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A B S T R A C T " "

In"this"work,"the"in!uence"of"highly"doped"layers"on"the"hydrogen"in-diffusion"into"silicon"from"hydrogen-rich"
silicon"nitride"is"investigated."Hydrogen"in"the"crystalline"silicon"bulk"of"wafers"with"and"without"highly"doped"
layers"present"was"examined"in"solar"cell-like"structures"by"resistivity"measurements"for"quanti#cation"of"BH-pair"
dynamics."Hydrogen"diffusion"through"phosphorus-"and"boron-doped"Float-Zone"samples"without"highly"doped"
layers" and"with" p+-" respectively" n+-layers"was" determined" via" secondary" ion"mass" spectrometry." Therefore,"
deuterium"concentration"in"an"amorphous"silicon"layer"on"the"backside"was"measured."This"experiment"shows"an"
up"to"threefold"increase"of"deuterium"concentration"in"the"amorphous"layer"for"samples"with"highly"doped"layers"
present."A"possible"explanation"of"this"observation"is"given"by"simulations."""

1. Introduction!

The"role"of"hydrogen"in"silicon"photovoltaics"is"quite"ambivalent."On"
the"one"hand"a"suf#cient"hydrogenation"effect"is"desired"for"bulk"defect"
passivation,"e.g."Refs."[1,2],"increased"surface"passivation,"e.g."Ref."[3],"
and"in"boron-doped"Czochralski"(Cz)"material"for"regeneration"of"boron"
oxygen"related"light"induced"degradation"(BO-LID)"[4,5]."On"the"other"
hand,"H"is"a"very"likely"and"commonly"accepted"component"in"light-"and"
elevated"temperature-induced"degradation"(LeTID),"e.g."Refs."[6,7]."A"
correlation" between" hydrogen" concentration" [H]" and" the" extent" of"
LeTID"was"shown"in"Refs."[8,9]."

Due" to" the" versatile" effects" of" hydrogen" in" crystalline" Si" (c-Si)," a"
comprehensive" understanding" is" required." Therefore," various" efforts"
have"been"made"in"photovoltaic"research"in"recent"years."A"good"over-
view"is"provided"by"Hallam"et"al."[10]."

One"approach"is"controlling"hydrogen"concentration"in"c-Si."The"H"
content"present"in"the"c-Si"wafer"can"be"in!uenced"by"various"means,"for"
example"by"adjusting"H"sources"like"H-rich"silicon"nitride"(SiNx:H)"[11],"
by"applying"H"barrier" layers" like"AlOx" [9,12,13],"or"by"adapted" tem-
perature"treatments"e.g.,"annealing"steps"[14]."

Unfortunately,"the"detection"and"measurement"of"hydrogen"in"c-Si"is"
quite"sophisticated."Loss"of"hydrogen"from"sources"like"SiNx:H"due"to"a"

high"temperature"#ring"step"can"be"determined"via"Fourier-transform"
infrared"spectroscopy"(FTIR),"e.g."Ref."[15]."However,"only"a"fraction"
diffuses"into"the"c-Si"bulk"and"the"rest"escapes"to"the"atmosphere."The"
resulting"hydrogen"concentration"in"the"c-Si"bulk"is"in"the"range"of"1014"

to" 1015" cm 3" [16,17]." Those" low" concentrations" are" challenging" for"
direct" detection"methods" like" e.g.," secondary" ion"mass" spectrometry"
(SIMS),"as"they"are"often"limited"by"their"background"sensitivity"[18]."
An"alternative"for"hydrogen"detection"in"c-Si"is"via"complex"formation,"
whereby"this"only"indicates"the"fraction"involved"in"the"formation."For"
example," formation" of" boron-hydrogen" (BH)" complexes" results" in" an"
increase"in"resistivity"due"to"deactivation"of"dopants"and"thus"can"be"
measured"[17,19,20]."

