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ORAL MUCOADHESIVE FILM

Teohnical Fiald

g The present fnvention relsies o a new orgd nuscosdhesive Gbm, which
consists of two lavers of an adbexive layer conluining & drag & polyastylic seid
polymer, 8 celhulose derivative, poloxamer and o plasticizer and 2 protective laysr
contalning a2 water-insohuible and waterdmpermeable polymer and a plasticieer, snd 2
method of preparing G same.

18 Backgrovnd Art
Contrary T skin, most of mucous membranes placed in gastiointestingl
et and aral gavity, slo. canily absorh active substances of fargs mwilecnlar weight
such as peptides so that they areof great valoe for essential adminiaration route of

15 such active substances,  Hspooially, drugs absorbed thwopgh oral mgoous
memnbrane o gumt are nol infuenced by gastrolnsestingl effvet snd bepatts Srst
pass metabolism, and therefors, they are effectively used i oral diseases a8 well ag
other dissases raguining syastesuoeffect,

Gels, one of dryg scdimnistalisg proporationy using oral nweous

30 membrane, are ssually used in weating wlosrative stomatitis, herpes simplex, e,
Hiwever, gols wre cagily mixed with salivy and swell o Jose (he gel form quickly
s0 that the mmount of drugs absorbed it oval mucous membrane s loss than thar
swallowad peros. Tablols, even though beving the sdvantage of slongated dme
of maintaining the fivmm, give & freling of forsign substanoss to users due to their

2% butkiness snd thickvess as well as have the poesibility to by swallowed with food
during 2 mealtime,  Oo the other hand, fihns are suitably to be weal mucoadhasive
prepavaions sincs they are sagy o use with little feoling of foreign subytaness,
it the adhestveness during e sitached tme 8w drog administration, suad
‘provide protectiog tny the peatment Hme.

30 I order o administrate drug through ond nucous membrane, the form of
preparstion containing the drug should be nwinkined within # verain peviod of
tme. Mont of mucoadhesive polymers used in conventional ongd muctaghesive
filnss are quickly swelled or disselved when contsoted with walsr so that they
remain. on the oral macous membrane only for @ shent time, which prevents
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sustained ralesse of drugs.  Further, with the vwelling of polymers, the diffusion of

o)

ougs varies and they Tt dedivery rots saanot be sstimated.

Among the polymers, pobmendic acld end celldose derivatives have

excellent muccadhesiveness (F Fharan Joi, BUT), ¥50-866, 20001, However, the

5 polymers csonot eintss thedy foom in ol cavity for 3 long Howe dus b the high

gwelling o solubility in saliva (U8, Patent Wox, 4.2%2,28% and 4,740,385, and

Buropeaw Patent Rao 834.201).  In the prepwations having sn adhesive layer

contgining sodiom carboxymethy] cellalose, poliatrylic acid and hydesyotud

exliufose {118, Patont Mo 6,139,4%%), the shape maintenanes Hime of preparations

10 i ondy less than 1 Bowe and the preparations are chunged w8 gel form aftey belng

attached, 3o hat drugs In e prepurationy caneot e delbvaesd sffoctivsly,

Further, m osse of the prepavations contaliing hvdrogyprogyimethyl celldose £UL5,

Patent Ko, 3945430}, the polymer has oo Tgh solubility inwater to beoused i the
prepasations which need 10 be atiached fora long time.

Cowstdering the sbove, the intpuduction of new mucondbesive palymers

]
4

which matntsin thar Sors and adhoyiveness during the relesse of diugs b required
w the developoent of oral mucosdheosive preparstions.  Orgl mucosdbesive
prepavations weed o be onuveniont for we, W@ give wintreun feeling of fusign
substances aBer heing stfsched 30 g3 1o snhawee the complancs of paticnts, 1o

foNd
P

it the adbestveness withewt changing their forms for 2 certain poried of tme
i oder to deliver drugs effectively, and to have esse sud offectivencss of
preparing.

There i disvlosed & mathod of proparing 2 muddadhesive preparation
contatning thres or fwr lverss of adhesive fayer, impuemeable layer, daug reserveiy
baver and controted refesse layer. The reethod vompeises naaking each laver o be

2%
13

X

dried to # fixed weight, binding each Tayer with ong ansther, and then completely
drying the combinsd leyors (UB Patemt Noso 5185202 and 4200580
However, the preparing procesess are complicated and have low sffoctivencss dus
to the diffioulty in adjusting dry walght and bimding these lavers,  The hydreation
3G spead differs by each layer, which resubls in twist and curling of the preparation and
alen tosg of drogs.  Further, the Slo aler hax the defket that 18 has the thickness of
sbout 800 g, which is thicker than those of conventional oral muctadbesive Hlms,
sl gives the fosling of forgign suhslanees when attached,
fn case of o sdogle fayer film, the residence time of the preparation is

Sk
421

affocted as the mucoadbesive layer is exposed 1o water it oral cavity, which lindis
the ust of the fibm oaly to delbvery of rypidaacting dugs {(US, Palont Mo,
5,848,430},
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Adso disslosed v g Dby consisting of oo layers of & protective layer an
an adheaive layer, which longthens the residence time of the preparation snd
bwresses the offickency of drug sboorption in suwous memdvany, thereby
somewhat solving the problem of dsgle- ormudtiple-dayered Gl Howsver, the
double-layerad 8l comisting of wn adhesive layer contsining vinyl acents,
polyacrybio scid, ste.and 8 protective Iy contalning polyethylene, sluntinum, ste,
(ULE. Patent Mo, 3,137,729 hus soone defocts thut the two layirs sve separated sach
other sud that a feeling of foreign subslancss & piven to uesrs when altached.
Further, the film baving 8 profective fayer contsining watsr-dnsoluble matedals
sach as ethyl celluloss (BO), lwydroxypropyl cellulose phihalae (HBCP) snd
cetlufose acstate phihalate {TAGPY (U3, Patent Moo 4,878,092) has deoreased
affinity betwesn protective layver snd adhesive laver, snd alvo has different sate of
hydration by aafive afler being atiached, which results in the possihility of
separatien of the o layver.  Accoedingly, the type of mucoadbesive polymors
wed in protective tayer and sdbesive layey and the affindty bebween the huyers
should be considered prefercatially fov maintaining the form of proparstions.

Disclosed i 2 method to add 3 plasticider such v polvaleahols in an
adbesive layer and & profective layer for increasing the affinity betwsen the hwis
lavers.  However, this method has a defiot that it s difficudt 1o maintain the
prepurations for o long time o the high sohldiity and swelling of de
oiucondhesive polymers esed in thy adbesive layer (Kores Lald-npen Publiostion
N, 2000-31838),  Fusher disclosed 8 8 methed o ald & walerdinsoluble
garhonated Hiowum and el I an sdbesive lgver S muintaining the form of
prepagations.  This wethod alse hox o defeot that the sffinity between layess
decrpasas due to the Jow Dexibility of the adhesive layer, thereby resulting lo the
separstion of layers {Koresn Laid-opon Publicatiun No. 19978784},

Constidering the sbove-mentionsd probdems of orad muensdhesive Blms,
the present lnventirs have bron able o preparg € new oral mocdadhenive Sl on the
base of the revelation that when polvacrylic acid polymers aud cellulose devivatives,
which cangol maintain the adbosiveness for ¢ long tme due o the swelling and
solubility o axliva despite of the sxoollent wocoadhesivoness, sre added with
poloxamer, the swilling and solobility In saliva can be adjusted,

THsclosurs of the ovention

The present invention wwlates to an ol nawosdhesive Bl for an effeotive
deag delivery through oral mucons wendbeane, which fias § long Iasting adhesiveness
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and @ good Hexibility, duey not ghve 2 fonling of forelgn substanoes 1o vsers, amd &
prepared with eass and efficiensy, sud a method of preparing the same,

In accovdance wilh ong aspest of the presont {nvention, 4 is provided an
otal maccadhestve film which contains an adhssive yer consisting vescntinlly of a
polyacrylic sold palymern, poloxsmer, & velhdose derivative, & dray which can be
absorbed through mucous mombane and & plasticlrer, and 8 protective layer
gssentially of & water-insohible and walerdmpermnably polymer and 8

5%
¥
o
&
%
74
v
3
5
"3‘“‘

&

wherein each of te polyacrylic acid polymer and she collulpse dertvative
is iy osn anwant of 3 40 BUU% by weight and the poloxaner is 1 s woount of &
TO % by weight, besed oo the welght of the polymers i the adhesive layer, and a
nyinture of the pelvieses is o an aognat of § to 30 %% by weight, the drog is in an

Lo

geount oF 0018 1o 20 95 by waigh, and the plastivizer in the adbesive layer is rvan
amoant of Q1 1o 10 % by wedght, hased on the weight of the adhesive layey

the waterdnsohable and watsr-impermeable polymer 8 in 38 ampunt s §
1o S0 % by weight and the plasticizer o the priftective bayer s i an amnay of (11

5 o 10 %% by weighi, bassd on the welght of the protective fayer; snd

the film bas a thickness vanging fron 3t 500 um,

The wral tmucondhestve Hlm of the present Investion consists of an
sdhesive loyer couiaining & dug and 3 proteciive lgyer. The protsotive layer
consists of 8 water-insoluble and water-bmpermeside polvmer such Ay eyl

28 selfoloss (ECL polvurethans (PUY, polyethydens (PE), awd polyssier, and @
plasticizer.  Fuvtber, the adhssive layer sonsists of g gollulose derbvative sech as
hydroxypropyl celbdose (HPD), hydroxymetiy! ooliulose (HMCY hydroryethyl
seliulose (HEQ), hydrsypropylethy! cellulose (HPEC) and hydvoxywopyhmethyl
ceihdose (HPMU), a polyacrviis acld polymer such asvarbomer and polycarhophil,
5 poloxsmer sad a plastoizer.  The sdhasive laver ju g drugcontaiming layer and
can adbere 1o orxl rucons meniwane to deliver the drag, and the protective layver
prevents the drag-Condaiiing adhesive laver from Being Tost o detsched Som the
raveous menhrane dug o wapid swelling .
Bxamples of pelyaorylic acid polymers contained tn the adbesive Jayer am
carbomer, pidycarbophll, sod mixteres thereot.  Polycarbophil &8 2 oross-Heked
sorylie acid polymer with divinyl glywol and enrbowmer Ix polymenzed by allyl
sucrose ar allyl pentsenvibriiel.  Bxamples of carbomer are carbopal series 480,
B34, DA, 841, D34R, STIR, 9748, 881, 1342, 1382, 3984 and SUB4EP gold on the
market by the wade name “Carbopel” and Novesn swrivs A&-1, €A1 and CA2
sold on the markst by the trade name “Movew”, proforally carhopol $34F and

P
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cathopol §718,
Celtulose derivatives have an exeollent film-forming ability aud are wed
a5 2 binder and flnvcoating sger for wablets.  Examples of cellulose desivatives

e hydroaypropy! cellulose, hydroxymethy! cellvdise, hydroxyethyl cellulose

hydroxypropylethyt  cellolose sad  hydeoxypropybmetio! collulose, preforably
hvdroxypropylothy! vethulnse snd hydvoxypropylmethyd cethdoss,

Poloxamer, a copolymer of polyethylene glycol and polypropylene glvest,
ussd aw an comulsifier and a supplementary solubilizar, Is characterized by » varigly
of gel formation according o the type, concentration and mixing ratio.  Bxamples
are poloxdmer sortes 124, 188, 338 snd 407, profsmbly polovmer 188 mnd
poloxamer 407,

Ersmples of e plasticizer used In the adbesive Iaver are castor off and
polyethylene ghveol (FEG), preferably polyethylens glyool,

Drugs which are added in the adhesive layeringiude all drogs that can be
absorbed through muwous membranes,  Bxamples of the diugs are thoss for ol
disenses such as rimmcinokene aveionide wd ghyeyrdhethdo and; snti-infsmwnatory
agents such 3 ketopwoden and plrosicas snti-histanunes sush as diphehbydisming
and  chlorphenivamioe;  homnones  such  #s  ostadiel  and  textosterone;
sntthyperiensive sgints soch as clonidine sad propranstol; bronchodilators sueh a8
theophyiling and fubutaling; and ancsthetios such s Ndecaine and dibucaine,
Preforably used ave susd drugy s have high bloaveilability cnough 1o be
sdrunistered i 3 sosll amount 8 we casily menbolizsd when sdininistered
orally, and ag have 3 gastro-intesting! adverse sffegt

Examples of i watse-lnsoluble and water-bopermesble polymers are
pofyester, pobvwethane, polyethyvlone and othyl colbulose, preforably polyursthune
and othyl cellufose.  Bihyl cellalodse i uwsed 8% a watsr-fsohuble coating agant S
tablets or granules for the purpies of contrellsd rofesss, masking of taste, and
inprovemtnt of stabibity, sto.

Examples of the plusticizer nsed 11 the profective laver are tdethyl citrate
{YEC), castor off and polyethylone glyesd (PEG), preferably polyethylene glycel
and telethyl clivate.

The Bhn according to the present invention gonsists of twer fayses of an
adhesive laysr and 2 protestive taysy, s Huginged in Fig. 1

In the preparing provess of an adhesive layer with sxeeliont flnv-forming
ability and muscosdhesiveness, flwme are monufactived by propading & sobwtion
mizsd with croas-lnked podyareylio seid polymer and celhdose derfemtive, whizh
have an exeeliont mucondhesiveness,  Even thiugh the Hhw propared from the
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SAMSUNG EX. 1002 - 2214/4148



P
w1

8
(843

WOHARIMN POTRBIANNM

sofution v hombgenecns, it b high swelling and solubility in salivato dooresse
the delivery of drigs throngh muctus membranes, and also 1 has too high viscosity
for large-svale produgtion of the high convendrated solution.  Fusther, &t hag low
flesibility oy give w feeling of Soreign substenges when attached to minoms
meshrgnes,

Considering the above problems, the presery bventows havs proprrsd @
filn by adding poloxsmer into the polywer solotion fo prapars an adbesive layey, in
which the solution owy be propared gt & low temperatgre, the viscesity of the mixed
solution s so low s to make i easy to prepare the fbw, sud the film hay low
swelling snd solubility in ssliva, thereby enablng the flm to by attached 10 mucous
mombranes fora g tme,

The vesult of msssuring the changs of witr contents in fiinw prepared by
sdding poloxamer shows that the waler confents decrraxe in filn with an inerease
of potorgrerin the cotmpotition, thereby incroasing ta shaps malnianancs time I
g0 aguoous solution {sve Bxperment 23 iy suggested that poloxasmer end
carbopel or hydroxypropyimethy! celldoss form s hydrogen hond, thereby forming
a dense thivd-dimensionad nebwork strchre.

The formaton of hydrogen bond dug fo the addition of poloxamsr can be
confirmied by inframsd speotrophotometer (IR, and the change of flm Sexihiliyy
ou he ilentified by dynavdy mechanion! therma!l analveer (DMTAR Bt &
confinmed that the characieristic pegls of poloxamer due to hydrogen bonds in IR
change o showt wave number with an tnoresse of poloxsmer iy the vompositing,
i & gonstdersd that (e decrease of glasy ransition mpetatiues, which shows the
movement of nuwdecaies, conpared to that of the mdxturs of hedrexypropylmethyd
esthrose and carbopel, indivetis the fnoresse of film Dexibility (sex Exporiment 3},

An adhesive laver s requived o have s mucondbegivensss as well 2 an
ability Yo contrel the relgase of drug into mucous wemhranes. & propey
combinstion of the shove-mantioned podymers s fmportant for the repuirements.
Fach of the polyecndic acld polyiwy and ceflidose derivative is slded to anamount
of 5 10 SO % by weighs, preferably 3o 30 %6 by weiglt, baged on the weight of
the podvisrs in the adhesivie layir, I the amennt of each polyroer is less than 3 %
by weight, it is impossible w prepare the flnt with conetant thickness besause of
fow visoosity of polvmer sobution, thereby also déerosaing the adhesbvenses of film.
While i the aracunt of each polymer is move than 80 % by weight, 11 s ditficult is
prepars the poalymor selution,

Foloxamer s added inan wmount of 3 15 70 96 by weight, proferably 28 10
50 %% by weight, based on the weight of the polysers { the sdhesive layer,  Ifthe
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amount is less than § 9% by weight the solubility and swalling of Ghw ncrdase so
that it is difficall to matdeln the oo of Hlme Fosther, in case the polovamer i
added i an auwwunt of more than 70 % by weight, # { difficult o prepare the
podvesr solution of Righ condenisation :
The mixed solution of the above thres polymers is prepared so thay the

oy

concentration of the polymers is 3 to 20 % baeed ou the weight of the sdbesive
fayer, i which the praferred weight ratios of poloxamer/cross-linked polyserylic
acid and poloxamerbydroxypropyhmathyl collidose rangs fom L1 o DES,
respectively.  Within the above rangs of concendration, 48 easy to adfust the film
10 thickness and drying fime at the v of preparing the Blo
Lrugs arg added in an sonount of G835 1o 3 % by welght basad on the
weight of the sdbesive laver. I the drug is addad i an amonat of moes than 23 %
by wiight, i has an adverse offpot on the viscosity of the solwion of adbesive laver
and makes the preparing of film diffieul,
15 in the grotective Rver which protesty the adbesive laver from salive, the

o
7

watse-nsoluble snd weler-impeymeably polyier s added o an smomt of 3 1o
S8 by waight, proforably 10 o 300% by waight based on the weight of the
protective layer. I the amount i less than § % by waight, the fluidity of solution
containing the polymer is too Kgh 1o make Slm. Further, in case the polymeria
added. it an amount of oo thaer 50 % by saghy it fs diffioult to prepare film

&
<

having s comtant thickuses,

I order 1o mabntain the form of oral mucosdbesive film consisting of &
yucuadbestve fayer and i water-msolubde and water-upermeable protentive layer
antl an avtive substancs i roloused, cohorence betwoen the two layers is reguired

Q& for a long time,
Aceording fo the present nvention, ¥ proper plastivizer for wach laver s
-selected in consideration of the mucondhestivaness of adhesive layer and the affinity
Between the tvo fayers.  Bxamples of the plasticizer used in the adhesive laver of
the present film are custor ofl and polyethylene glvool (PEG)  Examples of the
30 plasticizer vesd i the pratective laver of the pressst Hlm are trivthyl oltonte {YEC),
castor off and polyethvlene glycel (PEG),

When wriethy} citrate i used in the adhesive layer, # s inpossible to fiem
g film, Castoy off and polyethylene glyobl sdded in the adhesive Taver have s good
sffect on the file foroudion and Hexibility., I the adhesive layer polvathylene

i
133

ghveal 15 batter to be sdded than castorail for 2 good adbesiveness.
Muost prefeoeed is the film buving polyetbylene glyool added in dw
adbesbve layer and triethy! oitrate added in the profective layer, which has the most

SIONYX1403000023.0058
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supsrior muoadhesiveness, Hexibiliny sud high affinity between Toyvens 0 provide g
long residence time of the preparation in oval cavity,

The amount of plasticizer added in the adhesive layer or protective layer is
B i 10 % by weight, prifesbly 2 te 8 Y% By weight, hased on the respective
weight of the adbesive laver or profective layer. I the et ie ire than 10 %
by woight, it affects sdversaly the film formatiog and drving procsss of adbesive
fayer sod protentive layer snd makes 3t diflionit to propure the Bl

The method of préparing the mucoadhestee il of the prosent vvention are
duescribed ss follows:

% 1o R0 % by welght of # polyaceylic acid polymsr, § 1o 70 % by weight of
polmurmer and § o 30 %% by welght of » esllulose Jerivative, based on the ol
weight of the polymers in the adhesive kyven, are diesobved 1 & mixed sobvens of
water and sthane! to make a solution in which the concentration of the polymers is §
y 2009% by welphy hased on the obweight of the sdhesive Tavsr, 808 w020 % by
waight of 2 deugand &1 1o 10 % by weight of 8 plestisizer for adhestive layer, based
o the total wedght of thie adhenive Tayer, are added fo the solution by tann fo make
mnmm\mmzs sorting solution for sdbhesive laye

Separately, 3 to 54 % by waight of » waterdnssluble and waterpermenlile

pabvmer and G.1 to 18 % by weight of a plasticizer for privoctive fayey, based o the
total weight of the proteotive laver, are dissalved in sthanol to nake s homogonsous
poating sohstion,

After being defoaned, (e voating solution for adhesive layer B onaisd on
relewsy Huer with & coater (Labomtory Drawdown Coater LO-HYL Chem
fostruments) and then deied 1o make an adhesive layer

After being defoamed, the coating solution K protective faver i slso
cosied on the sdhestve lgyer with 2 poster and then dued o meke an ol
mucsadhesive film eonsisting of an adhesive lyer and a profective layer.

