination!is!not!an!issue!in!general.!In!the!context!of!microelec-
tronics,!the!effect!of!iron-induced!oxide!breakdown!is!known!to!reduce!
the!breakdown!voltage!of!gate!oxides,!but!was!not!linked!to!a!physical!
oxide!disruption![35].!Even!though!Fe3+ may!replace!Si4+ in!SiO2,!a!
possible!role!of!iron!contamination!being!involved!in!the!oxide!disrup-
tion!remains!unclear.!

The!last!possible!explanation!discussed!at!this!point!is!mechanical!
stress!in!the!poly-Si!layer!induced!by!crystallization.!In!Refs.![36,37]!it!
was!found,!that!for!intrinsic!and!phosphorus!doped!a-Si!layers!the!stress!
after!crystallization!was!lower!towards!larger!annealing!temperatures!in!
the!range!of!630!– 900◦C.!Assuming!that!this!trend!also!holds!for!boron!
doping!and!can!be!extrapolated!up!to!950◦C,!it!points!in!the!wrong!di-
rection!with!respect!to!a!stress-induced!oxide!disruption.!It!is!therefore!
assumed! that! stress! plays! a!minor! role! in! this! context,! although! this!
cannot!be!ruled!out.!

3.4. Relation!of!the!oxide!disruption!to!the!surface!recombination!velocity!

Even! though! the!detailed!mechanism!behind! the!oxide!disruption!
remains! unclear,! one! can! gain! further! information! regarding! the!
degradation!of!passivation!for!strong!in-diffusion!by!taking!into!account!
not!only!the!simulated,!but!also!the!experimentally!determined!boron!
interface!concentration.!Depth!pro"les!of!the!in-diffused!shallow!boron!
tail!were!measured!by!ECV!after!TMAH!etch!stop!at!the!interfacial!oxide.!
In! order! to! gain! pseudo! experimental! values! for! the! interface! boron!
concentration!nB,int,exp,!the!ECV!pro"les!were!"tted!by!Gaussian!func-
tions!with!a!"xed!maximum!position!at!0!nm!allowing!to!extrapolate!the!
depth!pro"le!to!the!interface,3!which!is!shown!in!Fig.!7a.!Due!to!the!
missing!TMAH!etch!stop,!no!such!pro"les!could!be!measured!for! the!
samples!with!disrupted!interfacial!oxide.!

The!now!obtained!interface!boron!concentration!nB,int,exp!was!used!to!
determine! the! interface! recombination! velocity! Sox.! To! do! so,! the!
approach!suggested!by!Peibst!et!al.![14]!was!used,!in!which!an!adjusted!
Fischer!model! for!point!contact! solar!cells! [38]! is!applied! to!pinhole!
dominated!carrier!transport!in!a!poly-Si/SiOx!structure.!All!model!input!
parameters!and!corresponding!determination!methods!are!summarized!
in!Table!2.!The!in-diffused!shallow!dopant!tail!was!approximated!by!a!
box! pro"le! with! the! "tted! boron! interface! concentration! nB,int,exp! as!
height.!This!constant!concentration!ensures!a!homogeneous!resistivity!
ρ(nB,int,exp)! within! the! shallow! dopant! tail,! enabling! to! deduce! the!
emitter! depth!Wemi! from! the! ECV! determined! sheet! resistance! Rsheet!
using! Wemi! = ρ(nB,int,exp)/Rsheet.! As! ECV! measurements! after! TMAH!
etching! were! not! possible! on! the! samples! with! disrupted! oxide,! Sox!
determination!was!only!possible!on!the!samples!with!intact!oxide.!

The! parameter! Sox! can! be! interpreted! as! representing! the! actual!
recombination!velocity!at!the!interface!opposed!to!the!experimentally!
accessible!effective!recombination!velocity!Seff.!Based!on!this!interpre-
tation,!Sox! should!provide!information!about!a!possible!boron!induced!
damage!to!the!interfacial!oxide!in!terms!of!an!increased!interface!defect!
density,! which! in! turn! might! be! linked! to! a! pre-stage! of! the! oxide!
disruption.!