If"solar"cells"are"considered"as"a"whole,"there"are"not"only"passivating"
and"H-rich"layers"on"top"of"the"c-Si"bulk"but"also"highly"doped"layers"
(HDL)"like"emitters"or"back"and/or"front"surface"#elds."The"in!uence"of"
those"HDL"on"hydrogen"was"investigated"in"various"studies"e.g.,"in"Refs."
[18,21,22]." For" example," on" p-type" silicon" an" increased" hydrogen"
passivation" from" H-rich" plasma-enhanced" chemical" vapor" deposited"
(PECVD)"SiNx:H"in"presence"of"an"n

+-layer"could"be"shown"by"Mittel-
staedt" et" al." [23]." In" n-type" Cz" silicon" Chen" et" al." [7]" showed" the"
occurrence" of" LeTID,"when" highly" doped" layers"were" present" during"
#ring,"which"could"be"due"to"an"increased"H"content."Additionally,"a"
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model"for"hydrogen"transport"in"c-Si"solar"cell"structures"from"Hamer"
et"al."[24]"highlighted"the"signi#cance"of"emitter"layers"and"proposed"a"
dependence"of"hydrogen"diffusion"through"those"layers"on"temperature"
and"doping"pro#les."

Highly"doped"layers"are"present"in"most"fabricated"c-Si"solar"cells."
Their"in!uence"on"hydrogen"diffusion"is"suggested"by"e.g.,"lifetime"and"
degradation" studies" with" presence" of" HDL" [7,23]." However," only"
hydrogen" correlated" effects" are" reported." Therefore," in" this" paper,"
hydrogen"diffusion"from"SiNx:H"layers"in"presence"of"HDL"during"#ring"
is"investigated."The"formation"of"BH-pairs"in"c-Si"wafers"with"or"without"
HDL"is"detected"via"direct"resistance"measurements"and"thus"the"change"
in"hydrogen"dynamics"in"the"bulk"c-Si"can"be"studied."In"addition,"boron-"
and" phosphorus-doped" FZ" silicon" is" used" and" the" concentration" of"
deuterium,"that"is"released"from"deuterated"SiNx:H/D"diffusing"through"
the"c-Si"wafer,"is"measured"via"SIMS"in"an"amorphous"silicon"(a-Si)"layer"
on"the"backside"of"the"wafer."Simulations"for"hydrogen"transport"based"
on" the" model" presented" in" Ref." [24]" are" performed" and" adapted" to"
experimental"results"to"give"an"insight"on"the"possible"distribution"of"
hydrogen"species"in"the"samples"and"to"assist"in"the"explanation"of"the"
observed"experimental"#ndings."

2. Experimental!

2.1. Sample!preparation!for!BH!quanti"cation!

Samples"for"quanti#cation"of"BH"pairs"and"their"formation"dynamics"
were"prepared"to"investigate"the"in!uence"of"an"emitter"on"hydrogen"in-"
diffusion"from"SiNx:H"into"the"bulk."Samples"with"and"without"emitter"
layer"are"evaluated."The"contacted"resistance"measurement"was"used"as"
described"by"Winter"and"Herguth"[25]."This"method"uses"a"four-terminal"
approach"with"aluminum"laser"#red"contacts."The"current"required"for"
measurement"will"thus"not"!ow"through"the"emitter."

The"sample"processing"is"shown"in"Fig."1."Diamond"wire-sawn"FZ-Si"
wafers"(~2.7"Ωcm"p-type"B-doped)"were"etched"in"potassium"hydroxide"
(KOH)"to"a"#nal"thickness"of"151"± 10"μm"to"remove"the"saw"damage."
Samples"were"cleaned"with"a"solution"of"ozonized"deionized"water"and"
hydrochloric"acid"(HCl)."After"a"dip"in"diluted"hydro!uoric"acid"(HF)"a"
second" cleaning" step" for" 10"min"with" piranha" solution" consisting" of"
sulfuric" acid" (H2SO4)" with" hydrogen" peroxide" (H2O2)" at" 80" ◦C" was"
performed." Finally," the" wet-chemically" grown" silicon" oxide" was"
removed"with"another"dip"in"diluted"HF."One"wafer"received"a"single-"
sided"phosphorus"emitter" (~50"Ω/sq)"via"back-to-back"diffusion" in"a"
quartz" tube" furnace" using" POCl3." The" phosphorus" silicate" glass" was"
removed"with"10%"HF"and"subsequently"the"wafer"was"cleaned"again"in"
the"two-stage"process"described"above"(ozone"+ piranha)."Afterwards,"a"
single-sided"H-rich"SiNx:H"(~85"nm)"was"deposited"with"a"direct"plasma"