The oral mucoadhesive film of the present Invention has 3 thickness ranging
fromn 30 to 300 jam, preforshly from 38 o 300 o, whas badng deied, fnowhich sack
shickness of an adbesivs layer and 2 proteciive layer i3 20 1o 3040 wm and 10 1o 200
s, reapestively.  The film with the thickoess of fexs than 30 we has diffioulty in
maitaining the form of Blm and sdversely affects Hheorable 3’8§§&§§‘. of drug
Farther, the film with the thickness of move than SO0 pen gives a feeling of foreign
suchatanons 1o uyers,

The oral mucoadhesive film of the provent invention misy be prepared vith

the addition of the conventinnal lubrivants, disintegrating agents, coloring ages, efe.
scoording futhe type of preparations.
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Briel Description of the Drawings

The sbove sod other objecte, featurey wmd other advardages of the prosent
invention will be mwre clesely anderstond from the fellowing detailed deseription
taken i sonjunction with the accompanying deawings, in whigh:

Fig. 1is a xchemalio orssacsestional view of the wral mucoadhesive film
consistiog of so sdbesive laver eontaining o drug and aoprotective fayer

Fig. 2 ix n graph showing the dissohtion rate of dvugin Examples 1 and 2,
Compasative Example 1 and Alueh tablon

Filg. 3 i 3 graph showing the change of concontetion of dwug in the
surfice of tongue when the s of Exanple T and Conteol grovp 2 are attached o
the toapie of et

Fig. 4 is a graph sheewing the change of concentration of ding absorbed

o the fissue of tongee when the Shws of Exaple 1 oand Contsel group 2 are
attached & the tongus of rat

Beost Made for Carrving Ot the Tnvention

Hereinafter, the present invention will be desoribed in dotai], in corjunction
with varfous examples.  These exanmples are wovided only S ilustrative purposss,
andd the present brvsntion is nof o be construsd as Belng Hmtted 1o these examplss.

Bsomples 130 18

SRR AEIMELA

Hach of the solutions for adbestve layer and prodestive layer was propamcd

aovording 1o the coenpositions shown i the following Tables 1 and 2
voloxamer and ¢ osllulose derivative were

X

A polyacoyie acid polymsy,
dissolved in & ouixed solvent of water and ethann! o teke & homogenenus sulution,
o which s drug and 2 plasticiror i adbesive layer were addsd and dissolvad &
obtai s homegonenus costing sodation for adhesive Tayer.

Separately, 3 walor-desoleble and waterdmpormeadle polymasr and &
plasticiasr Ry prodective laver were dissolved in ethanol to make & homogencoys
Corating solution.

After being defoamad, the solutise & adhesive laver was conted on g
releave lhmer with s comter {Labomtory Drawdown Coater LC-100, Cham
Tnstriments) and dried to obtain an sdhestve layer

After resaoving bubbles, the solution for protestive layer was slso osted on

SIONYX1403000023.0060
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the adbesive laysr with & voater and then dried © prépurs an oral mocoadhesive Him

gonsisting of an adbealve layes and @ profective layer and contatning 25 pg of
triamcinolone soetoride pey ong sheat of Sl The film bae the thickaess of 60 1o

HEIN AR
Compasative Bxampley 1w 12
The provederss of Exampios were repeated using the followihy composition
2% shmwn B Table 3 to oblaig & film consisting of sn adhesive layey and & proteciive
fayer,
RRY
Compestive Pasnples 3w 22
The procedures of Examples 1t 10 wore repested axcept the type of
plastivizer as shown in the Hllowing comprsition of Table 4 o obtsin 8 fibm
consisting of on adbosive loyet and g prodestive Byse,
i5
Tubls 1
T | b1 200 314 08 L6 7T L8180
| Comp, S
AL tas 1 Q&1 PO PO P Al b al el L ad el ol
papy L XD 1 40 5 40 | 30 A0
BIRE 45 140 1232 12351 24
cranr L LS 148 143 S0 143
P 43§ 38 | X8 P 3s O34
Pt 38 148 0 80 1 37 148 0 38 148 131 1Al
PRG DAY 3N L AD 66 | I8 L 23135 L 401 A2 38
Watee | A0 TAIS IA12 PALZ 43T A3 1 ALT (439 1 ALE L d40
FO8 430 418412 14T 1435 413 1407 1 439 1408 480
vt | 100 1 100 1100 | 100 ¢ 100 | 100 1 100 1 100 | 100 ) 10
PLL Be D15 L2 7 L2zl iae 2 i 6
TRC b 138 4D |4 32128 133 142 1431 358
B § O RD O ISAS I TER I 740 L EAR I T2 847 I TRE I TAT | 803
ety | OO 100 100 L 100 | 100 | 100 1 100 | GG D180 1w

Table 2

w}m it 1z [T S O T B O I 18 %

Crssrsgy. A

-~
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cpeie | 47 LIS LTS LIS LTS
CPOIAP L 175
O . 1.7%
CPUTRP 1. §.75
HPMC | L PSS AT s §
FEG X 25 101 18 18 18 | i
Weer | A68 | AT0 [ A70 4601465 | 4651465 | 465 | 463
BOH | 465 | 470 4701460 1465 465 465 | 465 | 463
v 1 100 | 100 | 100 | 300 | 100 | 100 | 106 | 100 | 100

LU opu |18 ol il ezl oy 21
TEC 40 1385 142140132 298 133! a3 | 43
WOH 1 R1 1 845 TSR TADISI8 I T IBAT| RS | W7
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Water | 4G P AR5 LAY 304 1 423 1 406 1A 432 1 407 | 440 1 48T L B
SO L 462 1425 1 483 1 384 1 423 1 406 1 832 1452 401 a0 AT Ll
v | $O0 3 00 D OO ¢ 160 1 Y00 | 100 D 100 ¢ W0 D 10D 1 WO | 6k | 1D
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st
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SOM | 780 | 7ES | 83E | 70 | 798 740 | B27 838777 S| 78 LW
joig | 100 | 100 | 100 | 100 | 100 | 160 | 100 | 160 | £00 | 100 | 100 | 100
Table 4

Thgr | Bl 18 s 078 19 030 2| 2
Compe

AL TAA | 01 1011010t dor oy ool latl ool

peg7 1 30 {40 V45 0 30 30

P 47 140 123 25 24
CFATR 3.5 4.4 58 8.3 4.5
CPBIP 41 1 38 28135 318
BEMe L 35 1 45 L ST 13T 45 |49 145 |30 31 28
PEC 49 40 72

L0
TR 1.9
Water, | 4 4151388 1 A1 1435 1414 1 41T 143 4L a4l
41.5 1 388

!

Sk
=97
g
]
2
3
bt
e
L
]
LV
gt o

=

di
Led Grsd
<

EOH A A2 1 A3E 414 1AL 1439 1408 440
roptyy | 100 | 100 1 100 | 100 | BN | 100 | MM} 160 1 100 100

PLY B {5 2117 LR 3 26 82 17 2 {8
O 33 48 1 321 248 43 1 33
PEG 1.2 A3 1 42

TEE 4.0
Bri L SO RS P TRE ] TN
ey | 100 1 100 1 M L OIOQ

~f
¢

]

4847 | TER | 74T 803
100 | 100 | 100 | 100 | 160

P

sl
o 1R
[

&5

Tr Tables 1 o4, the abbraviations have the following mesnings:
AL Adbestve lover

PLy Prostostive layer

CR. Comparaive Examplis
Comp. Component

TaA Trismeinolond veatonide
PROT: Poloxamsr 407

PLEE: Poloxawer 188

LPOTIP: Carbopal 97T
CPR34F: Carbapol 834
RO Carbopd 840
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CPE74r Carbopol 8747

HPM: Hydeoxypropyhretintosthulose
FEG: Polvetviene glyeol

BiOH: Ethanaod

B Bthyl onllulose

TEO: Vrigthyl cirate

P Polyurathane

QO Cagtor off

Anomig the producis on G swrket, Aftech bt {Dong Wha Ploos Jod
Cov, Ld) s oral mucoadbesive e which contalns trinmcinclone scetonids,
bydroxypropy! cellulose and carbonyvingl polvoer in an adhesive layer and
hvdroxypropyl cellulose and caloluny erboxymethyt cellulose I protective laver,

ws seleoted as control group L

Lontrol group 2
Among the prodects on the markel, et plaster (Swde Phorm. Tud Co,
Ll an oral mucoadhesive film which contains trimmeinelone acetonide as 8 wein

coppnnat, was selocted ss oontrol group 2.

Lonteod sroup 3

Amony the producty on the rakes, Slomatitis patch Taisho A {Japurn Taishn
Pharm. Ind, ©o., Ladl an omd mucondbesive Glm whish confaing exiract of
Lithosperrd Radix and enoxolone a3 swby compongnts, was selsoted 8y oowtrol
group

Lstennth
o5 and Compsrative

Broetiment bomsasvrenent of adhiestveness sad o

Fach of the flm samples prepared o Exampd
Examples was sttaohed 10 3 polypropylene plate, end then the strangth required to
detach eseh - film frnn the polvpropylens plate was moasursd using lostron {AQGS-
FO00D, Shimadau).  Table 3 shows the adhesivensss snd mechaniond strength of
sach fiim,

Table &
§ Filow Adbesiveness Mochanieal | Comcsntrati of
(N} Strength (N | Pobyrwr (943
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Exanyte 10 8.3 a2 3
Comparative Example 18 28 “ 78
Compurative Bxample 22 33 . &

Exampde § TR 243 10
Comparative Brample 2 4.4 « R
Comparative Example 13 +.7 ~ L

Bxample 3 RO 207 it
Comparative Bxample & 4.3 - 14,3
Conparative Bxample 17 « ~ i

%\ampm & HE 213 is
Comparative Example 3 &3 - 134
Comparative Bxample 18 A ) - 4.8

As the concentration of nwesadhesive polymers o sdhestve layer
inorgases ffom § to 10 %, the adbesiveness of 8hm aled nwvessss. When the
concenitation ncromsys over 10 %, however, the adhesivenesy shows g Hitle
incrosse.  Bvan i case of stmilar concantration of pulymers, the films prepared
fom the compositions consisting of theee polvimers of poloxamer, earbopol and
hydeexypropyimethy! colludoss (Examplee 18, 1, Srand 6) show more foreasad
adhesiveness than those prepared from the compusitiom mmisting of ong or twg
polymery {Comparative Bxenypdes 10, 2, 4 and 5§ Furthyy, the Blms propersd
from the composition contsining polvethyiens glveol in a&ﬁes;w-ia}w ard trinthyl
citrate In profective layer & & plasticizer (Bxanpdes 14, 1, § and 8) show superior
adiiestvenesy to those prepared from the composition contalning sastor ol and
frinthy! sitrate in adhesive laper and protective layey {Comparative Bxavplea 13, 1
and 323 Meanwhile, the composition contsiping tristhyl oltrate i adhenive fayer
iy not By waed o prepars 3 fHm {Compsarative Example 1)

As z resudt, the Rl containing polvethylens giveol in adhosive laysr sud
triethyl citrate In protective layey an s plasticizer show the soost superior affinity
between fayers. Such result i comsidersd v be cawsed by the feot that
pedysthylone glyool is stmiler to policamer vontained In sdhesive laver n struoture,
arnd triethyl citeate o ethyl collulose contained in protective layer.

techanical strenpth shows mo gredt changs in proportion o the
sofrentration of polymery In adbesive Trver.  Fucthey, 1 is fogsoesible 1o mensure
mechanival strength of other Hhms except those vontsining polesthylens glysol and
wristhyl citrate in sdbesive layer and petiective layor, respectively, as a plasticlesy
{Examples 18, 1, Sand &),
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Expetioment 2 messuremient of water content sod shepe mamlensnees tme

of film

Water vosttent snd shape siistenances Hme of sach filn wore memsured in

& phosphute butfer (pH 6.8%  Table 6 shows the resubs,

Water content of fibny i caleplated by e following Formuula

Water content (% by weighfy={{the weight of swollen fili-the weight of
deied fiim¥the waight of seallen Shajx 100

As the proporiion of poloxsmer incronses o composition, water sonment

ERH] deoreases but shape madniznence thoe of fiha ncresses,
Table &
Films Water contert | shape maintenance. | Poloxamey
{% by weight) fime (Bl {96}
Comparstive Example § Y 2 -
Comparative Bxanmple 1 R R.2 2
Example 1 45 >34 3
Comparative Exampls 13 78 8.1 2
Controd growy | 84 78
Contrel group 3 S 4.5 -
Costrnd group L Aflach tabiay
Comtrol growp 20 Innert plastay
15

Fxperiment 3 nfrared spettrophotometer ORY and dyvnamic mechenis
thermalanalveer (RMTAY

FT-AR (ML Series, Mideo Corporation, UBAY wax uyed for IR of flmy and
DTA was used o messwre glass wangition temperate {Tg) in the tompasature

20 ranging from room temperature o 300 “C st the vate of § "Chmin. Table 7 shows
the nesults.

Az the proporion of poloxamer increges iy composition, the IR peak
derived Som the bydeogen hond of polosamir and carboxyl groop of sarbopad
shifts from 1110 1o 1107 om’™ and the Ty shown in the mixtare of carbopol and

g hydeoxypropyimethyl celhulose decreases from 190 170 °C

Tabls ¥
‘3 Films Wave pumbsy (am“} Te{°C)y | Poloxamer (¥}
Conparative Fxample 8 | 1110 190 .
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Conparative Exanple T - 180 2
Comparative Example 12 . 88 2
Exumple § 17 130 3

Experiment 4o meanrement of bicadhenivenesy

Reomal moous membrane of rabbit was atiached w0 both vialy of the
appatstus for measurement of bicadhesiveness, and then filos were stiached
therehetweon,  Patting  coutdrweights In fuin oo the opposity site, the

cmmtsrwaight was weighed s hiondhesiveness when the visl was dropped (H. &

Choi, T HL Jung, 5M Ry, 805 Yeon, ¥ KL O and OO KL Ky, Boveloprunt of
i sine-gelling and muesadhssive avstaminophen BGuid suppasitory, fan J Shara,
185, 3344, 1998}, Table & ahowy the bivadhestivencss messuredas above.

Table B
Films Biosdhestveness Bamark

{Qynefom i 1P Polymer Plasticizer

%6 by {adhesive laver,

L weighty | protective fayen)
Erample 18 27 3§ PREG,TEC
Bsample 1 8,57 8 PEG, TEO
Esample | 10,33 i PEG, TEC
Bxample 3 IR 13.9 PEG, TEC
Cormparative Exanple 14 §.0 i2 PEG G
Compaative Biawpls 12 887 i 0, TED
Comparative Exaapde 18§ £.83 G 63, FEG
Comparstive Example 19 8,14 3 CQ, PEG
Comparative Exsmple 16 4.87 RS QO G

PEG: podyethyions ghyond
TEL triethyd sitrate

CGr gastor od

As shown in Examples of Table 8, when polyvethylene glyeol and triuthyl
citeate sre added in adhestve laver and protective layer, respsoiively, as @
plasticizer, the hipadhosiveness invresses Hom €37 to 1L acoonding @ the
incrsase of the conceatration o polyreer condained in adhesive fayer.  Meanwhile,
e film containing polysthylens glvool and vastor ofl ag o plesticizer {Comparative
Example 14}, that contgining castre off and triethyl sitrate {Comparative Example |

SIONYX1403000023.0067
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133, thoss containing castor oil snd padvethylene glyeod (tormparative Examples 18
and 18}, and that containing custor off and castre wil {Compantive Example 18}
show tower adhesivensss than tese contadning polvethylens glyoel and triethyl
chtrate in adhesive layer and protoctive layer, ssspoctively.  Purther, these flms

8 show no great change n adhasivengss 1o Hving body sevording 1 the increasy of
polymers,
Experiment 3 messwrement of attached time
The fims prepangd I bramples and Comparative Bxamples were out and
10 attached to glass wall of dissolotion test vessel af a height of 5, 7.5 and 10 am cach,
Drstanthunent of cach sample was observed (o 908 mi of phosphate nffer (pH 6:8) at
I7E 05 0 with the rotation of paddie st 08 rpe by applving method ¥ of
dissolution teat.  The atlached time of vontred woup was meesured in the wme
maniet,  Table $shows the Bim thivckness and aitached time measured @ above,
i%
tebles
Filns Film thickness {pm) | Attached Hme (b}
Example | 753 »24
Exarple 8 I =24
Clomparstitve Example 30 38 137
Coanparative Example 16 o7 6.8
Conparstive BExampls 14 714 152
Comparativs Exanple 19 748 14,7
Cronypanstive Buoampls 63,3 8,47
Corparative Branyde 2 07 1314
Comparative Bxample 5 68.3 128
Conirel group | 1,108 R
Contred group 2 I 4.8
The films containing polvetivlene glyeol and triethyl citvate ga o plaatiohaer
show fong atached tiros abovs 34 hows when they eontain all thees type of polymers
20 o adhesive laver (Bxamples 1 oand 83, which v longer thay that of the 8ims
containing single o two polymers in adbesive laver (Comparative Exampls 1, 2 and
&) The sttached tme varies fom 48 1o 3 hours I acoondawse with the typeof
plasticieer, witich comesponds v the ressits from the sdbesive firor gad
biosdhosivensss.
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Experient & deug dissslotion fost
Each oval mucoadhesive fny was attached o eolhiloss menbones and then
dissolotion test was camied oul weing diffimion osll.  Dissolotion sobvent was

mixture of phosphate buffer (pH .81 and sthanol (12, w¥).  Sample solution was

3 collectad at regular ingervaly wed the anpunt of relossed g was aoalvesd by
HPLC,

{ompariag the doug dissohition of the Slm of the present isvontion with
that of controd group | shows that the Slos of the prosent invention hag muse
favorable dreg dizsolution thay osr o the market. Fig 2 i » goph showing the

18 dissohution rate of drug in Exsrples 1 and I, Comparstive Exsuple 1 and Aftach
fwhler .
Expeviorent Tevaluation of adbesiveness Yo sral muvcous mendeans
In order to evahate the adhesivenssy W actual oral maecous membrane,
15 cach film was attached o the dngide of lower lp of applicant gnd thne ageined
b dotached was measured,  Purther, feeling of use was evalusied when applied o
pral nmcons menbrane and indisated by the following four stages:
1; hinde festing
g Histle foeling of foreign substaness;
gyl 3 disconrfort resubing from fealing of frnign substances; and