Fig.!7b!shows!this!interface!recombination!velocity!Sox!as!a!function!
of!the!ECV!determined!boron!interface!concentration!nB,int,exp!whereby!
an!exponential!increase!in!Sox!towards!larger!nB,int,exp!is!observed.!This!
relation! is!especially! interesting! in! light!of! the!question!raised! in! the!
introduction,! why! the! passivation! of! poly-Si/SiOx! contacts! degrades!
towards!stronger!boron!in-diffusion.!Since!Auger!recombination!can!be!
excluded,!the!interface!boron!concentration!could!be!a!candidate!for!an!
explanation!of!this!degradation,!even!though!at!this!point!no!mechanism!
is!given!which!would!allow!for!a!causal!relation.!In!addition!to!similar!
ECV!pro"les!as!discussed!above,!Padhamnath!et!al.!also!found!such!an!
increasing! relation! of! stronger! recombination! towards! higher! boron!
interface! concentration! [18].! Assuming! that! their! CVD-deposited! (p)!
poly-Si!layers!are!basically!iron-free,!the!similar!results!suggest!that!the!
penetration-mediated! interfacial!oxide!degradation!occurs!also! in! the!
absence!of!iron.!

Relations! between! the! boron! surface! concentration! of! homoge-
neously! doped! or! diffused! c-Si! bases! and! the! surface! recombination!
velocity!have!been!studied!before!numerically![40]!and!experimentally!
[41].!The!former!study!found!rather!linear!increases!in!surface!recom-
bination! velocity! with! boron! surface! concentration,! while! the! latter!
study!concludes!no!correlation!at!all!between!both!quantities!for!the!case!
of!Al2O3!passivation.!These!conclusions!do!not!"t!properly!to!the!rather!
exponential!increase!observed!in!Fig.!7b!(note!the!logarithmic!scale).!
However,! in! both! studies! the! chemical! surface! passivation! layer!was!
deposited!after!the!boron!diffusion,!which!is!fundamentally!different!for!
poly-Si/SiOx! contacts.! Therein,! the! interfacial! oxide! as! chemical!
passivation!layer!is!penetrated!by!the!boron!thereby!possibly!inducing!
recombination!active!defects!at! the!interface,!which!eventually!cause!
the!exponential! increase.! In!this! sense,!rather! the!dopant!penetration!
than!the!actual!interface!concentration!is!responsible!for!the!passivation!
degradation!in!poly-Si/SiOx!contacts.!

In!summary,!the!exponential!relation!Sox(nB,int,exp)!supports!the!idea,!
that!towards!stronger!boron!in-diffusion!the!interfacial!oxide!degrades!
as!the!surface!recombination!velocity!increases!and,!in!the!extreme!case,!
the!oxide!is!eventually!disrupted.!However,!a!causal!relation!cannot!be!
veri"ed!as!the!iron!contamination!in!the!boron!sputter!target!or!stress!in!
the! poly-Si! layer! could! also! be! involved.! Nevertheless,! both! cases,!
dopant! or! contamination-induced! degradation! and! disruption! of! the!
interfacial!oxide,!are!highly!relevant!for!future!device!optimization!on!
industrial! scale! where! compromises! between! costs! and! purity! are!
common.!

4. Conclusion!and!outlook!

It!was!observed!that!for!higher!temperatures!during!crystallization!
and!also!for!thicker!poly-Si!layers!the!recombination!increased!up!to!a!
total!loss!of!passivation!due!to!a!physical!oxide!disruption,!a!hypothesis!
supported!by!disproportionately!strong!boron!in-diffusions,!the!missing!
TMAH!etch!stop!as!well!as!a!reduced!GD-OES!oxygen!signal.!Interest-
ingly,! the! last! two! effects! were! not! observed! on! intrinsic! reference!
samples,!which!strongly!suggests!a!boron!penetration! induced!degra-
dation! of! the! interfacial! oxide.!Applying! the!model! in!Ref.! [14]! and!
"tting!the!in-diffused!ECV!measured!boron!pro"les!revealed!an!expo-
nential!dependency!of!the!actual!surface!recombination!velocity!on!the!
boron!concentration!at!the!interface!between!interfacial!oxide!and!c-Si!
base.! In! comparison! to! previous! studies! it! is! concluded! that! in! the!
context!of!poly-Si/SiOx!contacts!rather!the!penetration!of!the!interfacial!
oxide!than!the!actual!boron!interface!concentration!is!responsible!for!the!
passivation!degradation.!
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