reactor"(PlasmaLab"100,"Oxford"Instruments)"and"wafers"were"cut"to"5"
× 5"cm2"samples."Both"sample"groups"were"#red"in"a"Centrotherm"belt"
furnace"using"a"stand-off,"with"the"temperature"tracked"(DQ1860!from"
Datapaq" in" combination" with" a" type-K" thermocouple" from" Omega)."
Finally," all" samples" received" via" thermal" evaporation" deposited" and"
laser"#red"Al"contacts"on"the"backside"of"the"wafer" for"the"contacted"
resistance"measurement"[25]."The"resulting"sample"structures"(shown"in"
Fig."2)"were"dark"annealed"at"220"◦C"to"trigger"BH"pair"formation."

In"addition,"a"second"group"of"BH"samples"with"structure"as"shown"in"
Fig."2"left"side"was"prepared"to"investigate"the"in!uence"of"the"differing"
heating"rates"in"the"#ring"process"for"samples"with"emitter"(cf."Fig."7)."
Therefore,"1"Ωcm"boron-doped"FZ"wafers"were"etched"to"220"± 10"μm"
thickness"and"cleaned"as"described"above"(material"and"thickness"cor-
responds"to"the"samples"prepared"for"SIMS"measurements)."The"#ring"
pro#les"for"those"samples"were"adjusted"to"mimic"both"heating"rates"and"
peak"temperatures"of"SIMS"samples."Here,"one"BH"sample"corresponds"to"
the" temperature" pro#le" of" the" SIMS" sample"without" emitter" and" the"
other"BH" sample" corresponds" to" the" temperature"pro#le"of" the"SIMS"
sample"with"emitter."

2.2. Sample!preparation!for!SIMS!

In"principle"SIMS"allows"direct"measurement"of"hydrogen."However,"
typical"H"concentrations"in"the"c-Si"bulk"are"below"the"detection"limit."
Thus,"a"sample"structure"from"Sheoran"et"al."is"adapted"[26]"that"uses"
H-lean"sputtered"a-Si"on"the"rear"side"of"the"wafer"as"trapping"layer"for"
hydrogen"and"deuterium."The"H/D"is"released"from"a"SiNx:H/D"layer"on"
the"front"side"of"the"wafer"and"penetrates"the"silicon"bulk"during"#ring."

Two" types" of"materials"were" investigated," 5"× 5" cm2" boron-" and"
phosphorus-doped"(both"~1"Ωcm)"FZ"Si"wafers"with"initial"thickness"of"
250"μm."Three"groups"of"samples"were"processed"as"shown"in"Fig."3,"
resulting" in"a" reference"group"with" the"highly"doped" layers" removed"
before"the"penetration"step,"a"group"with"n+ and"a"group"with"p+ layers."
First,"all"wafers"were"KOH"etched"and"subsequently"cleaned"in"two"steps"
with"ozonized"deionized"water"and"piranha"solution"as"described"for"the"
BH"samples."Thereby"the"wafers" from"n+ and"p+ groups"were"etched"
longer"to"compensate"for"the"n+-layer"removal"for"the"reference"group"

Fig.!1. Simpli#ed"process"!ow"of"BH-samples.""

Fig.!2. Schematic"reference"sample"(left)"and"emitter"sample"(right)"structures"
for"BH"quanti#cation,"not"to"scale."

Fig.!3. Simpli#ed"process"!ow"of"samples"for"SIMS"measurements.""
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after"phosphorus-diffusion."Thus,"all"samples"had"a"#nal"thickness"of"220"
± 10"μm"after"wet"chemical"processing."

Wafers"from"the"reference"group"as"well"as"the"n+wafers"were"POCl3"
diffused" (~50"Ω/sq)," the" p+ wafers"were" BBr3" diffused" (~50"Ω/sq)."
Thus,"highly"B-"or"P-doped"regions"were"formed"on"both"sides"of"the"
respective"wafer."For"all"diffusions" electrically"active"dopant" concen-
trations"were"determined"via"electrochemical"capacitance-voltage"(ECV)"
measurement" and" sheet" resistivity"was"measured"with" the" four-point"
probe"technique."The"doping"pro#les"are"shown"in"Fig."4."