4; others {(feeling of irritation, pain, ¢80

Tabide 10 shows the attached tme snd feeling of use s measared above.,
Tabla 10

Films Adbesion time (hr} Feeling ol use
Bxample 1 38 tad
Bxnomple 3 4.3 1.7
Exanyple § 38 13
Cixmparative Example 1 12 |3
Comparaiive Exanple 13 L7 LS
Compsrative Exampls 22 i4 1.9
{ontrad group 1 3.2 2.8
Control growp 2 L3 2.7
Control group 3 3.5 2.1
s

The film of Brample 3 shoows the kogest adhesion fime of 4.2 hours, asd
those of Exmmples 1 and 8 show the adbesivn Gime of 3.3 and 3.8 hours,
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cespectively; sl of them show over® Howrs,  The flw comuining subopol only as
3 mucoadhesive polviey {Compansitve Example 1) and that containing castor ol
snd tristhy! ciivate sy 3 plasticizer for adbesive layer and protective layer,
respestively (Comparative Example 13}, bave the adhesion time ranging from 1.3
1o 1.7 Howrs, which are shorter than those of the ahove Examples.  Further, contrel
group 1 {Aflack tublaty shopws 3.2 Tours of stfached tne, coptrol group 2 {lanent
pluster) shows 1.4 hours sad conbrol group 3 (Stomalitis pateh Taisho &) shows 3.8
s,

While the control proups. give a fosling of fomipn substancey when
agactied fo ol wooeous mesddwane, the Shlas prepared dn Exsmples snd
Cixuparative Bovaples give po fieling of foreigrosubsiseges,

The films according 1o the presomt invention have superior inital adhesion
to oral mscous membrane, show no swelling or detachment of polyniers, and feave
ae remnanis on oral mucnus membrane during thelr adheston and afler being
detachad. Meanwhile, the filimg of comtrol gwroups 1 and 2 show neresse of
swelling in polyowrs within several minutes after thelr adheston w0 ol mucous
membrane, which gy » nolable feeling of forelgn substancse iy users,
Especially, the Koy of control group 2 has 8 good fndtial adhesion, bot the polymer
taver in the Sl swells 1o be detched from the protective film, which sugments the
fesling of foreign substances and diaplessurs and also gives a bitter taste.  Further,
2 portion of the detached polymer layer remaing i ol cavity fo meke some

priblems,

Experiment 8 antms! sxperiment (in vivel

Bach oral mucosdhesive film of Example | and sontrol group 2 was
attached to the joague of rats, and they cach amount of drug remudned n te surfier

of tague and that sbeorbed inte e tiseue of fongus was assayeds SPF male
wister tats {Charles River, Japus, waigh 368 10350 g} wore used snd Bve rafs wers
placed i v grosp
After being sncsthedzed, sach et was provided with the ilims, and then
was lelh frealy.  Afler o povialn perind of Bme, oash Hssue of topgae was removed
and then snalyeed.  Hach of the amount of drug romained in te surfics of tongue
and that absorbed indo the tisue of ongue was detsomined by HPLL and LUME,
As shown 1n Fig 3 the film of Bxample 1 s superior to that of conteol group 2 in the
misintsnance of drug in the surface of tongue.  Further, sccording to Fig 4, the film
of Bxample 1 shows a slowly incronse of drug sberabed dnto the tissue of tomgpe with

the lapse of tinve, wnd produces & supenor vesult to that of Control group 2 in 2 houry,
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Endustrial Applicability

The oml mucondiissive film of dio present tnvention & supstder o
shysicocheminal aspects such ae adhesiveness, mechanical strength and agtached time
as well s bloadhestveness,  Furthuy, the film shows sustatned-raiease of drugy and
gives g sttached finw and fide Seeling of forcign substances when atfached 0 users.

15
porig
oot}

Maoreover, the preparing process of the prosent invention §s convendent for adjusting the
il thickness and drving tme
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Wit s Clelmed I

. Anoral mecoadbesive film which cotaing an adbesive laysr consisting
zesentisily of ¢ polyaoryhic acid polymaer, pelozamer, 8 oxtlulose derbvative, a drug
wihich can be sheurbid through mucons wmenlbvane and a0 plastivizer, and
protestive layer consisting exsentisly of & water-tusohible and water-impermeable
polymer sud g plasticieer,

whereln gach of the pobwerylie aeid polymer and the velinlose derivative
i man amount of 5 6 ¥0 % by weight and the poloximer iv in av wooust of § o
TG by weight, based on the waight of the polymers iun the adbesive layer, and g
voweight, the drug s bran

madxture of the polymers I in v smoont of 3 4 20 % b
mnount of .05 o 20 % by weight, s the plastichedr i the wdbesive layee i in an
graountof 801 fo 1% by weight, based om the weight of the adhesive lavan

the watgr-dosohdde and water-fnpenneable polvmer 1o in an amsa of 8
1 50 9% by weight snd the plaghivizer i the prodective layer i o an amount of 9.1
o 18 % by weight, based on the weight of the protective Baver; and

the Sim bas o thickness ranging from 3 1o 300 on,

2. The oral mugnadhesive film socording o olalm 1,

whateln the pobyastylio acid polyveer & one or more seleoted from the
gronp comsisting of carbopol serfes 980, 934, R0, S41, 9340, O7IF, AP, B,
13432, 1382, 2984 ansd S984ER, and Moveon sorigs AA-L TA L snd CACZ

the poloxamer & one o suwe selvoted from the group consisting of
poloxamer sories 124, 18§, 338 and 407,

the oxllulose derivative 8 one or more selected from the group consisting
of hydroxymopyl celloloss, fydroxymethy!l collulose, hydroxyethyl exdlulose,
hydroxypropylethy! cellolosy and hydroxypropybuasethyl cothalose;

the deug i ofe oy more sefected from the group consisting of medicines for
oral  diseases,  sutbinflpomngtory  agents,  anti-bistamings,  homomes,
ansihvperiensive sgenis, bronchedilators and ancstheties;

the plasticizer In the adhesive Jayer is polysthvisne glyveel;

the waiendnesduble snd  water-impermeatle polysier i one or owwe
selected from the group consisting of polyester, polyurathane, polyethylone and
ethivl cetlntosss and

thae pinstictrer do the profsotive layer is friethyd olteate,
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3. The oral mucoadhesive Gl sovording o claim 2,

wherein the polysenydie acld polymer 3 cee o more selpoted from the
group consisting of carbopol series 834P and 9719,

the poloxgmer {3 one of mwe selected from the growp consisting of
poluxamr series HEE and 807,

the enthilose derivative is o or swre selegted Tron the group consisting
of edroxypropyletivi eotlulose and Bydrorypropyimethy! celtuloss

the drug is medicines for oval diseases; and

the water-insolubly sad water-impermieable polymer I8 one ov mors
selected frons the groug vonsisting of polyusethsne and oyl selloloas

4. The oral suosdbesive Sl sconnding w onc of clams 1 10 3,

whereln the weight ratios of ;mkmamszr!pcﬂvaarvﬁi' acid polvamer and
poloxamericeliulose derivative sange fom 11 o LS, respeativaly

the water-insoluble and watsr-lppenveairle polymer is i an amount of 10
0 30 % by weight based on the weight of the protestive fayer; and

the flay has x tickaoss ranging Frow Sto 300 pm,

8. A mothod of preparing en oral macoedhesivie Sl containing an sdhesive

fayer wind & protective layer, which comprises:
{11 dissolving ¥ to B0 %% by weight of a polyacrylie acid polymer, 5 to 707

by w«:igh{ of poloxamer and § 1o 30 % hy weight of & cellulose derivative, basazai on
the total weight of e polyrsery I the adhesive layar v 8 nuxed sodvent of water
and ethansd by maks & solution in which the concentration of the podynen & 5 o
28 %% by welight based on the ol weiphn a:k% the adhesive layer, and then adding 0.0
t 20 Y by weight of & drag and D1 fo 10 % by weight of a phastisteer for the
atiisé:%we laver, based on the total weight of the adhesive hayer, ot selubon te
maky & homogeneosss costing solntion for the adhesive layey

{2} isenbving § 3o S0 % by welpht of 8 waler-intoluble and waler-
imperswable prdvever aad G 4 10 %% by weight of & plasticieer for the protestbve
fayer, based on e tolad woight of the profective layer, in othanol fo tale 2
homuogeneous coating solution for the protective layny;

{3} defoaming the costing salution for the adbestve Taver propared by {1},
gomting the solution on a release finer with a souter, and then drying the coatsd layer
to muke thy sdbesive lyen and
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{4} defornning the cvating sohtion for the peotective layer prepaved by (23
conting the solution un the adhesive layer prepared by {3} with u vouter, andd then
drving the couted kyer b make the-oral mnwosdbestve Sl

& &, The methaxd according to olaim §,
whersin the weight mtios of poloxanerpolvacrylie geid pdymier and
poldramer/telldose dertvattve raage of Hom 11 o1 U3, vespentively;
fhe water-ingcdubie and water-tmpermesble polymer 1§ sdded in anantount
of Hto 30 % by weight based on the welght of the protentive layer; and
the £l hos w thickness ranging from 3010 300 po,
1
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TRRADIATING EACH OF A PLURALITY OF LOCATIONS WLITH ONE OR
MORE LASER PULSES WHILE EXPOSING THE SURFACE TO A
SUBSTANCE HAVING AN ELECTRON-DONATING CONSTITUENT SO AS
TO GENERATE SURFACE INCLUSIONS CONTAINING A DESIRED
CONCENTRATION OF THE ELECTRON-DONATING CONSTITUENT

|~ 10a

| |

ANNEALING THE SUBSTRATE AT SUFFICIENTLY ELEVATED
TEMPERATURE TO CAUSE AN INCREASE IN THE CHARGE CARRIER
DENSITY IN THE MICROSTRUCTURED LAYER AND ENHANCE RESPONSIVITY

- 10b

(87) Abstract: The present invention provides methods of fabricating a radiation-absorbing semiconductor wafer by irradiating at
& lecast one surface location of a silicon substrate, e.g., an n-doped crystalline silicon, by a plurality of temporally short laser pulses,
& e.g., femtosecond pulses, while exposing that location to a substance, e.g., SFe, having an electron-donating constituent so as to gen-
erate a substantially disordered surface layer (i.e., a microstructure layer) that incorporates a concentration of that electron -donating
constituent e.g., sulfur. The substrate is also annealed at an elevated temperature and for a duration selected to enhance the charge
carrier density in the surface layer. For example, the substrate can be annealed at a temperature in a range of about 700 K to about
900 K.
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MANUFACTURE OF SILICON-BASED DEVICES HAVING DISORDERED
SULFUR-DOPED SURFACE LAYERS

Federally Sponsored Research

The invention was made with Government support under contract DE-FC36-
016011051 awarded by Department of Energy (DOE). The Government has certain

rights in the invention.

Related Applications

The present application is a continuation-in-part (CIP) of co-pending patent
application entitled “Systems and Methods for Light Absorption and Field Emission
Using Microstructured Silicon,” filed on May 24, 2002, and having a Serial No.

10/155,429, which is herein incorporated by reference in its entirety.

Background of the Invention

The present invention relates generally to methods for fabricating radiation-
absorbing semiconductor wafers, and more particularly, to methods for fabricating
silicon wafers that can absorb radiation and exhibit diodic current-voltage
characteristics.

Modern semiconductor circuits are predominantly based on silicon, which can be
readily procured at a lower cost than any other semiconductor and can be easily
oxidized. Further, a band gap of 1.05 eV renders silicon suitable for detection of visible
light and conversion of sunlight into electricity. Silicon, however, has several
shortcomings. For example, it is an indirect band-gap material, and hence it is a
relatively poor light emitter. In addition, silicon is not particularly suitable for use in
detecting radiation having long wavelengths, such as, infrared radiation employed for
telecommunications. Although other semiconductor materials are available that can
detect long wavelength radiation better than silicon, they are generally more costly and
cannot be readily integrated in optoelectronic circuits that are primarily silicon-based.

Hence, there is a need for silicon-based semiconductor structures and wafers
with enhanced radiation-absorbing properties, particularly in wavelengths beyond the

band-gap of crystalline silicon. There is also a need for such wafers that can be utilized

SIONYX1403000023.0082

SAMSUNG EX. 1002 - 2240/4148



10

15

20

25

30

WO 2006/086014 PCT/US2005/034180

-2

in fabricating photodetectors that exhibit enhanced responsivity in detecting radiation
over a wide wavelength range. Further, there is a need for methods of manufacturing

such silicon-based wafers.

Summary of the Invention

In one aspect, the present invention provides a method of fabricating a radiation-
absorbing semiconductor wafer by irradiating at least one surface location of a silicon
substrate, e.g., a crystalline silicon, with a plurality of temporally short laser pulses
while exposing that location to a substance having an electron-donating constituent so as
to generate a substantially disordered surface layer that incorporates a desired
concentration of the electron-donating constituent, e.g., a concentration in a range of
about 0.5 atom percent to about 5 atom percent, or from about 0.5 atom percent to about
1 atom percent. The substrate is preferably annealed at an elevated temperature and for
a duration selected to enhance charge carrier density, ¢.g., electron carrier density, in the
disordered surface layer.

In a related aspect, an annealing temperature and duration can be selected to
cause re-arrangement of atomic bonds in the surface layer so as to increase the
concentration of free electrons in the surface layer. Further, the annealing temperature
and duration can be selected to cause the surface layer to form a diode junction, e.g., a p-
n junction, with the underlying silicon substrate. The term “diode junction’ is known in
the art and generally refers to a junction that can exhibit current rectification (e.g., a
junction that exhibits drastically different conductivities in one bias direction relative to
the other). Moreover, the annealing temperature and duration can be selected such that
the annealed substrate would exhibit a responsivity in a range of about 1 Ampere/Watt
(A/W) to about 200 A/W, or preferably in a range of about 10 A/W to about 200 A/W,
upon exposure of the surface layer to visible radiation having wavelengths in a range of
about 250 nm to about 1050 nm and application of a reverse bias in a range of about 0.1
V to about 15 V, or about 0.5 to about 15 V, to the substrate. Further, the annealing
temperature and duration can be selected such that the annealed substrate will exhibit a
responsivity in a range of about 0.1 Ampere/Watt (A/W) to about 100 A/W upon

exposure of the surface layer to visible radiation having at least a wavelength in a range
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of about 1050 nm to about 3500 nm and application of a reverse bias in a range of about
0.1 V to about 15 V to the substrate.

In a related aspect, the laser pulses irradiating the substrate’s surface have pulse
widths in a range of about a few nanoseconds to about 10 femtoseconds, and more
preferably in a range of about 50 to about 500 femtoseconds. The laser pulse fluences
can range from about 1 kJ/m? to about 30 kJ/m?, or from about 3 kJ/m? to about 15
kJ/m?, or from about 3 to about 8 kJ/m?. The annealing temperature can be in a range of
about 500 K to about 1100 K, preferably in a range of about 500 K to about 900 K, and
more preferably in a range of about 700 X to about 900 K, and the annealing duration
can be from about a few seconds to about a few hours.

In another aspect, the substance containing an electron-donating constituent can
be a gas, a fluid or a solid. Some examples of such substances include, without
limitation, SFe, HsS, Clp, and N,. For example, when SFg is utilized, the exposure of the
silicon surface to the laser pulses generates sulfur inclusions in a surface layer of the
substrate. The silicon substrate is preferably n-doped, but it can also be p-doped. The
substrate’s bulk doping level can be in a range of about 10"’ to about 10'® cm™.

In another aspect, the present invention provides a method of fabricating a
radiation-absorbing semiconductor structure that calls for irradiating each of a plurality
of locations on a surface of a silicon substrate with one or more femtosecond laser pulses
while exposing the surface to a sulfur-containing substance so as to generate a plurality
of sulfur inclusions in a surface layer of the substrate. The substrate is annealed at a
temperature in a range of about 500 K to about 1100 K for a time duration in a range of
about a few seconds to about a few hours. The annealing step can be performed
subsequent to, or simultaneously, with irradiation of the substrate’s surface with laser
pulses. Further, the annealing step can be performed in an inert atmosphere or in
vacuum (i.e., a low-pressure atmosphere).

In a related aspect, the light emitted in each laser pulse can have a narrow
spectrum and a central wavelength in a range of about 200 nm to about 1200 nm (e.g.,
800 nm or 1064 nm), fluences in a range of about 1 kJ/m? to about 30 kJ/m?, and more
preferably in a range of about 1 kJ/m?to about 10 kJ/m? ,and a repetition rate in a range
of about 1 kHz to about 50 MHz, or in a range of about 1 kHz to about 1 MHz.
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In another aspect, the invention provides a method of fabricating a
semiconductor wafer by irradiating a plurality of locations on a surface of a silicon
substrate with one or more laser pulses having pulse widths in a range of about 50 to
about 500 femtoseconds while exposing the surface to a substance having an electron-
donating constituent so as to generate a microstructured surface comprising inclusions
that incorporate the electron-donating constituent. The laser pulses can be directed at
the substrate in a direction forming a selected angle relative to the substrate’s surface,
e.g., normal to the surface. The substrate is annealed at an elevated temperature in range
of about 500 K to about 1100 K for a selected time duration, e.g., in a range of about a
few seconds to about a few hours. In certain applications, the annealing temperature can
be between about 500 K and 1000 K, and more preferably between 575 K and 875 K.

In another aspect, the invention provides a method of fabricating a
semiconductor wafer by irradiating at least one location on a surface of a silicon
substrate with temporally short laser pulses, e.g., femtosecond pulses, while exposing
the surface to a substance having an electron-donating constituent so as to generate a
microstructured surface layer having inclusions containing the electron-donating
constituent. The substrate can be annealed, either following the laser irradiation or
simultancous therewith, at a temperature and for a duration selected to enhance the
responsivity of the microstructured substrate to electromagnetic radiation having at least
one wavelength in a range of about 250 nm to about 1100 nm by a factor of about 10, or
preferably about 20, or more preferably about 100, relative to a similarly microstructed
substrate but without annealing. The responsivity can be measured upon application of a
reverse bias voltage in a range of about 0.5 V to about 15 'V to the substrate, A suitable
annealing temperature for effecting such enhancement of the wafer’s responsivity lies in
a range of about 600 K to about 900 K, and more preferably in a range of about 700 K to
about 900 K, and a suitable annealing duration lies in a range of about a few seconds to
about a few hours.

In another aspect, the present invention provides a photodetector that includes a
silicon substrate having a surface layer, configured for exposure to external radiation,
that is doped with sulfur inclusions with an average concentration in a range of about 0.5
atom percent to about 5 atom percent so as to exhibit a diodic current-voltage

characteristic. The photodetector further includes a plurality of electric contacts, e.g., in
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the form of metallic coatings, that are disposed on selected portions of the substrate for
applying a selected reverse bias voltage, e.g., in a range of about 0.1 to about 15 volts, to
the surface layer for facilitating generation of an electrical signal, e.g., a photocurrent, in
response to exposure of the surface layer to electromagnetic radiation. The surface layer
is configured such that an electrical signal in response to an incident radiation having at
least a wavelength in a range of about 250 nm to about 1050 nm can be generated at a
responisivity greater than about 1 A/W. Preferably, the responsivity over the entire
range of about 250 nm to about 1050 nm is greater than about 1 A/W. For example, the
responsivity to at least one wavelength in this wavelength span, and preferably to all
wavelengths in this span, can be in a range of about 1 A/W to about 100 A/W, orin a
range of about 10 A/W to about 100 A/W, or in a range of about 10 A/W to about 200
A/W.