Boron"and"phosphorus"silicate"glasses"were"removed"with"10%"HF"
from"all"samples"and"the"HDL"were"removed"from"reference"samples."All"
wafers" were" wet" chemically" cleaned" as" previously" described." After-
wards,"85"± 5"nm"of"D-rich"SiNx:H/D"was"deposited"on"one"side"of"the"
samples"at"400"◦C"using"a"direct"plasma"reactor"(PlasmaLab"100,"Oxford"
Instruments)"with"deuterated"ammonia"(ND3)"and"silane"(SiH4)"as"pre-
cursor."On"the"other"side"of"the"samples"~1"μm"of"almost"H-free"[27]"
amorphous"Si"was"deposited"(rf"magnetron"sputter"device"with"a"pure-Si"
target)."The"a-Si"layer"was"applied"without"intentional"heating"and"after"
SiNx:H/D"to"prevent"any"heat"induced"D"diffusion"and"contamination"of"
a-Si"with"D"during"SiNx:H/D"deposition."The"resulting"sample"structures"
are" shown" in" Fig." 5." These" structures" allow" to" determine" deuterium"
concentration"[D]"released"from"front"side"SiNx:H/D"diffusing"through"
the"c-Si"wafer"into"the"D-capturing"a-Si-layer"on"the"backside."For"#ring"
of"samples,"a"belt" furnace"was"used"and"furnace"set"parameters"were"
adjusted" to" achieve" comparable" peak" sample" temperatures." Sample"
temperature"was"tracked"with"a"DQ1860!from"Datapaq"in"combination"
with"a"type-K"thermocouple"from"Omega"pressed"on"the"wafer,"while"the"
wafer"was"lying"on"a"stand-off."

SIMS"measurements"of"D"pro#les"were"performed"from"the"backside"
through"the"a-Si-layer"with"a"Cameca"ims4f-E6"using"a"caesium"primary"
ion"beam."

3. Results!and!discussion!

3.1. BH-quanti"cation!in!samples!with!and!without!HDL!

Hydrogen"from"the"SiNx:H"layer"is"released"during"#ring"in"a"belt"

furnace"and"is"quenched"in"the"c-Si"bulk"with"subsequent"fast"cooldown."
According"to"Pritchard"et"al."[28]"and"the"extended"model"of"Voronkov"
and"Falster"[29],"hydrogen"introduced"in"this"way"is"mainly"present"in"
dimer"H2A" state" and" can" form"BH"pairs" at" elevated" temperature" and"
thereby"deactivate"the"dopant"atoms"during"following"annealing"treat-
ments."Finally,"hydrogen"will"end"in"the"speculated"H2C"state"and"thus"
release"dopant"atoms"again."In"this"work"the"analysis"of"changes"in"re-
sistivity"are"performed"as"described"by"Herguth"and"Winter"[20]."The"
data"obtained"from"direct"resistance"measurements"from"samples"treated"
for"more"than"200"h"at"220"◦C"are"shown"in"Fig."6."Note"that"changes"in"
resistance"occurring"during"BH"pair"dynamics"re!ect"only"changes"in"BH"
pair"concentration"with"respect"to"a"reference"point"and"not"absolute"
concentrations." Under" the" assumption" that" long-term" dissociation" is"
almost"complete,"the"change"in"BH"pair"concentration"Δ[BH]"is"shown"
here" with" respect" to" the" long-term" limit" of" a" double" exponential"
approach"as"proposed"in"Ref."[20]"being"less"sensitive"to"point-to-point"
variation."

When"an"n+-layer"was"present"during"the"#ring"process,"there"is"a"
change"in"ΔBH-dynamics."Samples"with"HDL"show"increased"maximum"
ΔBH."This"could"be"an"effect"of"different"temporal"evolution,"as"not"only"
maximum"Δ[BH]"is"changed,"but"also"the"temporal"evolution."Differing"

Fig.!4. Doping"pro#les"from"ECV"measurement"of"P-"and"B-diffused"samples.""

Fig.!5. Schematic"sample"structures"for"SIMS"measurements"of"B-"and"P-doped"
c-Si"wafers,"not"to"scale."

Fig.! 6. Evolution" and" #ts" of" the" change" in" [BH]" during" dark" annealing" at"
220"◦C"for"samples"with"and"without"emitter."

Fig.!7. Measured"sample"temperature"in"the"fast-#ring"process"of"-p-"and"n+-p-"
n+ samples."
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time"constants"for"the"samples"with"and"without"HDL"are"obtained"in"the"
#t"with" the"double"exponential"approach"shown"in"Fig."6." If"a"direct"
in!uence"of"the"SiNx:H"layer,"which"is"identical"in"both"samples,"is"ruled"
out,"possible"explanations"for"the"changed"dynamics"have"to"consider"
the" HDL." So" the" HDL" can" serve" as" hydrogen" reservoir" and" release"
hydrogen" during" dark" annealing" into" the" c-Si" bulk" or" it" triggers" an"
enhanced"hydrogen"diffusion"from"the"SiNx:H"layer"into"the"bulk"c-Si"
during"the"#ring"process."Regarding"the"change"in"BH"pair"dissociation"
rate," the" emitter" layer" could" also" hinder" out-diffusion" of" hydrogen."
Therefore," we" conclude" that" the" emitter" layer" actually" in!uences"
hydrogen"behavior"in"the"c-Si"bulk."

3.2. Role!of!"ring!pro"le!on!hydrogen!in-diffusion!

It"is"well"known"that"the"hydrogen"release"from"SiNx:H"increases"with"
#ring"temperature"[4,30]."Therefore,"in"this"work"great"attention"was"
paid"on"similar"peak"#ring"temperatures,"as"samples"with"HDL"heat"up"
faster"due"to"higher"infrared"absorption"[31]."The"tracked"#ring"pro#les"
of"two"exemplary"samples,"one"with"and"one"without"HDL,"used"for"SIMS"
measurements"are"given"in"Fig."7."As"can"be"seen,"small"variations"in"the"
heat-up"phase"below"600"◦C"remained."To"check"whether"those"varia-
tions"during"#ring"have"a"signi#cant"impact"on"hydrogen"in-diffusion,"
two"BH"samples"without"HDL"were"used."One"BH"sample"was"#red"ac-
cording"to"the"pro#le"of"the"dotted"line"(similar"to"samples"with"emitter)"
and"the"other"to"match"the"solid"line"(similar"to"samples"without"emitter)"
in"Fig."7."Therefore,"#ring"parameters"had"to"be"adjusted."

The"H"content"introduced"into"the"c-Si"bulk"during"the"different"#ring"
processes"was"again"evaluated"via"measurement"of"BH"pair"dynamics."
The"results"shown"in"Fig."8"were"again"#tted"with"a"double-exponential"
approach"and"use" the" long-term" limit"of" the"#t" function"as" reference"
point,"as"described"above" for"Fig."6." (Note" that"maximum"Δ[BH]"be-
tween"those"two"#gures"cannot"be"compared,"as"base"material"and"peak"
temperature"are"not"comparable.)"The"samples"without"emitter"layer"but"
adjusted"#ring"pro#les"show"no"signi#cant"difference"regarding"kinetics"
and"maximum"Δ[BH]"even"though"the"temperature"pro#les"differ"during"
the" heat-up" phase" below" 600" ◦C." This" is" not" too" surprising" because"
hydrogen" release" from" SiNx:H" layers" occurs" mainly" at" temperatures"
above" 650" ◦C," e.g." Ref." [4]" and" the" vanishing" extent" of" (hydro-
gen-related)"LeTID"below"650"◦C"[32]"suggests"a"negligible"hydrogen"
in-diffusion" from" SiNx:H" layers" especially" below" 600" ◦C." Hence" the"
observed" variation" during" the" heat-up" phase" in" Fig." 7" seems" to" be"
tolerable."

3.3. Hydrogen!diffusion!through!HDL!

In"this"work,"SIMS"is"used"for"quanti#cation"of"deuterium"diffusion"
through"highly"doped" layers."However," a"direct" detection"within" the"
bulk"c-Si"is"not"possible."Therefore,"an"a-Si"layer"for"trapping"of"deute-
rium" on" the" wafer" backside" was" used," as" demonstrated" in" previous"
studies."For"example,"Sheoran"et"al."could"show"an"increased"deuterium"
in-diffusion"from"SiNx:H"for"prolonged"annealing"times"at"750"◦C"[26],"
and" Schmid" et" al." investigated" the" H-blocking" capability" of" AlOx--
interlayers"by"SIMS"[9],"both"using"SIMS"for"detection"of"deuterium"in"
the"a-Si"layer."However,"this"was"after"exposure"to"deuterium"plasma"for"
longer"times"at"low"temperatures"(6"h"120"◦C"and"6"h"105"◦C),"which"
leads"to"increased"dopant-hydrogen"pair"formation"[33]."Nevertheless,"
to"measure"possible"elevated"deuterium"concentrations"in" the"HDL,"a"

Fig.! 8. Evolution" and" #ts" of" the" change" in" [BH]" during" dark" annealing" at"
220"◦C"for"samples"with"adapted"temperature"pro#les"as"shown"in"Fig."7."The"
inlay"shows"the"sample"structure."