In another aspect, the photodetector can exhibit an average responsivity (i.e.,
responsivity averaged over a wavelength range) to wavelengths in a range of about 250
nm to about 1050 nm that is greater than about 1 A/W, e.g., an average responsivity in a
range of about 1 A/W to about 100 A/W, or an average responsivity in a range of about
10 A/W to about 200 A/W.

In another aspect, the photodetector can exhibit a responsivity greater than about
1 A/W (e.g., in a range of about 1 A/W to about 100 A/W) for wavelengths in a range of
about 250 nm to about 600 nm, as well as in a range of about 600 nm to about 1050 nm.
In a related aspect, the photodetector can exhibit a responsivity greater than about 0.1
A/W for incident radiation having at least one wavelength in a range of about 1050 nm
to about 2000 nm, and preferably in a range of about 1050 nm to about 3500 nm.
Preferably, the photodetector’s responsivity to all wavelengths in this range (about 1050
nm to about 3500 nm) is greater than about 0.1 A/W. For example, the detector’s
responsivity in this wavelength span can be in a range of about 0.1 A/W to about 100
A/W.

In another aspect, the photodetector can exhibit an average responsivity greater
than about 0.1 A/W (e.g., a responsivity in a range of about 0.1 A/W to about 100 A/W)
for radiation having wavelengths in a range of about 1050 nm to about 2000 nm, and

preferably in a range of about 1050 nm to about 3500 nm.
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Photodetectors according to the teachings of the invention, such as those
described above, provide a marked improvement over conventional silicon photodiodes
where responsivities greater than 1 A/W for wavelengths in a range of about 250 nm to
about 1050 nm are unknown. Further, responsivities of conventional silicon
photodiodes degrade drastically for wavelengths beyond 1050 nm, and are significantly
less than those that can be achieved by photodetectors of the present invention.

In another aspect, the surface layer can have a thickness in a range of about 10
nanometers to about 1 micron, and a microstructured morphology. For example, the
microstructured layer can be formed by a plurality of conical microstructures, each of
which can be composed of a core silicon portion forming a junction with a surface
portié;n that is doped with sulfur. A term “conical structure or microstructure” as used
hereizx refers to a generally cone-like or columnar protrusion above the silicon surface
that can have vertical walls, or slanted walls that taper in the vertical direction. The
microstructures can have a height in a range of about 0.5 micron to about 30 microns
protruding from a base portion on the surface of the silicon substrate to a tip portion
having a radius of curvature of about a few hundred nanometers. The gradient of sulfur
concentration across the junction is substantially abrupt, although in some cases it can be
gradual with the core portion having some sulfur dopants. The sulfur-doped surface
layer can comprise silicon nanocrystals having diameters in a range of about 10 about 50
nanometers.

In another aspect, the invention provides a photodetector that includes a silicon
substrate having a microstructured layer incorporating inclusions containing an electron-
donating constituent. The microstructured layer is adjacent an underlying bulk silicon
portion and forms a diode junction therewith. The term “diode junction” is known in the
art and generally refers to a junction that can exhibit current rectification (e.g., a junction
that exhibits drastically different conductivities in one bias direction relative to the
other). A well-known example of a diode junction is a p-n junction. An electrical
contact is disposed on a surface portion of the microstructured layer such that at least
another surface portion of that layer remains available for receiving incident
electromagnetic radiation. The photodetector can further include another electrical
contact disposed on a surface of the bulk silicon portion opposed to the microstructured

layer. The electrical contact layers allow application of a reverse bias voltage to the
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substrate to facilitate generation of an electrical signal, e.g., a photocurrent, in response
to exposure of the microstructured layer to incident radiation having wavelengths in
range of about 250 nm to about 1050 nm at a responsivity in a range of about 1 A/W to
about 200 A/W.

In a related aspect, the substrate can generate a photocurrent in response to
irradiation of the microstructured layer with radiation having wavelengths in a range of
about 1050 nm to about 3500 nm at a responsivity in a range of about 0.1 A/W to about
100 A/W.

In another aspect, the clectron-donating constituent can be, for example, sulfur,
chlorine or nitrogen, and can be present in the microstructured layer at a concentration in
arange of about 0.5 to about 5 atom percent, or in a range of about 0.5 to about 1.5 atom
percent, or in a range of about 0.5 to about 1 atom percent.

In another aspect, the present invention provides a photodetector for use in the
visible and the infrared regions of the electromagnetic spectrum that includes a
crystalline silicon substrate having a microstructured surface layer characterized by a
plurality of substantially conical microstructures. The microstructured layer includes a
doped layer having a plurality of silicon nanocrystals that contain an electron-donating
dopant, such as sulfur, chlorine or nitrogen, with an average concentration in a range of
about 0.5 to about 1.5 atom percent. The microstructured layer exhibits a diodic current-
voltage curve and is configured to receive an external radiation. A plurality of electrical
contacts are disposed on selected portions of the substrate for applying a reverse bias
voltage to the microstructured layer in order to facilitate generation of an electrical
signal in response to irradiation of at least a portion of that layer. The photodetector
exhibits a responsivity greater that about 1 amperes/watt (A/W) for radiation
wavelengths in a range of about 250 nm to about 1050 nm and a responsivity greater
than about 0.1 amperes/watt for radiation wavelengths in a range of about 1050 nm to
about 3500 nm.

Further understanding of the invention can be obtained by reference to the
following detailed description in conjunction with the associated drawings, which are

bricfly described below.
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Brief Description of the Drawings
FIGURE 1 is a flow chart depicting various steps in an exemplary embodiment

for generating a microstructured silicon wafer suitable for absorbing radiation,

FIGURE 2 is a schematic diagram of an exemplary apparatus for

microstructuring silicon wafers in accordance with one aspect of the invention,

FIGURE 3 is a scanning electron micrograph of a silicon surface, obtained at a
45-degree angle relative to the surface, after irradiation of the surface with 100 fsec

pulses having a central wavelength of 800 nm and a fluence of about 5 KJ/m?,

FIGURE 4 schematically illustrates an experimental set-up for performing
resistivity and Hall effect measurements on a silicon sample microstructured in

accordance with the teachings of the invention,

FIGURE 35 presents a plurality of graphs depicting wavelength absorptance of
prototype microstructured silicon wafers as a function of an average number of 100 laser
shots (8 kJ/m?) per location employed for microstructuring the wafers in the presence of
SFs,

FIGURE 6 presents a plurality of graphs depicting wavelength dependence of
absorptance of a plurality of prototype silicon wafers annealed at different temperatures
subsequent to their microstructuring by a plurality of femtosecond laser pulses (the room

temperature (300 K) data corresponds to a wafer that was not annealed),

FIGURE 7 presents graphs depicting wavelength dependence of absorptance for
exemplary femtosecond-laser-formed and nanosecond-laser-formed microstuctured
silicon wafers, before and after thermal annealing at 875 K for about 30 minutes (the
absorptance of an unstructured silicon substrate as a function of wavelength is also

shown for comparative purposes),
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FIGURE 8A presents graphs depicting absorptance as a function of wavelength
for a plurality of prototype silicon wafers microstructured by exposure to 500 laser shots
of femtosecond pulses (fluence of 8 kJ/m?) in the presence of different gases in the
absence of annealing (the graph designated vacuum relates to wafer microstructured in a

vacuum chamber at a base pressure less than about 10°° bar),

FIGURE 8B presents absorptance data as a function of wavelength for a plurality
of prototype silicon wafers microstructured by exposure to 500 shots of 100
femtoseccond laser pulses (fluence of 8 kJ/m? in the presence of sulfur-bearing and non-
sulfur-bearing gases) indicating the positive effects of sulfur incorporation in enhancing

below band-gap absorptance,

FIGURE 9 presents graphs depicting wavelength dependence of absorptance for
a plurality of prototype silicon wafers microstructured by femtosecond laser pulses in
the presence of SF at different partial pressures,

FIGURE 10 schematically illustrates a p-n junction in thermal equilibrium,

FIGURE 11A is a perspective view of a photodetector formed in accordance

with one embodiment of the invention,
FIGURE 11B is a side view of the photodetector depicted in FIGURE 11A,
FIGURE 12 presents graphs depicting current-voltage characteristics of a
plurality of exemplary silicon wafer microstructured by exposure to femtosecond laser

pulses in the absence of annealing as well as in the presence of annealing at different

annealing temperatures,
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FIGURE 13 presents graphs depicting responsivity of a plurality of silicon
wafers microstructured by exposure to femtosecond laser pulses in the presence of SFg
(with no annealing and with annealing at different temperatures) as a function of
wavelength in comparison with that of a commercial photodiode illustrating that a
significantly enhanced responsivity can be obtained by judicious annealing of wafers

subjected to laser microstructuring,

FIGURE 14 present graphs depicting current-voltage characteristics of a plurality
of exemplary prototype silicon wafers microstructured by femtosecond laser pulses at

different laser fluences and each annealed at 825 K,

FIGURE 15A presents comparative responsivity measurements for prototype
silicon wafers microstructured by femtosecond laser pulses at different fluences and

each annealed at 825 K for about 30 minutes,

FIGURE 15B presents comparative responsivity measurements for prototype
silicon wafers microstructured by femtosecond laser pulses at different fluences and

each annealed at 1075 K for about 30 minutes,

FIGURE 16A presents current-voltage characteristics for n-doped and p-doped
silicon substrates microstructured by exposure to femtosecond laser pulses at a fluence

of 6 kJ/m? followed by annealing at 825 K for about 30 minutes,

FIGURE 16B presents current-voltage characteristics for n-doped and p-doped
silicon substrates microstructured by exposure to femtosecond laser pluses at a fluence
of 4 kJ/m? followed by annealing at 1075 K for about 30 minutes,

FIGURE 17A presents responsivity measurements for prototype exemplary n-

doped and p-doped silicon substrates microstructured at two different laser fluences (4

kJ/m?and 6 kJ/m?) and annealed at 825 K for about 30 minutes,
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FIGURE 17B presents responsivity measurements for prototype exemplary n-
doped and p-doped silicon substrates microstructured by femtosecond laser pulses at a

fluence of 4 kI/m? and annealed at 1075 K for about 30 minutes,

FIGURE 18 presents a graph depicting responsivity as a function of back bias for
an n-doped silicon substrate microstructured via irradiation by femtosecond laser pulses
at a fluence of 4 kJ/m® and annealed at 825 K for about 30 minutes (the measurement
was performed by employing a white light source with an approximate power of 50

microwatts),

FIGURE 19A presents graphs depicting current-voltage characteristics of an n-
doped silicon sample microstructuured by femtosecond laser pulses at a fluence of 4

kJ/m? and annealed at 825 K as a function of operating temperature,

FIGURE 19B presents a graph depicting the responsivity of a microstructured
silicon wafer to incident radiation having a wavelength of 1064 nm as a function of

operating temperature,

FIGURE 20 illustrates current-voltage characteristics for a high resistivity
(resistivity greater than 1 Ohm-m) microstructured silicon wafer that can be utilized as a

solar cell, with and without one sun illumination,

FIGURE 21 illustrates current-voltage characteristics for a low resistivity (e.g., a
resistivity in a range of about 0.01 to about 0.1 Ohm-m) microstructured silicon wafer
that can be utilized as solar, with and without one sun illumination,

FIGURE 22 schematically depicts an exemplary experimental set-up for

measuring field emission of a silicon substrate microstructured in accordance with the

teachings of the invention, and
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FIGURE 23 shows a graph depicting field emission current generated by a
silicon wafer microstructured by exposure to femtosecond laser pulses in the presence of

SF; as a function of a potential difference applied thereto.

Detailed Description
With reference to a flow chart 10 of FIGURE 1, in one aspect, the present

invention provides a method of fabricating a radiation-absorbing semiconductor
structure in which, in an initial step 10a, each of a plurality of locations on a surface of a
silicon substrate is irradiated with one or more laser pulses while exposing the surface to
a substance having an electron-donating constituent so as to generate surface inclusions
containing a concentration of the electron~-donating constituent. The laser pulses can
have a central wavelength in a range of about 200 nm to about 1200 nm, and a pulse
width in a range of about tens of femtoseconds to about hundreds of nanometers.
Preferably, the laser pulse widths are in a range of about 50 femtoseconds to about 50
picoseconds. More preferably, the laser pulse widths are in the range of about 50 to 500
femtoseconds. The number of laser pulses irradiating the silicon surface can be in a
range of about 2 to about 2000, and more preferably, in a range of about 20 to about 500.
Further, the repetition rate of the pulses can be selected to be in a range of about 1 kHz
to about 50 MHz, or in a range of about 1 kHz to about 1 MHz. Moreover, the fluence
of each laser pulse can be in a range of about 1 kI/m? to about 12 kJ/m?, and more
preferably in a range of about 3 kJ/m” to about 8 kJ/m”.

While in some embodiments, the electron donating constituent is a fluid (gas or
liquid), in other embodiments it can be a solid deposited over the silicon surface exposed
to laser pulses. By way of example, in some embodiments, the silicon surface can be
exposed to a sulfur-containing gas (e.g., SFs or H,S) while irradiated with the laser
pulses. In some other embodiments, Cl; or N; is employed as the electron-donating
substance with which the silicon surface is in contact during laser irradiation. In yet
other embodiments, selenium or tellurium can be employed. Without any loss of
generality, in the following discussion, it is assumed that SF is employed as the
substance containing an electron-donating constituent, and that the irradiating pulses
have femtosecond pulse widths, unless otherwise indicated. However, it should be clear

to those having ordinary skill in the art that various embodiments of the invention
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described below can also be practiced with other fluids or solids and laser pulses having
other pulse widths, such as those listed above.

In some embodiments, the silicon substrate is p-doped (e.g., doped with Boron)
with a doping level in a range of about 10'! to about 10'®. In other embodiments, the
silicon substrate is slightly n-doped (e.g., doped with Phosphorus) with a doping level in
a range of about 10'! to about 10", and preferably in a range of about 10'? to about 10",
The substrate thickness is not typically a critical parameter, and can be in a range of
about 2 microns to about 1000 microns. The substrate can have an electrical resistivity
in a range of about 0.001 ohm-m to about 10 ochm-m.

FIGURE 2 schematically depicts an exemplary apparatus 12 that can be utilized
for irradiating a silicon sample with a plurality of femtosecond pulses. The apparatus 12
includes a sample processing chamber 14 that comprises a stainless steel cube 16 with
Conflat flange connections on each of its six sides. A three-axis, precision motion
controller 18 is attached to the back side of the cube. This controller contains two
orthogonal micrometer precision axes driven by computer controlled motors. The third
axis is hand-controlled with about 1 mil precision. The controller can translate a one-
inch diameter stainless steel rod 20 that supports a 2-inch diameter mounting magnet 22
in the center of the cube to which a magnetizable sample holder can be mounted. A
two-stage roughing pump 24 is coupled to the cube to evacuate the chamber to a base
pressure of approximately 107 torr. Two pressure gauges 26 and 28 are employed to
monitor the chamber’s pressure. A leak valve 30 and a gas-handling manifold (not
shown) allow introduction of gases of interest into the chamber. An optical grade, 4.5
inch quartz window 32 is attached to the front of the chamber for providing laser access.
Further, a quick-access viewport door 34 allows rapid loading and removal of samples
as well as safe viewing of the sample during microstructuring.

In this exemplary apparatus, a regeneratively amplified, femtosecond
Ti:Sapphire laser system (not shown) provides approximately 100 fs laser pulses having
a central wavelength of 800 nm at a repetition rate of 1 kHz. The laser pulses are
focused by a anti-reflection coated, plano-convex lens 36 (e.g., having a focal length of
about 250-nm) through the quartz window onto the sample surface. In this exemplary
embodiment, the lens is mounted on a single axis linear translation stage and positioned

such that its focal point is behind the sample. By moving the lens, and hence its focal
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point, the laser spot size can be varied at the sample surface (e.g., from a diameter of
about 30 microns to 250 microns). In order to measure the laser spot size, a CCD
(charge coupled device) camera 38 can be placed at the same distance as the sample
surface from the lens. A flipper mounted mirror 40 can redirect the laser beam onto the
camera to determine its spot size on the sample surface. A second CCD camera 42 can
measure reflections of light generated by a white light fiber lamp 44 from the sample
surface to monitor progress during microstructuring.

In one exemplary mode of operation, samples attached to a magnetizable sample
holder can be loaded through the access door and attached to the mounting magnet.
Samples can be then positioned in the center of the magnet to allow for maximum
translation. The chamber can be evacuated to a base pressure of 10” torr and then filled
to the desired pressure with an ambient gas ( e.g., 0.67 bar of sulfur hexafluoride). The
sample can then be irradiated with a 1-kHz train of 100-femtosecond 800-nm laser
pulses. The fluence of each pulse can be set by selecting a spot size (e.g., 150 microns)
and employing a waveplate/polarizing cube combination to vary the pulse energy.
Either a single spot can be irradiated, or more typically the sample can be translated by
utilizing the motion controller relative to the laser beam. For example, the sample can
be translated in a raster scan pattern. An average number of pulses irradiating a given
spot on the sample can be controlled by utilizing a shutter and varying the horizontal
translation speed.

The irradiation of the silicon surface with the laser pulses in the presence of SFg
at a selected partial pressure, for example, a partial pressure in a range of about 0.005
bar to about 1 bar, can cause formation of a sulfur-rich layer having a sulfur
concentration in a range of about 0.1 atom percent to about 5 atom percent, and more
preferably, in a range of about 0.5 atom percent to about 1 atom percent. This sulfur-
rich layer exhibits an undulating surface morphology (topography) with micron-sized
surface height variations. Such a textured surface obtained by irradiating a silicon
surface with a plurality of temporally short laser pulses in the presence SFs (or other
substances having an electron-donating constituent) is herein referred to as a micro-
structured surface. By way of example, FIGURE 3 shows a scanning electron
micrograph (SEM) of a such a micro-structured silicon surface (obtained in a direction

forming a 45 degree angle relative to the surface) after irradiation of the silicon surface
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with an average of 5 shots of femtosecond laser pluses (100 femtoseconds) at a
wavelength of 800 nm and having a fluence of 8 kJ/m2 in 0.67 bar of SFq.

The sulfur-rich layer can be a substantially disordered layer that is several
hundred nanometers thick and made up of nanocrystallites (e.g., about 10 — 50 nm in
diameter) and nanopores. Selected area diffraction (SAD) measurements indicate that
the surface layer retains a substantial crystalline order with a strong possibility that
amorphous-like material is present between the nanocrystalline grains. Further, SAD
measurements performed on silicon substrates exposed to either 10 or 500 pulses per
location indicate that the substrate below the disordered layer comprises substantially
undisturbed crystalline silicon (when a crystalline silicon substrate is utilized). Further,
Rutherford backscattering spectroscopy (RBS) and energy dispersive X-ray (EDX)
emission spectroscopy performed on such exemplary substrates show a large
concentration of sulfur is present in the disordered layer (about 1 atom percent).
Further, RBS spectra obtained from silicon samples exposed to different femtosecond
(100 femtoseconds) laser shots per irradiation location show that the concentration of
sulfur increases with increasing laser pulse numbers up to about 50 pulses. In particular,
thc measured sulfur concentration increases from about 0.2 atom percent for a sample
exposed to 2 pulses per location to about 0.7 atom percent for a sample exposed to 50
laser pulses per location with the sulfur concentration exhibiting a plateau for laser
pulses higher than about 50. It should be, however, understood that the above
experimental results are provided simply for further elucidation of salient features of the
invention, and not as limiting the scope of the invention. For example, higher sulfur
concentrations in the disordered layer than those described above can also be obtained,
and higher laser shots per location can be utilized.

A number of factors can affect the morphology of the microstructured surface.
For example, samples microstructured by irradiating a portion thereof with laser pulses,
without moving them relative to the laser beam (i.e., single spot irradiation), exhibit a
subtle difference in their morphology relative to samples microstructured by irradiating a
plurality of their surface locations via translation relative to the laser beam. With the
rest of the experimental parameters left the same, there are two visible differences
between translated and stationary samples. The microstructures in the stationary

samples have a micrometer-sized sphere at the tip while the translated samples are
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sharper and lack the spheres. Further, the translated samples have a larger amount of
nanoscale particles spread across the microstructured surface.

In addition, the wavelength of the irradiating laser pulses, their fluence, and
pulsewidths can also affect the morphology of the microstructured surface. For
example, in a number of prototype samples microstructured by femtosecond pulses, with
increasing the fluence (at constant shot number) the morphology showed a transition
from laser-induced periodic surface structures, to a coarsened surface, to sharp
microstructures, such as those depicted in the above FIGURE 3. As the laser pulse
fluence increases, there is typically an increase in both the microstructure height and
distance between the microstructures. In general, the fluence is preferably selected to be
above a threshold fluence that would cause melting (e.g., 1.5 kJ/m?). At very high
fluences (e.g., greater than 12 kJ/m?), material removal can become extreme and
gaussian-shaped holes, rather than conical structures, can be formed in the surface.

Although in many embodiments described herein, femtosecond laser pulses are
employed, in other embodiments, the microstructuring of the surface can also be
achieved by employing picosecond or nanosecond pulses. For example, a number of
silicon samples were microstructured by utilizing a train of 248-nm, 30-ns laser pulses
with a flat-top spatial profile and a fluence of 30 kJ/m” generated by a KrF+ excimer
laser in the presence of 1 bar of SF¢ (an average of 1500 pulses per spot were
employed). The nanosecond-laser-formed microstructures showed some similarities and
some differences relative to the femtosecond-laser-formed microstructures. In both
cascs, the microstructures were roughly conical, but the structures formed with the
femtosecond laser pulses were smaller and more densely packed. For example, the
femtosecond structures were roughly 8 microns tall and separated by about 4 microns
while the nanosecond-formed structures were roughly 40 microns tall and separated by
about 20 microns. Further, the femtosecond-formed structures were covered with
nanoparticles 10 — 50 nm in diameter while the surface of the nanosecond-formed
structures were much smoother.

Sample silicon wafers exposed to picosecond pulses (e.g., 10 picosecond) in the
presence of SFg also showed a microstructured surface. The average separation between

the microstructures exhibited a decrease from about 100 femtosecond pulse widths to
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about 5 picosecond pulse widths but then showed an increase for pulse widths longer
than about 5 picoseconds.

The laser wavelength can also affect the final morphology of the microstructures.
By way of example, a prototype silicon sample microstructured with a train of 400 nm
pulses exhibited a higher density of microstructures (but smaller) than those generated
by 800 nm pulses at a similar fluence.

Other factors that can affect the microstructures’ morphology include laser
polarization and laser propagation direction relative to the irradiated silicon surface. For
cxample, the direction of microstructure growth is parallel to the direction of incident
light, and appears to be independent of the substrate’s crystallographic planes. The base
of microstructure can have an elliptical shape with the long axis perpendicular to the
polarization of the irradiating laser light. Without being limited to any theory, this
elliptical shape can be understood as being due to a higher absorption of p-polarized
light relative to s-polarized light. For circularly polarized light, there is no preferential
ablation, and the base of the microstructures can be substantially circular.

The fluid or solid in contact with the silicon surface during its microstructuring
can also affect the resultant surface morphology. For example, utilizing SFg or Cl, as
the ambient gas can lead to sharp-tipped conical structures with a radius of curvature of
about 500 nm. In contrast, structures made in air, N> or vacuum are much more rounded
(the radius of curvature of their tips is approximately 2 — 3 microns) than those made in
these halogen-containing gases. In a number of exemplary samples microstructured in
the presence of different gases, those made in SFg exhibited the greatest density of
microstructures followed by those made in Cl,. The microstruture densities produced in
the presence of N, were approximately equal to those made in air, but approximalely a
factor of two less than the densities obtained by employing SFe.

In some embodiments, the laser microstructuring of a silicon wafer is performed
in the presence of a mixture of two or more substances. For example, samples
microstructured in the presence of a mixture of SFs and Cl, exhibited an increase in the
microstructure density at higher partial pressure of SFg.

The sulfur-rich mircrostructured layer has unique optical and electrical
properties. For example, it can exhibit a sheet charge carricr density in a range of about

10'? cm™ to about 10'* cm®. By way of example and only for illustrative purposes, the
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results of some resistivity and Hall effect measurements performed on a number of
exemplary microstructured samples, each formed in an n-doped silicon substrate in
accordance with the teachings of the invention, such as those described above, are
presented below. For resistivity and Hall effect measurements, the van der Pauw
technique, well-known to those having ordinary skill in the art, was employed. Briefly,
four ohmic electrical contacts were formed on the disordered microstructured layer. The
electrical contacts were formed by initially dipping a microstructured sample in a 5% HF
solution for 5 minutes to remove any native oxide layer. Subsequently, with a mask
covering all but the very corners of a selected microstructured surface area (e.g., a 10 x
10 mm? surface area), chromium/gold (Cr/gold) was evaporated onto the surface to form
metal contacts at the exposed corners. A dicing saw was then used to cut slivers (e.g.,
0.25 mm slivers) from each side. Cutting the sample edges ensures that the contacts are
only connected to the surface layer and not the substrate layer. Finally, a wire bonder is
utilized to connect the contacts on the corners of the sample to four Cr/Au contact pads
evaporated onto a glass slide. It should be understood that this experimental
arrangement, shown schematically in FIGURE 4, is sensitive primarily to the electronic
properties of the microstructured layer, and not that of the substrate.

With continued reference to FIGURE 4, the resistivity measurements can be
performed by applying a small DC current {e.g., 10 microamperers) from corner 2 to
corner 1 while measuring a voltage from corner 3 to corner 4. Hall effect measurements
can be performed by placing the sample in a strong magnetic field (e.g., a field of
several thousand gauss) with the magnetic field perpendicular to the silicon surface. In
one experiment, a small AC current (about 1-2 microamperes) was then applied from
contact 1 to contact 3 while measuring an induced voltage across contacts 2 and 4.
Control measurements were also performed on an n-doped (resistivity = 8 ~ 12 ohm-m)
unstructured silicon wafer, Table 1 below lists the results of these measurements for
microstructured layers formed in an n-doped silicon wafer having a resistivity in a range

of about 8 — 12 chm-m at a number of different laser pulse fluences.
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Original Average Doping after Sheet Sheet carrier Hall mobility
doping fluence structuring resistance Rs density n; H

(t3/m?) (Ohm) (cm™) (em?V's™)

n unstructured - 31931 1.78x10™ 1101

n 4.0 n 4865 7.37x10%* 174

n 6.0 n 4992 7.15x10" 175

n 8.0 n 6253 4.52x10"? 221

n 10.0 n 4554 8.83x10™ 155

This data shows that microstructured layer exhibits a higher sheet carrier density
than the original substrate, but a lower carrier mobility — presumably as a result of the
disorder in the microstructured layer.

Referring again to the flow chart 10 of FIGURE 1, subsequent to irradiation of
the silicon surface with a plurality of laser pulses (step 10a), the substrate can annealed
(step 10b) at a sufficiently elevated temperature for a selected time duration so as to
cause an increase in the charge carrier density in the microstructured layer, e.g., by a
factor in a range of about 10 percent to about 200 percent. For example, the substrate
can be annealed at a temperature in a range of about 500 K to about 1100 K, and more
preferably, in a range of about 500 K to about 900 K, for a selected time duration, e.g., a
time duration in a range of about a few minutes to about a few hours (e.g., one-half
hour).

The annealing step can be performed by employing a variety of different
techniques. For example, the substrate can be placed in a thermal oven to be exposed to
an elevated temperature for a selected duration. Alternatively, the substrate can be
exposed to laser radiation, e.g., radiation having a wavelength in a range of about 200 to
about 1200 nm, to cause its heating to a desired temperature. Further, the annealing step
can be performed, for example, in an inert atmosphere (e.g., an argon atmosphere) or in
a vacuum (a low-pressure environment). Alternatively, the annealing step can be
applied simultaneously with the irradiation step. That is, the irradiation of the silicon
substrate with the laser pulses can be performed while the substrate is maintained at an

elevated temperature,
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Without being limited to any theory, the annealing step is designed to cause a
rearrangement of the atomic bonds within the metastable microstructured layer to
enhance the density of charge carriers — electrons — within that layer. The term “charge
carrier density” is known to those having ordinary skill in the art. To the extent that any
further explanation may be required, it refers to density of those charged particles, e.g.,
electrons, that are primarily responsible for current conduction, e.g., electrons in the
conduction band states or in shallow impurity states below the conduction band. Such
charged carriers are also herein referred to as free electrons or holes.

In other words, the annealing temperature and duration are selected to cause
structural changes in the microstructured layer that result in increasing the carrier
density in that layer while substantially maintaining responsivity of the layer for
generating an electrical current when exposed to radiation within a selected wavelength
range at a given applied back bias voltage, as discussed in more detail below. The
structural changes caused in the microstructured sulfur-rich layer by an annealing step
according to the teachings of the invention can be appreciated by considering that in
many embodiments in which a p-doped silicon substrate is exposed to a plurality of laser
pulses to generate a microstructured surface layer thercin, holes, rather than electrons,
constitute the dominant charge carriers even after incorporation of about 1 atom percent
sulfur having two possible donor electrons per atom. However, after annealing,
electrons can constitute the dominant charge carriers in the microstructured layer.
Without being limited to any particular theory, such observations suggest that sulfur in
the microstructured layer, before annealing, is incorporated in silicon such that its donor
electrons do not substantially contribute to conduction (the donor electrons are likely
locked up in a trap, or perhaps the coordination number of the implanted sulfur is larger
than four). An annealing step according to the teachings of the invention causes atomic
bond rearrangements in the microstructured layer so as to free up donor electrons for
contributing to electrical conduction. In fact, in case of p-doped silicon substrates, the
number of donor electrons released during annealing can be sufficiently large to
eliminate the holes as the dominant charge carriers and turn the microstructured layer

into an n-doped layer having a sheet carrier concentration on the order of about 10" e
2
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A microstructured silicon wafer formed in accordance with the teachings of the
invention exhibits absorption of incident electromagnetic radiation, particularly radiation
having wavelengths in a range of about 250 nm to about 2500 nm. By way of example,
FIGURE 5 presents absorption data for a microstructured silicon wafer (an n-Si (111)
wafer having a thickness of about 260 microns and a resistivity in a range of about 8 —
12 ohm-m), each of which was generated by exposing its surface to 100 femtosecond
laser pulses (2 to 500 shots per location) having a central wavelength of 800 nm and a
fluence of about 8 kJ/m?. This exemplary absorption data was recorded in a manner
known in the art, prior to annealing the wafer, by employing an spectrophotometer
equipped with an integrating sphere. The absorption data for an unstructured silicon
wafer is also provided for comparative purposes.

This exemplary data indicates that the microstructured wafers exhibit an
enhanced absorption of incident electromagnetic radiation, relative to unstructured
silicon, across the entire recorded wavelength range, and particularly for wavelengths
above about 1050 nm, which corresponds to the band-gap energy of crystalline silicon
(1.05 eV). In the unstructured silicon, light photons having wavelengths longer than a
wavelength corresponding to the band-gap energy do not contain sufficient energy to
promote an electron from the valence band to the conduction band, leading to a drastic
drop in absorption.

In contrast, the silicon wafers microstructured in accordance with the teachings
of the invention exhibit significant absorption not only for wavelengths below the band-
gap but also for those above it. In fact, the exemplary data of FIGURE 5 shows that
silicon wafers structured by exposure to 20 pulses per location or higher (e.g., 500 pulses
in this exemplary data set) exhibit near-unity, featureless absorption of wavelengths
from about 0.4 micron to about 1 micron, a small decrease in absorption for wavelengths
around about 1.05 micron (a wavelength corresponding to the band edge of unstructured
silicon), and strong featureless absorption from about 1.05 microns to about 2.5 microns.
It should be understood that this data is presented only for illustrative purposes, and is
not necessarily intended to present the optimal absorption of a silicon wafer structured in

accordance with the teachings of the invention.
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As noted above, in many embodiments of the invention, a microstructured wafer
is annealed at a temperature and for a duration designed to enhance the charge carrier
concentration in its microstructured layer. Such annealing can be performed at a variety
of different temperatures. By way of example, FIGURE 6 schematically illustrates
electromagnetic radiation absorptance data for a plurality of microstructured silicon
wafers generated by utilizing 500 laser pulses per surface location (100 fs pulses at a
central wavelength of 800 nm and a fluence of 8 kJ/m?2) in the presence of 0.67 bar of
SF, relative to that of unstructured silicon. Each structured wafer was annealed at a
selected temperature in a range of about 575 K to about 875 K for about 30 minutes.
This exemplary data shows that annealing at temperatures below about 575 K has little
effect on the observed absorptance. On the other hand, such annealing performed at a
temperature between about 575 K and 875 K does not substantially affect absorptance
above the bandgap, but lowers the below band-gap absoptance — the higher the
anncaling temperature, the greater is the reduction in absorptance. It should, however,
be understood that this data is only exemplary, and different results may be obtained for
microstructured wafers generated by employing different parameters (e.g., difference
fluence or laser shot numbers).

A microstructured silicon wafer according to the teachings of the invention can
be generated not only by utilizing femtosecond pulses, but also other pulse widths (¢.g.,
nanosecond and picosecond pulse widths). By way of example and only for illustrative
purposes, FIGURE 7 illustrates exemplary absorptance graphs as a function of incident
radiation wavelength for femtosecond-laser-formed and nanosecond-laser-formed
microstructured silicon surfaces, before and after annealing at about 875 K for about 30
minutes, as well as that of an unstructured silicon wafer. The femtosecond-formed
mircrostructures were generated by employing 100 fs laser pulses (500 shots per
location) having a central wavelength of about 800 nm and a fluence of about 8 kJ/m?.
The nanosecond-formed microstructures were generated by employing 30 ns laser pulses
(about 1500 shots per location) having a central wavelength of 248 nm and a fluence of
about 30 kJ/m?. Tt should be understood that this data is presented only for illustrative
purposes and is not intended to necessarily indicate absorptance exhibited by a
microstructured silicon formed in accordance with the teachings of the invention under

all circumstances.
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In some embodiments of the invention, microstructuring of a silicon wafer can be
accomplished in the presence of a background fluid rather than SF¢. For example, HsS,
Clz, N; or air can be utilized. By way of example, FIGURE 8A and 8B compare
absorptance of some exemplary prototype microstructured silicon wafers generated by
employing femtosecond laser pulses (100 fs, 800 nm, 8 kJ/m? and 500 shots per
location) in the presence of various fluids — without an annealing step — with that of
unstructured silicon. The vacuum data corresponds to microstructuring the wafer in a
chamber evacuated to a base pressure that is less than about 107 bar. While all
microstructured samples exhibit an enhanced absorption relative to unstructured silicon,
this exemplary data shows the microstructuring in SF¢ and H,S brings about the most
dramatic change in absorptance relative to unstructured silicon. In particular, samples
structured with SFg exhibit near-unity, substantially featureless absorptance across the
entire measured spectrum.

A variety of background fluid pressures can be employed in many embodiments
of the invention for generating microstructured silicon wafers. By way of example,
FIGURE 9 shows absorptance data for a number of exemplary prototype
microstructured silicon wafers generated in SFs (100 fs pulses, 800 nm, 500 shots per
location) at different ambient pressures, as well as a wafer microstructured in vacuum
(e.g., a pressure of less than 10°). The greatest rate of increase is observed at low
pressures. In this exemplary data set, at pressures above about 27 mbar, the below band-
gap absorptance does not show much variation with wavelength, while at lower
pressures, it decreases with increasing wavelength.

The microstructured silicon wafers generated in accordance with the teachings of
the invention, particularly those subjected to an annealing step at an elevated
temperature in a range of about 500 K to about 900 K, not only exhibit enhanced
absorption of electromagnetic radiation over a wide range (e.g., from ultraviolet
wavelengths to near infrared), but they also exhibit voltage-versus-current profiles that
are characteristic of diodes. As discussed in more detail below, these properties allow
the use of such microstructured silicon wafers in fabricating photodetectors that exhibit

enhanced responsivity relative to conventional silicon photodetectors.
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More specifically, a microstructured silicon layer formed in accordance with the
teachings of the invention, particularly one formed by exposure of a wafer surface to
laser pulses followed by, or simultaneous with, an annealing step designed to release
electrons in the layer structured by the pulses, forms a diode junction, e.g., a p-n
junction, with the underlying silicon substrate. It should be understood that a diode
junction as used herein can also refer a junction formed between two n-doped portions
having different free electron densities. As shown schematically in FIGURE 10, a p-n
junction can be formed by bringing a semiconductor material having acceptor impurity
atoms (p-doped) into contact with a semiconductor material having donor impurity
atoms (n-doped). The difference in charge carrier concentration between the p-doped
and the n-doped portions generates a diffusion potential across the junction — electrons
and holes begin to diffuse across the junction to portions having a respective lower
concentration. As they cross to the other side of the junction, they recombine with their
oppositely charged electrical counterparts in a region very close to the junction. This
migration of charge carries across the junction causes formation of space charges
(immobile ions) with opposite polarities on the two sides of junction. As the number of
space charges increases (positively charged for the n-type side and negatively changed
for the p-type side), a potential difference builds up across the junction, which results in
an electric field in a direction opposite that of the diffusion potential.

Upon reaching thermal equilibrium, a thin insulating layer is present near the
junction in which charge carriers have been depleted by recombination (depletion
region). A strong electric field is present in the depletion region and a large electric
potential exists across this region. The junction can be reverse-biased by applying an
electric field across it that reinforces this internal electric field. Such a reverse-bias
voltage expands the insulating depletion region and enhances both the internal electric
field and the potential difference across the junction. The junction can also be forward-
biased by applying an electric field that is opposite to the internal field across it. Such a
forward-bias voltage shrinks the depletion region, thereby diminishing the internal
electric field and the potential difference across the junction. When forward-biased, a
current flows across the junction with electrons injected into the n-doped portion and

leaving from the p-doped portion. In other words, the p-n junction can act as a rectifier
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by allowing current flow in only one direction. This behavior gives rise to a current-
voltage (I-V) curve characteristic of a diode.

As discussed above, a silicon wafer in which a microstructured layer is formed
according to the teachings of the invention can exhibit an I-V curve characteristic of that
obtained by a diode junction. Without being limited to any theory, such a current-
voltage behavior can be understood by considering that the wafer includes two adjacent,
yet distinct, layers: a surface layer in which a concentration of an electron-donating
constituent is incorporated and an underlying substantially undisturbed silicon substrate
layer. These two layers exhibit different crystalline structures, chemical compositions,
and charge carrier doping concentrations. In addition, the microstructured layer has
unique optical properties including high absorptance of incident electromagnetic
radiation from the near ultraviolet into the near-infrared wavelengths. In one aspect, the
invention employs such microstructured silicon wafers for fabricating photodiodes, as
discussed in more detail below.