Table!1!
Fast"#ring"set"peak"and"peak"sample"temperatures.""

Sample"structure" -p-! n+-p-!
n+

p+-p-!
p+

-n-! n+-n-!
n+

p+-n-!
p+

Set"peak"temperature"(◦C)" 900" 865" 865" 940" 870" 870"
Sample"peak"temperature"
(◦C)"

824" 829" 831" 844" 835" 837""

Fig.!9. Observed"deuterium"concentration"dependent"on"SIMS"sputter"depth"for"
p-"and"n-type"samples"with"base"material"without"or"with"highly"doped"layers"
(n+ and"p+)."B-doped"base"material"(top)."P-doped"base"material"(bottom)."
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symmetrical"sample"structure"was"used"with"HDL"on"both"sides"of"the"
c-Si" bulk." On" the" front" side" the" highly" doped" layer" can" in!uence"
hydrogen/deuterium"introduction"into"the"c-Si"wafer"and"on"the"back-
side"it"is"used"to"potentially"trap"deuterium"in"this"layer"for"the"SIMS"
measurement."Of"course,"the"layer"on"the"backside"could"also"in!uence"
hydrogen/deuterium"diffusion."

As"previously"discussed,"it"was"essential"to"adapt"the"set"#ring"tem-
perature." The"measured" sample" temperatures" and" the" corresponding"
#ring"set"peak"temperatures"of"the"SIMS"samples"are"given"in"Table"1."Set"
peak"temperature"was"reduced"for"the"samples"with"HDL,"so"that"the"
wafer"temperature"of"all"investigated"samples"is"comparable."The"vari-
ation"within"a"material"group"was"<10"◦C"and"over"all"<20"◦C."

SIMS"data"show"measurable"amounts"of"D"(>1015"cm 3)"in"the"a-Si"
layer"with"highest"concentrations"in"the"range"of"1018"cm 3."The"data"for"
p-type"samples"are"given"in"Fig."9"(top)"and"the"data"for"n-type"sample"in"
Fig."9"(bottom)."Deuterium"released"from"the"SiNx:H/D"layer"on"the"front"
side"diffuses"through"the"wafer"during"#ring"and"is"trapped"in"the"a-Si-"
layer."Therefore,"the"highest"D"concentrations"are"observed"at"the"a-Si/c-"
Si"interface"Si"and"the"given"sputtering"depth"relates"to"this"position"to"
compensate"for"potential"sample-to-sample"thickness"variations"of"the"a-"
Si" layer."As"all"samples"show"a"similar"strong"drop"towards"the"HDL,"
respectively"the"Si"bulk,"and"the"D"signal"falls"below"the"detection"limit"
in"less"than"50"nm,"the"HDL"does"not"seem"to"contain"signi#cant"amounts"
of"trapped"D"above"the"detection"limit"(1015"cm 3)."It"is"even"likely"that"
the"observed"decrease"in"the"c-Si"is"at"least"partly"a"measurement"artifact"
as" light" elements" as" D" tend" to" be" pushed" into" the" substrate" by" the"
bombardment"with"heavy"Cs"ions"and"that"[D]"at"the"interface"is"likely"
even"more"abrupt."

Since"the"peak"values"usually"result"from"only"one"or"two"measure-
ment"points"and"are"thus"subject"to"uncertainty,"an"integral"in"depth"was"
used"to"compare"the"amount"of"D"in"the"a-Si."This"reduces"the"in!uence"
of" non-systematic" errors." Nevertheless," the" integrated" values" usually"
show"the"same"tendency"as"the"peak"values."In"addition,"integrated"D"
concentration" better" accounts" for" the" amount" of" deuterium" diffused"
through"the"sample."The"integrated"[D]"was"calculated"from" 0.5"μm"to"
0.05"μm"depth"(Table"2)."In"this"area,"concentration"increases"on"both"
sides"of"the"peak"from"below"detection"limit"towards"the"peak"value"at"
the"a-Si"interface"(located"at"0"μm)."As"the"observed"[D]"depth"pro#les"
extend"only"over"a"part"of"the"total"a-Si"thickness"of"1"μm,"unwanted"D"
in-diffusion"from"the"ambient"can"be"excluded."

The"deuterium"content"measured"in"the"a-Si"layer"on"the"backside"
was" released" from" the" front" side" SiNx:H/D" and" diffuses" through" the"
wafer"during"the"#ring"step."For"p-type"bulk"material"the"integrated"D"
content"in"the"a-Si"is"more"than"threefold"higher"with"both"types"of"HDL"
present"during"the"#ring"step."Samples"with"HDL"(p+-"respectively"n+-"
layers)" show" increased"area" integrated"deuterium"concentrations"and"
the" difference" between"highly"P-doped" layers" compared" to" highly"B-"
doped"layers"is"rather"small."This"also"holds"true"for"n-type"base"mate-
rial."However,"in"n-type"material"the"difference"between"samples"with"
and"without"HDL"is"only"twofold."

An" increased" area" integrated" deuterium" concentration" in" the" a-Si"
layer" after" #ring" is" observed" with" HDL" (p+-" respectively" n+-layers)."
Therefore,"it"can"be"speculated"that"the"doping"concentration"of"the"HDL"
impacts"the"observed"deuterium"concentration."This"could"also"explain"
the"higher"area"integrated"deuterium"concentration"in"the"a-Si"for"n+-"
compared"to"p+-layers,"as"peak"doping"concentrations"for"n+-layers"are"
higher"at"the"c-Si/SiNx:H"interface"(cf."Fig."4)."

3.4. Simulation!of!hydrogen!diffusion!

To" clarify" the" reasons" for" the" observed" behavior" and" to" give" an"
insight"into"the"possible"distribution"of"the"hydrogen"species"in"the"c-Si"
bulk,"the"hydrogen"diffusion"was"simulated"numerically"with"Sentaurus"
Process"[34]."An"updated"version"of"the"model"described"in"Ref."[24]"was"
used."The"doping"pro#les"in"Fig."4"and"the"#ring"pro#les"in"Fig."7"serve"as"
input."The"simulations"show"the"hydrogen"species"at"a"temperature"of"
700"◦C"during"the"cooling"process"(1.5s"after"peak"temperature)."At"this"
temperature"mobile" interstitial" hydrogen" atoms" (H+/0/-)" are" still" the"
dominant"species"and"the"vast"majority"of"hydrogen"transport"across"the"
c-Si/SiNx:H" interface" has" already" taken" place." The" mobile" hydrogen"
reaching"the"backside"during"cooldown"is"collected"by"the"a-Si-layer"on"
the"backside"of" the"sample" in" the"experiment."Therefore," simulations"
show"these"mobile"hydrogen"states"during"cooldown,"as"those"are"the"
species" contributing" to" the" concentration" in" the" a-Si-layer."However,"
total"concentrations"of"SIMS"and"simulations"do"not"match,"as"simula-
tions"show"only"the"state"for"one"temperature"and"the"a-Si-layer"is"col-
lecting" all" mobile" hydrogen" reaching" the" backside" during" complete"
cooldown"from"peak"#ring"temperature"to"room"temperature."

In"Fig."10"the"simulated"concentrations"of"total"hydrogen,"the"mobile"
interstitial"species"and"hydrogen"dimers"(H2A)"are"shown"for"all"three"
sample"types"with"a"boron"base-doping."There"are"two"key"observations."
Firstly,"while" the" total" hydrogen" concentration" at" the" rear" surface" is"
higher"for"diffused"samples,"the"interstitial"hydrogen"concentration"is"
not."This"is"because"the"majority"of"hydrogen"in"the"diffused"region"is"
paired" with" dopants." Secondly," the" concentration" of" the" interstitial"
mobile"hydrogen"is"lower"in"the"bulk"for"the"diffused"samples"than"for"
the"undiffused"samples."