By way of example, FIGURE 1 1A schematically illustrates a photodetector 46
according to one embodiment of the invention that includes a microstructured silicon
wafer 48 having a microstructured surface layer 50 that is formed in a silicon substrate
51 by irradiating a plurality of locations on a substrate’s surface with short laser pulses
(e.g., pulse widths in a range of about tens of femtoseconds to tens of nanoseconds)
while exposing the surface to a substance having an electron-donating consitutent (e.g.,
SFs). The laser-irradiated wafer is then annealed under conditions (e.g., at an elevated
temperature and for a selected duration) designed to enhance concentration of electrons
in the microstructured surface layer (e.g., annealing at a temperature in a range of about
500 K to about 900 K for a duration of a few minutes to a few hours).

The exemplary photodetector 46, functioning as a photodiode, also includes a
plurality of metallic electrical contacts 52, which have a finger grid geometry, that are
disposed on the microstructured surface layer. In addition, an electrical contact 54, in
the form of a metallic coating layer, is disposed on the back surface of the silicon
substrate (i.e., the undisturbed silicon surface opposite the microstructured surface) that
substantially covers the entire surface. In this exemplary embodiment, a chromium/gold

alloy (Cr/Au) is employed for fabricating the electrical contact. However, those having
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ordinary skill in the art will appreciate that the contacts can be formed of other metals, as
well.

The metallic contacts 52 and 54 allow applying a bias voltage, e.g., a reverse bias
voltage, across the wafer by employing, for example, a voltage source 56. The reverse
bias voltage can reinforce the internal electrical field in the depletion layer of a diode
junction formed between the microstructured layer 50 and the underlying silicon
substrate 51. As discussed in detail below, the photodetector 46 can operate with small
bias voltages, e.g., voltages in a range of about 0.1 V to about 15 V, with a responsivity
(i.e., photocurrent generated per unit of power of incident light (amperes/watts)) that is
considerably better than that typically exhibited by a conventional silicon photodetector.
These attributes allow incorporating silicon photodetectors formed according to the
teachings of the invention, such as the exemplary photodetector 46, into integrated
silicon photo-electronic circuits as high sensitivity detectors.

In operation, radiation (i.e., photons) incident on the microstructured surface
layer of the photodiode’s silicon wafer is absorbed (when the radiation wavelength is in
the operating range of the photodetector), e.g., by valence electrons, in the
microstructured layer. The absorption of the incident radiation causes generation of
electron-hole pairs. The clectric field within the depletion region causes separation of
the generated electron-hole pairs, especially those created at or in proximity of the diode
junction, which is formed between the microstructured silicon layer and the underlying
silicon substrate. The separated electron-hole pairs provide a photocurrent that is
proportional to the number of incident photons (those skilled in the art appreciate that
such a photocurrent is added to a generation current and a recombination current that can
be inherently present in a diode junction). Hence, incident radiation can be detected, and
quantified, by measuring the induced photocurrent.

A photodetector formed according to the teachings of the invention not only
exhibits absorptance across a wide range of wavelengths (the absoptance is generally
commensurate with that exhibited by the photodetector’s microstructured silicon wafer),
but it also exhibits a diodic I-V behavior. By way of example and further elucidation of
the salient features of a photodetector of the invention, FIGURE 12 illustrates a plurality
of graphs, each representing current as a function of bias voltage for a plurality of

microstructured silicon samples prepared under different conditions in an n-doped
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silicon substrate for use as the active component of photodetectors. All samples were
irradiated with a plurality of femtosecond laser pulses (800 nm, 100 fs, fluence of 4
kJ/m*) in the presence of SFg, but were subjected to different annealing conditions. The
graph A represents the current-voltage curve associated with a microstructured sample
that was not annealed. This curve is substantially linear, indicating that the junction
between the microstructured layer and the underlying silicon substrate in this sample is
not diodic, but is merely resistive. In other words, such a wafer is not optimal for
fabricating a photodetector.

In contrast, graphs B, C, and D illustrate current-versus-voltage behavior of those
microstructured silicon samples that were subjected to annealing at different
temperatures (the annealing duration was about 30 minutes in all cases). This exemplary
data indicates that with an increase in the annealing temperature, the measured I-V curve
approaches one expected from a diode. For example, at an annealing temperature of
about 825 K, the I-V curve is diodic, characterized by an exponentially increasing
current for a forward bias and a smaller, less rapidly increasing current for a reverse
bias. The I-V curve corresponding to an annealing temperature of about 1075 K is also
diodic. However, annealing a microstructured silicon wafer for a significant duration at
a very elevated temperature can lead to a degradation of the below-band gap
absorptance, and hence a degradation in the performance of a photodetector utilizing
such a microstructured wafer in the near-infrared. In this exemplary data set, the
substrate annealed at 825 K exhibit an optimal I-V characteristic. It should, however, be
understood that such very elevated annealing temperatures may be employed so long as
the annealing duration is sufficiently short. In general, the annealing of a
microstructured silicon wafer to be employed in a photodetector of the invention should
be carefully designed (i.e., annealing temperature and duration) to cause release of
electrons in the microstructured surface layer without significantly degrading the wafer’s
absorptance of and responsivity to incident radiation.

A photodetector of the invention, such as the above exemplary photodetector 46,
exhibits a responsivity that can be superior across a wavelength range of about 250 nm
to about 10 microns to that of a conventional silicon photodiode. By way of example
and only for illustration and corroboration purposes, FIGURE 13 presents experimental

graphs representing responsivity of exemplary photodetectors formed in accordance with
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the teachings of the invention, over a selected wavelength range, in comparison with a
conventional photodiode and those fabricated by employing microstructured silicon, but
with no annealing or annealing at too high a temperature. In particular, graphs A and B
show that photodetecotors of the invention that employ silicon wafers microstructured
by femtosecond laser pulses in the presence of SFs (100 fs, 800 nm central wavelength
and a fluence of 4 kJ/m?) followed by annealing at 825 K or 725 K, exhibit a
significantly enhanced responsivity relative to that of a conventional commercially
available silicon photodiode. In particular, these photodetectors exhibit a responsivity
that is more than an order of magnitude greater that that of the conventional photodiode
in a wavelength range of about 250 nm to about 1050 nm. Although the responsivity
shows a decrease for wavelengths longer than the band-gap edge (i.e., wavelengths
longer than about 1050 nm), nonetheless, it remains significantly higher than that
exhibited by a conventional silicon detector. In fact, conventional silicon detectors
typically do not operate at useful levels of responsivity at wavelengths that are longer
than the band-gap edge. For example, in this exemplary illustration, the responsivity of
the commercial photodiode drops steeply to about 10 A/W for wavelengths longer than
about 1050 nm

Further, the responsitivy data for wafers formed according to the teachings of the
invention (e.g., graphs A and B) were obtained by applying small bias voltages (e.g., a
bias voltage of about —0.5 volts in this exemplary embodiment). In contrast,
conventional silicon photodetectors exhibit much lower responsivities, or require much
higher bias voltages (e.g., 100 to 1000 volts) and/or have more complex structures. This
indicates that while photodetectors formed in accordance with the teachings of the
invention can be readily incorporated in integrated silicon circuitry, the incorporation of
conventional silicon detectors, which require large bias voltages, into integrated silicon
circuits can be impractical.

The data depicted in FIGURE 13 also shows that proper annealing of a silicon
wafer irradiated by a plurality of short laser pulses, as described above, can considerably
enhance the responsivity of a photodetector that employs that wafer. In particular, a
photodctector fabricated by utilizing a wafer that, though exposed to laser pulses, was
not annealed, exhibits a much degraded responsivity relative to those that were subjected

to an annealing step at appropriate temperatures, e.g., at 725 K or 825 X. This
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exemplary data also shows that a photodetector that incorporates a microstructured
wafer annealed, subsequent to irradiation by laser pulses, at a temperature of 1075 for
thirty minutes exhibits a much degraded responsitivy relative to those annealed at 725 K
or 8§25 K.

Hence, one aspect of the invention relates to annealing a silicon wafer,
subsequent to — or simultaneous with — its irradiation by a plurality of short pulses in the
presence of a substance having an electron-donating constituent, under conditions that
would release electrons in the microstructured layer while preserving the responsivity of
the wafer for detecting electromagnetic radiation. For example, in some embodiments
of the invention, the annealing temperature is selected to be in range of about 500 X to
about 1100 K, and more preferably in a range of about 700 K to about 900 K, and the
annealing duration is selected to be in a range of about 1 minute to about several hours,
and more preferably in a range of about S minutes to about 30 minutes. Alternatively,
higher annealing temperatures can be employed so long as the annealing duration is
properly selected to avoid degrading the responsivity of the resultant annealed wafer.
For example, although the above data indicates that annealing the wafer at temperature
of about 1075 K for about 30 minutes may not be desirable, this annealing temperature
with a lower annealing duration can be suitable for practicing the invention in certain
applications. To certain extent, annealing temperature and duration are inter-related.
For example, shorter annealing time at a higher temperature can be employed in certain
applications.

In othcr words, it is not simply annealing at an elevated temperature that is
required. Rather, the annealing temperature and its duration need to be properly selected
to ensure that a photodetector exhibiting enhanced responsivity over a wide wavelength
range can be fabricated by utilizing the annealed wafer. It has been discovered that
annealing a silicon wafer subsequent to, or simultaneous with, its exposure to short laser
pulses in presence of a substance having an electron-donating constituent at a
temperature that is too low can lead to noisy photodiode and annealing at too high a
temperature and duration can lower the wafer’s response to both visible and infrared
wavelengths. More specifically, the annealing temperature and duration are preferably
selected to enhance the concentration of carrier electrons in the microstructured layer —

formed by laser irradiation in presence of a substance having an electron-donating
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constituent — by a factor in a range of about 10% to about 200% while ensuring that the
resultant annealed wafer exhibits a responsivity greater than about 20 A/W at least at
one wavelength, and preferably over the entire span, of a wavelength range of about 250
nm to about 1050 nm, and a responsivity greater than about 0.1 A/W at least at one
wavelength, and preferably over the entire span, of a wavelength range of about 1050
nm to about 3500 nm. By way of example, in some embodiments of the invention, the
annealing temperature is preferably selected to be in a range of about 700 to about 900
K.

The choice of the fluence of laser pulses irradiating a silicon wafer to generate a
microstructured layer therein can also affect the performance characteristics of a
photodetector that incorporates the microstructured wafer for detecting radiation. By
way of example, FIGURE 14 presents exemplary data corresponding to current-voltage
characteristics of a plurality of silicon wafers irradiated with a plurality of femtosecond
laser pulses (100 fs, 800 nm central wavelength, 200 pulses per location) in the presence
of SF¢ followed by annealing at 825 K for about 30 minutes. The laser pulse fluences,
however, differed from one wafer to another. More particularly, the following laser
fluences were employed: 4 kJ/m?, 6 kJ/m?, 8 kJ/m? and 10 k)/m?. This exemplary data
indicates that increasing the fluence decreases the dark current for a given reverse bias
voltage.

FIGURE 15A illustrates the responsivity of a plurality of photodetectors
incorporating the above silicon wafers that were microstructured with different laser
pulse flunces (the wafers were annealed at 825 K for 30 minutes). This exemplary
responsivity data indicates that, in this sample set, the photodetector’s responsivity
decreases, and the wavelength of peak response shifts to longer wavelengths, with
increasing fluence (the sample made with a fluence of 4 kJ/m? exhibits the highest
response). By way of further illustration, FIGURE 15B presents responsivity data for
photodetectors made with microstructured silicon wafers that were generated through
irradiation with femtosecond pulses (100 fs, 800 nm central wavelength, 200 pulses per
location) in the presence of 8Fg followed by annealing at 1075 K for about 30 minutes.
The laser pulse fluences, however, varied from one sample to the next (4 kI/m?, 6 kJ/m?,
8 kJ/m?, and 10 kJ/m?). A comparison of this data with the data presented in FIGURE
15A shows that the responsivity exhibited by the samples subjected to the higher
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annealing temperature of 1075 is much lower that that of the samples annealed at 825 K.
However, the samples annealed at the higher temperature exhibit much less variation in

responsivity as a function of fluence. Further, the samples annealed at 1075 K — though
exhibiting a lower responsivity — are less noisy and have a higher quantum efficiency.

1t should be understood that the above data is presented only for illustration
purposes, and is not intended to necessarily indicate an optimal fluence under all
conditions. For example, the above exemplary samples were made with an average laser
shot number of about 200 pulses, and may exhibit improved characteristics with a
greater shot number. In general, in various embodiments of the invention, the laser
pulse fluence is selected to be greater than about 3 kJ/m®. More preferably, the fluence
is chosen to be in a range of about 3 kJ/m?to about 10 kJ/m?, or a range of about 3 kJ/m?
to about 8 kJ/m?.

In many embodiments of the invention an n-doped silicon substrate is employed
for forming a microstructured wafer, as described above. Alternatively, a p-doped
silicon wafer can be utilized. By way of example, FIGURE 16A presents graphs
comparing the diodic characteristics of a microstructured wafer generated according to
the teachings of the invention, such as those described above, employing a p-doped
silicon substrate (p-Si(100), 350 micron thick, resistivity ( o ) greater than 1 ohm-cm)
with one fabricated utilizing an n-doped silicon substrate. In both cases, a laser pulse
fluence of about 6 kJ/m?, an annealing temperature of about 825 K, and an annealing
duration of about 30 minutes were utilized. Similar data is presented in FIGURE 16B
for p~-dopend and n-doped samples annealed at 1075 K for about 30 minutes.

This exemplary data shows that the p-doped samples annealed at 825 K exhibit a
higher forward bias current than equivalently generated n-doped samples. The dark
current for back biases also increases more rapidly for p-doped samples. Upon
annealing at 1075 K, the p-doped samples exhibit very good diodic properties with the
back bias decreasing to substantially the same level as that in equivalently generated n-
doped samplés. Further, the forward bias current increases more rapidly, resulting in
good rectification ratios. As noted above, annealing at higher temperatures can increase
donor concentration from sulfur doping. Such increase in the donor concentration can

lead p-doped samples annealed at higher temperature to exhibit better rectification.
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A silicon substrate’s doping can also affect the responsivity of a silicon wafer
formed by microstructuring that substrate in accordance with the teachings of the
invention. By way of example, FIGURE 17A shows measured responsivity data for two
n-doped microstructured wafers and two p-doped microstructured wafers, both of which
were annealed at 8§25 K for about 30 minutes. This exemplary data indicates that the
responsivity of n-doped substrates is higher over the measured spectral range. However,
FIGURE 17B shows that the responsivities of microsturctured wafers formed in p-doped
and n-doped substrates, via laser irradiation and annealing at a higher temperature of
about 1075 K, are ncarly identical.

In general, the above illustrative data indicates that microstructured p-doped
samples have a lower response but exhibit a better quantum efficiency. It should be
understood that the above data is presented only for illustrative purposes and is not
intended to limit the scope of the invention. In general, both p-doped and n-doped
substrates can be employed in the practice of the invention, and the resultant dicdic
characteristics and responsivity of microstuctured wafers generated by utilizing such
substrates can be different than those depicted above based on selection of other
parameters, such as laser fluence, number of pulses, etc.

In addition to responsivity, another parameter of interest associated with
performance of a photodetector can be its quantum efficiency. The term ‘quantum
efficiency’ is known in the art, and is generally defined as the number of electron-hole
pairs generated per incident photon at a zero applied voltage. In some cases, a
microstructured sample that exhibits a high level of responsivity may not show a
correspondingly high level of quantum efficiency. For example, in the above exemplary
prototype microstructured silicon wafers, samples fabricated by employing n-doped
substrates, laser pulses having a fluence of 4 kJ/m?, and an annealing temperature of
about 825 K exhibit the highest responsivity, but not the highest quantum efficiency. In
fact, samples fabricated by employing similar conditions but a higher annealing
temperature of 1075 K show higher quantum efficiencies, though lower responsivities.
Similarly, the measured responsivities of samples made on p-doped substrates and
annealed at 825 K or 1075 K are lower, but their quantum efficiencies are higher. Such

variations of responsivity and quantum efficiency are preferably considered when
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selecting various parameters in practicing the teachings of the invention for fabricating a
silicon photodetector.

The responsivity of a photodetector fabricated in accordance with the teachings
of the invention can also vary as a function of a back bias applied thereto. Typically, the
responsivity increases as the applied back bias increases. By of example, FIGURE 18
exhibits the responsivity of a silicon wafer microstructured in accordance with the
teachings of the invention through irradiation by a plurality of femtosecond pulses at a
fluence of 4kJ/m? followed by annealing at 825 K for about 30 minutes, as a function of
an applied back bias voltage. The sample was illuminated with a white light source with
an approximate power of 50 microwatts. The responsivity, and hence gain, increases
quickly up to a bias voltage of —5 volts and more slowly up to —15 volts. At voltages
beyond —15 volts, the responsivity begins to fall. In some cases, the responsivity of a
photodetector that exhibits a large gain may not be sufficiently linear for certain
applications. Hence, in selecting a proper back voltage, in addition to responsivity, other
factors, such as the linearity of the response should be considered. In addition, in
applications in which the photodetectors are incorporated in an integrated silicon circuit,
the bias voltage should be compatible with the requirements of that circuit.

A photodetector formed according to the teachings of the invention can operate
within a wide range of temperatures. In some cases, it may be advantageous to cool the
photodetector to decrease its average noise level. By way of example, FIGURE 19A
presents current-voltage curves corresponding to an n-doped microstructured silicon
sample made with femtosecond pulses at a fluence of about 4 kJ/m” and annealed at 825
K at different operating temperatures. The measured current in both the back bias and
forward bias conditions decreases with decreasing the temperature. At very low
temperatures (below 100 K), conduction becomes very low for both forward and back
biases. FIGURE 19B shows the responsivity of such a microstructured wafer to incident
radiation having a wavelength of 1064 nm (a wavelength close to the band gap of silicon
at room temperature) at a back bias of —0.5 V as a function of operating temperature.
The measured responsivity drops with temperature. This behavior may be, however,
different if the wavelength of the illuminating light is far from the silicon band gap. A
graph of the dark current at a bias voltage of =0.5 V as a function of temperature,

however, shows that the noise decreases much more rapidly that the responsivity.
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In sum, photodiodes formed according to the teachings of the invention can
exhibit responsivities in a wide region of the electromagnetic spectrum (e.g.,
wavelengths in a range of about 250 nm to about 1100 nm) that are nearly two orders of
magnitude higher than those exhibited by conventional commercial silicon photodiodes.
Further, responsivities at longer wavelengths, e.g., as long as 1600 nm, can be nearly
five orders of magnitude greater than those exhibited by conventional silicon
photodiodes in this range. In some of the above prototype samples fabricated according
to the teachings of the invention for illustration purposes, the carrier mobility in the
surface layer was measured to be about 101 cm?V™'s™; the response times included a rise
time of about 10 ns and a fall time of about 30 ns; and a diode capacitance of about 63.9
oF at a back bias of —0.5 V was measured. A photodiode of the invention can exhibit a
large gain at very small applied bias voltages, e.g., a gain greater than 1000 for an
applied bias voltage of — 0.5 V.

A silicon photodetector according to the teachings of the invention, such as the
above exemplary photodetector 46 (FIGURE 11A), can be fabricated by employing a
variety of techniques. By way of example, in one exemplary method of fabricating such
a photodetector, a selected portion of a silicon wafer, e.g., a 5 x 5 mm” area, is
microstructured via exposure to short laser pulses in the presence of a suitable material,
e.g., SF¢, in a manner described above. The wafer is then dipped in a solution of HF
(e.g., a 5% solution) in order to remove any native oxide layer before forming electric
contacts with the microstructured layer. Subsequently, a mask is deposited over the
surface of the microstructued layer having exposed portions which correspond to a
desired pattern of a conductive electrode to be formed on that surface. A selected metal,
e.g., a Cr/Au alloy, is then evaporated over the masked surface, and the mask is removed
to leave behind a patterned conductive layer, such as the conductive layer 52 shown in
FIGURE 11A, and uncoated portions suitable for receiving radiation. Further, a
conductive layer can be formed on a back surface of the wafer, an unstructured surface
opposed to the microstructured layer, such as the layer 54 shown in FIGURE 11A. In
many embodiments, the entire back surface is coated with the metal. The wafer can be
then be coupled to a voltage source, such as the source 56 shown in FIGURE 11A, that

can apply a bias voltage thereto and optionally other electronic elements, e.g.,
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capacitors, in a manner known in the art. Further, a the wafer and its associated circuitry
can be placed in an appropriate housing by employing techniques known in the art.

The applications of microstructured silicon wafers formed according to the
teachings of the invention, such as those discussed above, are not limited to
photodetectors. For example, such silicon wafers can be employed in fabricating solar
cells. In some cases, the optimal values of various parameters, such as substrate doping,
associated with the microstructured wafer utilized in generating solar cells can be
different than those in fabricating silicon photodetectors. A solar cell can be considered
a p-n junction photodiode with high quantum efficiency. The conversion of photons into
photocarriers is the physical mechanism by which light is converted in a solar cell into
electricity. However, there is a fundamental difference between a photodetector and a
solar cell. A photodetector is generally operated in a “photoconductive” mode: a back
bias is applied thereto and a current is measured. In contrast, a solar cell is operated in a
“photovoltaic” mode: it is operated in an open circuit mode or attached to a load without
application of a bias voltage.

In one embodiment, a microstructured layer is formed in a p-doped crystalline
silicon substrate by initially irradiating a plurality of locations on a surface thereof with
femtosecond (e.g., 100 fs, and a central wavelength of 800 nm) laser pulses having a
fluence of about 4 kJ/m? followed by annealing at 1075 K for about one hour. The
wafer can then be utilized in fabricating a solar cell. More specifically, metal contacts,
e.g., Cr/Au contacts, can be evaporated on the microstructure layer’s surface so as to
coat selected portions thereof while leaving at least a portion of the surface uncovered
for receiving radiation, e.g., a finger grid metallic pattern can be disposed on the surface.
In addition, the back surface of the substrate, the unstructured surface opposing the
structured surface, can be coated, e.g., via evaporation, with a metallic coating. A load
can be attached the wafer via electrical coupling to the metallic layers on the both sides
of the wafer.

FIGURE 20 presents data comparing current-voltage (J-¥) behavior of such a
wafer, formed in a high resistivity (resistivity greater than about 1 ohm-m) silicon
substrate, that can be utilized as a solar cell in the presence and in the absence of
illumination. And FIGURE 21 presents a similar comparative data for a wafer formed in

low resistivity silicon substrate (resistivity in a range of about 0.01 — 0.1 ohm-m). The
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solar cell fabricated by employing the high resistivity substrate has an open circuit
voltage of 0.4 volts and a short circuit current of 13.4 mA while the solar cell fabricated
by utilizing the low resistivity substrate has an open circuit voltage of 0.31 volts and a
short circuit current of 13.45 mA. It should be understood that this data is presented
only for illustration purposes, and to show the possibility of utilizing a wafer
microstructured in accordance with the teachings of the invention in forming a solar cell.
However, this data is not intended to indicate optimal performance of a solar cell
generated in accordance with the teachings of the invention. For example, the
deposition of electrical contacts on the substrate can be optimized to obtain better
performance than that described above.

In another application, a silicon wafer microstructured in accordance with the
teachings of the invention can be utilized as a field emitter. In other words, an electric
field can be applied to the microstructured surface to cause emission of electrons
therefrom. To show the possibility of utilizing a microstructured wafer for generating
field emission current, a number of prototype exemplary microstructured wafers were
fabricated and field emission currents generated by them were measured. The
experimental step-up for performing these measurements is shown schematically in
FIGURE 22. A microstructured silicon sample 58 with a gold coating 60 evaporated on
a back surface is mounted to a silicon wafer 62 having a gold coating 64, which
functions as an anode, and is separated therefrom by a pair of mica spacers 66 and 68.
The mounted sample is placed in a vacuum chamber, which is evacuated to a pressure of
about 107 torr. A potential difference can be applied between the microstructured
sample 58 and the gold-coated anode. And emissjon current can be measured at each
applied voltage, e.g., via a picoammeter 70, a resistive elements 72 placed in series with
the ammeter to protect it from unexpected surges in current.

FIGURE 23 shows exemplary results of field emission currents measured for
silicon samples microstructured in SFs. The typical figures of merit for a field emitting
surface are turn-on-field, defined as the electric field (bias voltage divided by the tip-to-
anode spacing) for which a current density of 0.01 microampere/mm2 is observed, and
threshold field, defined as the field at which a current density of 0.1 microamperes/mm®
is produced. The turn-on field for a plurality of exemplary prototype substrates

microstructured in SFs was measured as 1.3 V/micrometer, and the threshold field was
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measured as 2.15 V/micrometer — excellent values that are on par with those exhibited
by nanotubes.

Those having ordinary skill in the art will appreciate that various modifications
can be made to the above embodiments without departing from the scope of the
invention. It should also be understood that various exemplary data presented above are
intended only for illustrating salient features of various aspects of the invention, and is

not intended to limit the scope of the invention.
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What is claimed is:

I. A method of fabricating a radiation-absorbing semiconductor structure,
comprising:

irradiating each of a plurality of locations on a surface of a silicon substrate with
one or more femtosecond laser pulses while exposing said surface to a sulfur-containing
substance so as to generate a plurality of sulfur inclusions in a surface layer of said
substrate, and

annealing said substrate at a temperature in a range of about 500 K to about 1100

K for a time duration in a range of about a few seconds to about a few hours.

2. The method of claim 1, further comprising selecting a duration of each laser

pulse to be in a range of about 50 femtoseconds to about 500 femtoseconds.

3. The method ofclaim 1, further comprising selecting a fluence of each pulse to be

in a range of about 1 kJ/m? to about 15 kJ/m®.

4. The method of claim 1, further comprising selecting a central wavelength of said

laser pulses to be in a range of about 200 nm to about 800 nm.

5. The method of claim 1, wherein said irradiating step comprises exposing each

location to a number of laser pulses ranging from 2 to about 500.
6. The method of claim 1, further comprising subjecting each of said surface
locations to successive laser pulses separated from one another by a time interval in a

range of about 1 microsecond to about 1 millisecond.

7. The method of claim 1, further comprising performing said annealing step in any

of an inert atmosphere or a low-pressure atmosphere.

8. The method of claim 1, further comprising selecting said sulfur-containing

substance to be any of SFe and H,S.
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9. The method of claim 1, wherein said semiconductor structure absorbs radiation

having wavelength components in a range of about 0.25 to about 10 microns.

10. The method of claim 1, wherein said semiconductor structure absorbs radiation

having wavelength components in a range of about 0.35 to about 2.5 microns.

11. The method of claim 1, wherein said semiconductor structure exhibits a
substantially uniform absorption for wavelength components in a range of about 1.2 to

about 2.5 microns.

12. A method of fabricating a photodetector, comprising:

forming a semiconductor structure absorbing radiation in a wavelength range of
about 0.25 to about 3.5 microns and exhibiting a diodic current-voltage characteristic in
said wavelength range, said forming step comprising:

irradiating a surface of a silicon substrate at one or more locations thereof with
one or more laser pulses having short pulse widths while exposing said surface to a
sulfur-containing gas to gencrate a micro-structured layer having sulfur inclusions,

annealing said substrate at a temperature in a range of about 500 K to about 1000
K for a time duration in a range of about a few seconds to about a few hours, and

depositing a plurality of metallic contacts on selected portions of said

semiconductor structure to allow applying a reverse bias voltage thereto.

13.  The method of claim 12, wherein said pulse widths are selected to be in a range

of about tens of femtoseconds to about tens of nanoseconds.

14.  The method of claim 12, further comprising selecting said sulfur-containing

substance to be any of SFg and H,S.

15. The method of claim 12, further comprising performing said annealing step in an

inert atmosphere.
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16. The method of claim 12, wherein said depositing step comprises thermally
evaporating one or more seclected metals on said selected portions of the semiconductor

structure.

17. The method of claim 12, further comprising selecting a thickness of said metal

contacts to be in a range of about 5 nm to about 100 nm.

18.  The method of claim 16, wherein said depositing step comprises thermally
evaporating a chromium layer followed by thermally evaporating a gold layer ona
selected portion of said semiconductor structure to generate at least one of said metal

contacts.

19.  The method of claim 18, further comprising selecting a thickness of said

chromium layer to be in a range of about 1 nm to about 5 nm.

20.  The method of claim 19, further comprising selecting a thickness of said gold

layer to be in a range of about 4 nm to about 100 nm.

21.  The method of claim 12, further comprising configuring said metal contacts so as
to ensure that at least a portion of said micro-structured layer remains capable of

receiving an external radiation.

22. A method of fabricating a semiconductor structure, comprising

irradiating a plurality of locations on a surface of a silicon substrate with one or
more laser pulses having pulse widths in a range of about 50 to about 500 femtoseconds
while exposing said surface to a substance having an electron-donating constituent so as
to generate a micro-structured surface layer comprising inclusions incorporating said
electron-donating constituent, and

annealing said substrate at an elevated temperature in a range of about 500 K to

about 1100 K for a selected time period.
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23. The method of claim 22, further comprising selecting said electron-donating

constituent to be any of chlorine (Cly), nitrogen (N2) and air.

24. The method of claim 22, wherein said irradiating step further comprises directing
said laser pulses at said surface along a direction substantially perpendicular to said

surface.

25. The method of claim 22, wherein said selected annealing period is in a range of

about a few seconds to about a few hours.

26. The method of claim 22, wherein said annealing step is performed in an inert
atmosphere.
27. A method of fabricating a radiation-absorbing semiconductor wafer, comprising:

irradiating at least one surface location of a silicon substrate with a plurality of
temporally short laser pulses while exposing said location to a substance having an
electron-donating constituent so as to generate a substantially disordered surface layer
incorporating a concentration of said electron-donating constituent, and

annealing said substrate at an elevated temperature and for a duration selected to

enhance charge carrier density in said substantially disordered surface layer.

28. The method of claim 27, wherein said elevated temperature and duration are
selected to cause re-arrangement of atomic bonds in said surface layer so as to increase

concentration of carrier electrons in surface layer.

29. The method of claim 27, wherein said elevated temperature and duration are
selected to enhance electron carrier density in the surface layer by a factor of about 10%

to about 200% relative to a pre-annealing level.

30. The method of claim 27, wherein said elevated temperature and duration are
selected to cause said surface layer to form a diode junction with underlying silicon

substrate.
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31. The method of claim 27, wherein said clevated temperature and duration are
selected such that said annealed substrate exhibits a responsivity in a range of about 1
A/W to about 200 A/W upon exposure of said surface layer to radiation having
wavelengths in a range of about 250 nm to about 1100 nm and application of a reverse

bias in a range of about 0.1 V to about 15 V to said wafer.

32. The method of claim 27, wherein said elevated temperature is selected to be in a
range of about 500 K to about 1100 K.

33. The method of claim 33, wherein said duration is selected to be in a range of

about a few seconds to about few hours.

34. The method of claim 27, further comprising selecting said short laser pulses to
have pulse widths in a range of about tens of femtoseconds to about tens of

nanoseconds.

35. The method of claim 27, further comprising selecting a fluence of said pulses
and a partial pressure of said substance having an electron-donating constituent such that
the concentration of said electron-donating constituent incorporated in said surface layer

ranges from about 0.5 to about 5 atom percent.

36. A method of fabricating a radiation-absorbing semiconductor wafer, comprising

irradiating at least one surface location of a silicon substrate with temporally
short laser pulses while exposing the substrate to a substance having an electron-
donating constituent so as to generate a microstructured surface layer having inclusions
containing the electron-donating constituent, and

annealing the substrate at an elevated temperature and for a duration selected to
enhance a responsivity of the microstructured substrate to radiation having at least one
wavelength in a range of about 250 nm to about 1100 nm incident on the

microstructured surface layer by at least a factor of about 10.
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37.  The method of claim 37, wherein the annealing temperature lies in a range of

about 700 K to about 900 K.
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(57) Abstract: The surface of a material is textured and crystallized in a single step by exposing the surface to pulses from an
ultrafast laser. The laser treatment causes pillars to form on the treated surface. These pillars provide for greater light ahsorption.
The crystallization of the material provides for higher electric conductivity and changes in optical propertics of the material. The
method may be performed in a gascous environment, so that laser assisted chemicul ctching will aid in the textring of the surface.
‘This method may be used on various material surfaces, such as semiconductors, metals, ceramics, polymers, and glasses.
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SYSTEMS AND METHODS OF LASER TEXTURING AND CRYSTALLIZATION
OF MATERIAL SURFACES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This application claims priority from U.S. Provisional Patent Application No.
60/752,545, filed on December 21, 2005;: U.S. Provisional Patent Application No.
60/843,874, filed on September 12, 2006; and U.S. Provisional Patent Application No.
60/860,735, filed on November 22, 20067 The full disclosures of these provisional

applications are incorporated herein by reference.

STATEMENT OF GOVERNMENT INTEREST
[0002] The present invention was developed under National Science Foundation Grant

No. GA10507-31335 427250. The government has certain rights in the invention.

FIELD OF THE INVENTION
[0003] Apparatuses and methods consistent with the present invention relate to modifying
surfaces, and more particularly, to modifying surfaces of thin films in order to alter their

thermal, structural, optical, and electrical properties.

BACKGROUND OF - THE INVENTION
[0004]  Laser processing provides a unique method of modifying materials by depositing
large amounts of energy onto the surface of a ma;ten'al in an extremely controlled manner.
Laser processing enables the precisely localized treatment of a material. Laser processing is
particularly useful after thin-film deposition of .amorphous materials, which usually iqvolvcs

low temperature processing, and allows for the use of flexible and low melting temperature
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substrates for large area device fabrication. However, these devices lack better 'performance,
usually dué to poor electrical, optical, and/or structural properties. Laser processing of these
devices with ultra-short laser pulses has been f(;und to improve the properties of the devices,
because the high peak i.nlensities of the laser pulses rapidly texture the surface, and a
subsequent quenching process induces crystallization in the material. The texturing of the
surface leads to more light absorption in the material, and the subsequent crystallization
improves the electronic properties of the material.

[060S] For example, thin film amorphous silicon (a-Si) based devices are inexpensive
compared to their crystalline counterparts because of low temperature processing, which is
suitable for deposition on large substrates, such as glass, plhstic, and steel foils. However,
solar cell devices fabricated using a-Si thin-films lack cfficiency, have a high reflectivity
across the electromagnetic spectrum, possess a larger band gap (~ 1.7 eV), and have limited
carrier mobility. In order to improve the efficiency and sensitivity of a-Si based devices,
post-deposition laser processing is wsually recommended. This includes texmrihg and
subsequent crystallization of the surface. Pulsed laser crystallization of thin a-Si films on
various substrates has potential applications in the fabrication of thin film transistors for
active matrix liquid crystal displays and efficient solar cells. Typically, nanosecond or
microsecond lasers are utilized to crystallize such films through a rapid melting and
solidification process. Methods of using a laser to crystallize a material surface are also
disclosed by U.S. Patent No. 6,169,014 to McCulloch, U.S. Patent No. 6,451,631 to
Grigoropoluos et al., U.S. Patent No. 6,489,188 to Jung, and U.S. Patent No. 6,635,932 to
Grigoropoluos et al.

[06006] lMethods of using an ultrafast lascr to texture the surface of crystalline bulk silicon
are disclosed in U.S. Patent Application No. 10/155,429 to Mazur. Mazur discloses a method

of texturing the surface of a silicon substrate by irradiating the surface with ultra-short laser
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pulses in the presence of a background gas, such as SFs. After texturing, the silicon surface
in Mazur contains cone-like microstructures that are up to 50 um high, and have widths of
about 0.8 pm near the tip and up to 10 pum near the base. Also, Mills and Kolasinski disclose
nanospikes formed atop silicon pillars when the sample is exposed to SFs gas diluted with
helium (17 Nanotechnology 2471, 2006). Further, Vorobyev and Guo disclose the formation
of nanoprotrusions with spherical tips on copper, gold, and platinum surfaces by using a
femtosecond laser ablation technique (14 Optics Express 2164, 2006).

10007]  While the prior art discussed above provides important advantages, it suffers from
a number of drawbacks. The prior art fails to disclose a method of producing periodic arrays
of pillar structures on a surface of a material by texturing the surface. Further, the prior art
does not tegch a method of texturing and crystallizing a surface in one step. Also, the prior
art does not teach a method of forming pillar structures on metal surfaces. In addition, the

prior art fails to disclose a method of utilizing laser texturing and crystallization in many

novel applications.

SUMMARY OF THE INVENTION

{0008) Exemplary embodiments of the present invention overcome the above
disadvantages and other disadvantages not described above. Also, the present invention is
not required to overcome the disadvantages described above, and an exemplary. embodiment
of the present invention may not overcome any of the problems described above. |

[0009]  The present invention provides a method for texturing a surface of a
semiconductor material, including providing an etching gas in an area around the surface of
the material, irradiating a portion of the surface with short laser pulses, and translating at least

one of the surface and a laser beam to allow the short laser pulses to impact another portion
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of the surface. This method produces a periodic array of pillar structures on the surface,

resulting in changes in properties of the surface..

[0010] According to an aspect of the present invention, the method additionally produces

nanospikes atop the pillar structures.

[6011] AAlso, the present invention provides a method for texfming a surface of a
semiconductor material, including providing an etching gas in an area around the surface of
the material; irradiating a portion of the surface with short laser pulses while simultaneously
crystallizing the portion of the surface; and translating at least one of the surface and a laser
beam to allow thé short laser pulses to impact >another portion of the surface. This method
produces pillar structures on the surface, resulting in changes in properties of the surface.