These" simulation" results" are" in" clear" contradiction" to" the" experi-
mental" data," which" provides" strong" evidence" of" increased" hydrogen"
concentrations" in" both" the" bulk" and" at" the" rear" surface" for" diffused"
samples."The"disagreement"at"the"rear"surface"might"be"resolved"through"
altering"the"parameters"for"hydrogen-dopant"pairing,"such"that"a"greater"
proportion"of"the"total"hydrogen"at"this"surface"is"in"the"interstitial"state."
However," this" would" still" result" in" a" lower" bulk" concentration" for"
diffused"samples"compared"to"undiffused"ones."

One"possible"explanation"is"that"more"hydrogen"is"transported"across"
the" c-Si/SiNx:H" interface" in" the" presence" of" a" diffused" layer." Fig." 11"
presents"simulations"performed"with"increased"in-diffusion"of"hydrogen"
for"diffused"surfaces."In"the"current"model"this"was"achieved"through"
increasing"the"segregation"coef#cient"at" the"interface" for"the"samples"
with" HDL" (higher" segregation" coef#cient" not" used" for" the" sample"

Table!2!
Deuterium"content"in"a-Si"(integrated"from"−0.5"to"0.05"μm).""

Sample"structure" -p-! n+-p-!n+ p+-p-!
p+

-n-! n+-n-!n+ p+-n-!
p+

Deuterium"(1012"cm 2)" 6.1" 21.6" 20.0" 8.6" 17.0" 15.7""

Fig.!10. Simulated"concentration"of"hydrogen"species,"which"are"injected"from"
the"SiNx:H"layer"at"the"left"and"diffuse"towards"the"right,"into"the"a-Si"layer"on"
the"other"side"of"the"wafer."Standard"segregation"coef#cient"of"H"between"SiNx:"
H"and"c-Si"was"used"for"all"samples."
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without" HDL)," although" similar" results" could" be" achieved" through"
changes"in"other"parameters."

Simulations"with"adapted"segregation"coef#cient" for"samples"with"
HDL"are"in"a"signi#cantly"better"agreement"with"experimental"data."The"
concentrations"for"mobile"hydrogen"species"are"signi#cantly"higher"at"
the"backside"for"the"diffused"samples"(n+-p-n+ and"p+-p-p+)."This"sup-
ports" the" hypothesis" that" HDL" increase" H" in-diffusion." This" could"
possibly"be"due"to"surface"disturbances"caused"by"HDL"formation."An"
overview"of" all" hydrogen" species" for" the"phosphorus-diffused" sample"
and"a"comparison"of"total"H"content"with"the"undiffused"sample"is"given"
in"Fig."12."Most"of"the"hydrogen"is"in"H+ state,"except"within"phosphorus"
doped" layers" where" hydrogen" is" negatively" charged." During" further"
cooldown"dimers"H2A"and"BH-"respectively"PH-pairs"are"formed"and"the"
concentration"of"H+/0/-"decreases."

4. Conclusion!

In" general," it" was" observed" that" during" the" #ring" processes," the"
presence"of"a"highly"doped"layer"does"not"hinder"H"in-diffusion"from"H-"
rich"layers."In"fact,"it"could"be"shown"that"[H]"in"the"c-Si"bulk"is"probably"
increased"by"the"presence"of"these"layers"(for"p+-"and"n+-type"doping)."
ΔBH"data"indicate"that"the"emitter"layer"in!uences"hydrogen"behavior"
in" the"c-Si"bulk."Based"on"simulation"results"and"SIMS"data"the"most"
likely" explanation" for" the" increased" ΔBH" is" an" increased" hydrogen"
concentration"in"the"bulk."Thereby,"it"was"con#rmed"that"an"emitter"on"
p-type" wafer" increases" hydrogenation." In" addition," this" was" also"
observed"on"n-type"material"with"highly"doped"layers"present"by"SIMS."
The"increased"in-diffusion"of"H"observed"for"samples"with"highly"doped"
layers"could"possibly"be"explained"by"a"surface"damage"caused"by"for-
mation"of" layers"with"high"dopant"concentrations."Therefore," consid-
ering"degradation"studies"solely"performed"on"lifetime"sample"structures"
(without"highly"doped"layers)"could"tend"to"underestimate"degradation"
phenomena"related"to"H"in"solar"cells."
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