10012}  In addition, the présent invention provides a method for texturing a metallic
surface, including irradiating a portion of the melallic surface with short Iaéer pulses, and
translating at least one of the surface and a laser beam to allow the short laser pulses to
impact another portion of the surface. This method produces pillar structures on the surface,

resulting in changes in properties of the surface.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The above and other aspects of the present invention will be better understood from a
consideration of the following detailed description of exemplary embodiments of the present
invention, and the accompanying drawings, in which:

[0014] FIG. 1 illustrates the components in a surface modiﬂcation system, according to an
exemplary embodiment of the present invemion-;

[0015] FIG. 2 illustrates an example of a sample material to which surface modification is
performed, according to an exemplary embodiment of the present invention;

[0016] FIG. 3 is a photograph of a hydrogenated amorphous silicon (a-Si:H) surface, with
FIG. 3(a) illustrating a non-modified portion, and FIG. 3(b) illustrating a modified portion,
according to an exemplary embodiment of the present invention;

[0017)] FIG. 4 illustrates scanning electron miproscopy (SEM) images of an a-Si:H surface,
with FIG. 4(5) illustrating a non-modified portion, and FIG. 4(b) illustrating a modified
portion, according to an exemplary embodiment of the present invention;

[0018] FIG. S illustrates graphical results of absorption versus wavelength for an a-Si:H
surface, with FIG. 5(a) illustrating the absorption for an untreated sample, and FIG. S(b)
illustrating the absorption for a treated sample, according to an exemplary embodiment of the
present invention;

[0019] FIC. 6 illustrates graphical results of an X-ray diffraction pattern for an a-Si:H
surface, with FIG. 6(a) illustrating the results for an untreated sample, and FIG. 6(b)
illustrating the results for a treated sample, according to an exemplary embodiment of the
present invention;

[0020] FIG. 7 illustrates graphical results of current versus voltage for an a-Si:H surface with

varying light levels, with FIG. 7(a) illustrating the results for an untreated control sample,
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and FIG. 7(b) illustrating the results for a treated sample, according to an exerﬁplary
embodiment of the present invention;

10021} FIG. 8 illustrates an atomic force microscope imagé of an a-Si:H surface that has
been treated according to an excmplary embodiment of the present invention;

[0022] FIG. 9 is a graph illustrating the average roughness of laser treated a-Si:H surfaces at
different laser fluences, according to an exemplary embodiment of the present invention;
[0023]} FIC. 10 illustrates results of X-ray photoelectron spectroscopy (XPS) measurements
of a-Si:H surfaces, with FIG. 10(a) illustrating the XPS measurement of untreated control
surfaces, FIG. 10(b) iltustrating the XPS measurement of treated surfaces, and FIG. 10(c)
illustrating depth profiles of oxygen concentration for untreated control and treated surfaces,
according to an exemplary embodiment of the pfesem invention;

[0024] FIG. 11 is a graph illustrating the reflectivity of surfaces of polished silicon,
unpolished- silicon, and treated a-Si:H surfaces, according to an exemplary embodiment of the
present invention;

[0025] FIG. 12 is a graph illustrating the transmission of samples of unpolished silicon and
treated a-Si:H surfaces, according to an exemplary embodiment of the present invention;
[0026] FIG. 13 illustratcs SEM images of germanium surfaces, with FIG. 13(a) illustrating
an SEM image viewed at 45° from the surfa?e normal, FIG. 13(b) illustrating a higher
magnification SEM image showing nanospikes formed on each germanium pillar, FIG. 13(c)
illustrating a single nanospike of a treated sample, and FIG. 13(d) illustrating a nanotip
formed after brief chemical etching, according to exemplary embodiments of the present
invention;

[0027] FIG. 14 shows a comparison of SEM images viewed at 45° from the surface normal
of Ge (100) surfaces irradiated at different laser power levels, with FIG. 14(a) showing a

surface irradiated with a laser power of 0.66 J/cm?, FIG. 14(b) showing a surface irradiated
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with a laser power of 0.56 J/cm?, FIG. l4(c)7showing a surface irradiated with a laser power
of 0.3 J/cm{ and FIG. 14(d) showing a surfac_e irradiated with a laser power of 0.2 J/cm?,
according to embodiments of the present invention;

{0028} FIG. 15 is graphical representation of an X-ray diffraction pattern of a laser treated
germanium surface having nanospikes, according to an exemplary embodiment of the present
invention;

[0029] FIG. 16 illustrates SEM iniages of treated surfaces, with FIG. l§(a) illustrating an
image taken towards the edge of the scanned line for a Ge (100) surface, FIG. 16(b)
indicating Ball formation instead of spikes for a Ge (100) surface, and FIG. 16(c) illustrating
an image taken in the middle of the scanned line for a Si (100) surface, according to
exemplary embodiments of the present invention;

[0030] FIG. 17 illustrates SEM images of pillars, viewed at 45° from the surface normal,
formed on a silicon surface, wit}; FIG. 17(a) illustrating an SF¢ gaseous environment, and
FIG. 17(b) illustrating an HCI gaseous environment, according to exemplary embodiments of
the present invention;

[0031] FIG. 18 illustrates SEM images of pillars, viewed 45° from the surfac.e normal,
formed on a germanium surface, with FIG. 18(a) illustrating an SF4 gaseous environment,
and FIG. 18(b) illustrating an HC] gaseous environment, according to exemplary
embodiments of the present invention.;

{0032] FIG. 19 illustrates SEM images periodi;: structures formed on a silicon surface, with
FIG. 19(a) illustrating a one-dimensional periodic structure, -and FIG. 19(b) illustrating a
two-dimensional periodic structure, according to cmbodiments of the present invention;
[0033] FIG. 20 illustrates SEM imagcs of titanium surfaces, with FIG. 20(a) illustrating a
titanium surface treated in air, FIG. 20(b) illustrating a titanium surface treated in vacuum,

FIG. 20(c) illustrating a titanium surface treated in helium, and FIG. 20(d) illustrating a
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titanium surface treated in SFg, according to exemplary embodiments of the present
invention;
[0034]) FIG. 21 illustrates SEM images of stainless steel surfaces, with FIG. 21(a)
illustrating a stainless steel surface treated in air, FIG. 21(b) illustrating a stainless steel
surlface tre:;ted in vacuum, FIG. 21(e¢) illustrating a stainless steel surface treated in helium,
and FIG. 21(d) illustrating a stainless steel surface treated in SFq, according to exemplary
embodiments of the present invention;
{0035] FIG. 22 illustrates SEM images viewed at 45° from the surface normal, with FIG.
22(a) illustrating a treated SiC surface, FIG. Zi(b) illustrating a treated GaAs surface, FIG.
22(c) illustrating a treated titanium surface, and FIG. 22(d) illustrating a treated stainless
steel surfage, according to exemplary embodiments of the present invention;
[0036] FIG. 23 is a schematic rcpresentation of field emission from the treated surface,
according to exemplary embodiments of the present invention;
[0037] FIG. 24 is a schematic representation of reflectivity and absorption of the treated
surface, according to exemplary embodiments of the present invention;
[0038] FIG. 25 is a schematic representation éf the effect on external flow by the treated
surface, according to exemplary embodiments of the present invention;
[0039] FIG. 26 is a schematic representation of photovoltaic and photodetection applications
using the treated surface, according to exemplary embodiments of the present invention;
[0040] FIG. 27 is a schematic rcpresentation of heat dissipation using the treated surface,
according to exemplag cmbodiments of the present invention;
{0041} FIG. 28 is a schematic representation of surface marking created by surface

alternations, according to exemplary embodiments of the present invention; and
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[0042] FIG. 29 is a schematic representation of the placement of chemical or biochemical
materials at the tips on the treated surface, according to exemplary embodiments of the

present invention.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS OF THE INVENTION
[0043]  In describing an exemplary embodiment of the present invention illustrated in the
drawings, certain specific ;erminology will be used for the sake of clarity. However, the
invention is not intended to be limited to that sbeciﬁc terminology, and it is to be understood
that the terminology includes all technical equivalents that operate in a similar manner to
accomplish the same or a similar result.

[0044] -Apparatuscs and methods consistent with the present invention texture and
crystallize the surface of a material in one step by exposing the surfacc of the material to an
ultrafast laser. In order to expose an afea of the surface that is larger than the beam spot size,
the material may be translated relative to the laser. The texturing causes pillars to form on
the surface of the material, increasing the light ébsorption of the treated material. Pillars are
height variations over a surface, including valleys and hills. Pillars can be formed in a variety
of shapes, including conical, arrowhead, pyramid, and spheroid structures. The top of the
pillar has a narrower diameter than the bottom of the pillar. Additionally, crystallization
increases the electrical conductivity of the treated material. Texturing and crystallizing the
surface of the material in a single step allows for faster manufacturing and lower costs than
performing these steps separately.

[0045] The texturing and crystallization masf be performed under atmospheric conditions,
or while the material to be treated is in a non-atmospheric gaseous environment. In such a
gaseous eqvironment, additional surface texturing will occur through chemical etching.

Sulfur hexafluoride and hydrogen chloride gases have been examined, and have been shown:
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to be suitablc gases in which to perform the surface texturing. Hydrogen chloride is
advantageous over sulfur hexafluoride, because when sodium hexafluoride is used, impurities
in the material may result. In contrast, when hydrogen chloride is used, no impurities are
created, and the material remains in its pure form. Itis to be understood that other gases may
also be used. Surface texturing and crystallization have also been achieved in a helium gas
environment and in a vacuum.

{0046} The materials that have undergone surface texturing and crystallization are also
within the scope of the present invention. For amorphous materials, Lhe surface will become
textured and the material will become crystallized. Hydrogenated amorphous silicon has
been examined using the method of the invention, and has been shown to be well-suited to
benefit from this method. Thin-film, poly-crystalline, and single crystal materials may also
be used. These materials will benefit from the surface texturing methods of the present
invention. . Silicon and germanium have been studied, and have been shown to be suitable
materials to undergo the laser treatment method in the presence of sodium hexafluoride gas
and hydrogen chloride gas. Metals, dielectrics, and polymers have also been shown to be
suited to be textured using the method of the present invention. However, it is to be
appreciate& that other materials are suited to undergo the laser treatment methods of the
present invention.

10047} Additionally, the use of materials that have undergone the trecatment methods of
the present invention is within the scope of the i)resent invention. The present invention has
many useful applications. The methods described herein will provide for a material . with a
higher light absorption capacity and a higher electrical conductivity than an untreated
material. These two properties arc desirable in photovoltaic applications. Enhanced light

trapping capabilities are also useful in photo-sensing applications. Photodetectors utilizing
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the present invention will be more sensitive to light, and will be able to detect a broader
spectrum of electromagnetic waves.

[0048]  The surface texturing greatly enhances the heat transfer capability of a given
material. A material that has been textured can dissipate more heat through convection
because of‘the increased surface area of the matcrial that is exposed to a fluid flowing over
the material. Additionally, the texturing will ensure a turbulent flow of the fluid, which is
advantageous in convection heat transfer. For radiation heat transfer, the increased surface
area will allow for more heat dissipation.

[0049] In an exemplary embodiment of the present invention, the surface alteration
process was performed on hydrogenated amorphous silicon (a-Si:H), in particular a-Si:H thin
films. Thin films with thicknesses from 1.5 td 2 um were deposited on glass substrates, using
a low temperature Plasma Enhanced Chemical Vapor Deposition (PECVD) techniqué. The
a-Si:H films were deposited at a rate of _around 1 A/sin a hydrogen diluted silane
environment at about 200°C. The samples were then treated using a femtosecond
Ti:Sapphiré laser system (Spectra-Physics Spitfire). The laser system delivered pulses at a
repetition rate of 1 kHz, with a pulse energy that could vary from 0-1.2 mJ, and a wavelength
of 800 nm. The wavelength of the laser can also be frequency doubled or halved to achieve
wavelengths from 200 to 1600 nm. The temporal profile of the pulses was measured to be
110 fs using a background free, scanning second-order auto-correlator. The sampie was
placed on a stationary stage, and the laser beam was deflected by a Scanlab galvo-head to
scan the sample surface. The beam spot on the sample surface was circular, with a beam
diameter of 0.5 mm. The beam scanning speed was around 12.5 cm/sec. Scanning electron
micrographs of treated and untreated surfaces of the a-Si:H films were taken using a

Cambridge Instruments high resolution electron microscope for a surface texture study.
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Surface roughness and formation of spikes l1:1 the treated films were also examined with an
atomic force microscope (Digital Instruments Nanoscope III).

[0050} -The optical transmission and reflection of a 20 mm x 30 mm laser treated area of
the sample was measured using a PERKIN-ELMER LAMBDA 9 spectrophotometer. The
reflectance and transmittance percentages were then used to obtain the absorption percentage
in the material: A = 100 - R — T. Light from a He-Ne laser source was incident on the treated
sample at diffel;em angles, and the scattered liéht was measured by a silicon sensor with an
active region of around 4 cm? to estimate the scattering of light due to texturing. It was
observed from the measurements that scattering might contribute to a 5-10% variation in the
reflection measured by the spectrophotometer. In addition to the optical properties, X-ray
diffraction (XRD) was performed on the untreated and laser treated samples to study the
structural modification induced by the laser treatment. The Rigaku Miniflex 2005 X-ray
diffractometer with a Cu target (CuK., -line) was used for the XRD measurements. The grain
size of the treated films was estimated from the X-ray data. Also, the oxygen incorporation
into silicon films during this ultrafast laser treatment was studied using a Physical Electronics
Inc. 560 XPS/SAM spectrophotometer with a dual source anode (Mg/Al) radiating 1253.6 eV
X-ray photons. |

{0051] FIG. 1 shows an exemplary system 100 that can be used 1o provide surface
modifications. The femtosecond laser system 101 provides a laser pulse incident on the a-
Si:H sampfe 105, which is supported by an X-Y sample stage 106. The system 100 uses a
mirror 102 to direct the laser pulse to a galvo-head unit 103, which scans the sample surface.
A focusing lens 104 is used to focus the pulses on the surface. An exemplary a-Si:H sample
200 is illustrated in FIG. 2, with a glass slide 205, an intervening layer 204, and amorphous

silicon layers 201-203.
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{0052]  FIG. 3 illustrates that the change in the surface of the a-Si:H film deposited on the
glass substrate can be observed optically. FIG. 3(a) shows a photograph of the untreated
surface, and FIG. 3(b) shows a photograph of the treated surface. After treatment, the a-Si:H
films turned completely dark, in contrast with their original shiny reddish gray color. FIG.
4(a) shows an SEM image of the untreated surface, and FIG. 4(b) shows an SEM image of
the treated surface. FIG. 4(b) shows that microstructures and small spikes have been
spontaneously formed upon laser treatment.

[0053] In order to study the opltical characteristics, the reflectance and transmittance of a
treated 20 x 30 mm? area were mcasurcd using a spectrophotometer. FIG. 5 shows the
absorptance of treated and untreated a-Si:H films. FIG. 5(b) that there is a significant
enhancement in the optical absorption below a-Si:H band gap (1.7 ¢V) for treated films, when
compared to the untreated films in FIG. 5(a). Since the experiments were carried out under
atmospheric conditions, XPS spectra of a treated sample (FIG. 10(b)) and an untreated
control sample (FIG. 10(a)) were also obtained. SiOy formation was observed in the treated
sample. Tﬁe oxygen concentration was estimated by taking XPS measurements at differem
depths of the sample. Depth profiles of the oxygen concentration in the treated and untreated
control samples are shown in FIG. 10(c). Traces of oxygen were observed up to a depth of
around 50 nm in treated samples, compared to a depth of 10 nm in the untreated control
sample. The samples appeared to be pitch black after treatment, and it is suggested that the
below-band edge absorption might be due to trapping the light, which is caused by multiple
reflections from the textured surface. Also, structural defects induced during the micro-
slrucluring.process most likely produce bands of defect and impurity states in the bandgap,
and further enhance the overall absorption.

{0054] FIG. 6(a) shows the X-ray diffraction pattern for an untreated a-Si:H sample, and

FIG. 6(b) shows an X-ray diffraction pattern for a treated a-Si:H sample. Pcaks around 20 =
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30° and 56° are observed for the treated sample. These peaks are absent in the untreated
control sample, indicating a structural change -after laser treatment. The X-ray wavelength
used for these measurements was the CuK, line at 1.54 A. The observed peaks are due to the
(111) and (311) orientations of crystalline silicon. Regardless of the fluence conditions, the
(111) orientation dominated in the crystallized films, as the (111) plane has least surface
energy. Dominant (111) and (311) peak formation is typically observed in nanosecond laser
crystallization. The (111) peak was fitted with a Gaussian curve and the full width at half-
maximum (FWHM) was determined. The particle size was determined to be around 85 nm
using the Scherrer’s formula: L = k*M I cos6; where A is the X-ray wavelength for
measurement; I is the X-ray line width (FWHM) (measured in radians); 8 is the Bragg angle
of diffracted rays (measured in degrees); and k is a constant equal to 0.9.

[0055] .The current-voltage characteristics of the treated and untreated a-Si:H samples
were also cxamincd, as shown in FIG. 7. FIG. 7(a) shows a graph of the current density as a
function of voltage for several light levels for the untreated sample. As illustrated in FIG.
7(b), the current-voltage characteristics change considerably, due to the surface modification
and changes in the properties of the material. The transmission and reflectivity of the treated
and untreated surfaces were also examined. The reflectivity of polished silicon, unpolished
silicon, and treated silicon with pillars is shown in FIG. 11. Similarly, the transmission of the
treated silicon versus the rough silicon surface is presented in FIG. 12. The changes in the
optical properties shown in FIG. 3 are further substantiated by the changes in reflectivity and
transmission as functions of wavelength. These results impact the use of silicon in many
applications, as discussed below.

[6056] In order to measure the roughness aﬁd spike distribution, atomic force microscopy
(AFM) images of the treated a-Si:H samples were obtained. FIG. 8 shows that spikes of a

height of about 300 nm were formed, with a spacing between the tips of around 1 um. The
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heights of these spikes were found to increase with laser fluence. The average height of the
microstructures was 150 nm at a laser fluence of 0.3 J/cm?, and the height increased nearly
linearly with the laser fluence. Microstructures with a height of around 350 nm were
observed at a fluence of 0.5 J/cm®. Beyond 0.5 J/cm?, the films became very rough, and
material ablation deteriorated the texturing. Also, the average roughness of the surface
corrclates with the laser fluence, as illustrated in the graph in FIG. 9. FIG. 9 shows that the
surface roughness increases approximately linearly with the laser fluence. |

[{0057] Increasing the efficiency of a-Si:H thin film solar cells requires more light
absorption and a reduction in carrier recombination. A thick i-layer increases the light
absorption,. but recombination deteriorates the performance. On the other hand, for
sufficiently thin film solar cells, the light absorption becomes an issue. Keeping a thin micro
or nano crystalline phase with surface texturing could both reduce recombination and
improve light trapping. The treated surface had a silicon oxide formation layer of about 50
nm, and was found to be semiconducting. This layer coulq be used as an n-layer in a p-i-n
type solar cell, and an active layer for other optoelectronic devices. The simultaneous
formation of light trapping structures and crystallization might find applications in devices
such as thil-l film solar cells, large area sensors, and display devices.

[0058] As discussed previously, the femtosecond laser treatment results in the
enhancement of optical absorption in a-Si:H thin films. The high absorption of the film is
suggested to be due to the light trapping occurring Vin the silicbn spikes formed at the surface
 after laser treatment, and the structural defects induced during micro structuring process most
likely producing bands of defect and impurity states in the band gap. Also, crystallization in
the film after femtosecond laser treatment is attributed to a non-thermal ultrafast phase

transition and subsequent surface-initiated crystallization. By performing the surface
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texturing and crystallization as a one-step laser process, optoelectronic devices can be
fébricated efficiently.

[0059] Exemplary embodiments of the pmgenl invention also form nanospiked, nearly
periodic microstructures, by exposing a germanium surface to femtosecond laser pulses in a
gaseous sulfur hexafluoride (SF¢) cnvironment. The microstructures that are formed in
germanium have a different aspect ratio than the microstructures formed on silicon. Because
reducing light reflection and increasing absorption are key issues in improving optoelectronic
device performance, this type of microstructure formation in germanium could lead to the
fabrication of highly responsive infrared photddetectoys and solar cells. In addition, these
textured surfaces might find potential applications in the fabrication of biomedical devices
and sensors.

[0060]  The surface modification of germanium can occur according to the following
process. Undoped Ge (100) wafers are cleaved into small chips and ultrasonically cleaned
with acetone and methanol. One or more chips are put on a stage inside a vacuum chamber
with .a base pressure of around 1 mTorr, which is mounted on a high-precision computer-
controlled X-Y stage. The chamber is rinsed with SF at least Mce, and then backfilled with
SFg at 400 mbar. The samples are exposed to 1.4 mJ pulses of light with a wavelength of 800
nm, a pu!sevduration of 130 fs, and a repetition rate of 1 kHz from a regeneratively amplified
Spectra-Physics Ti-sapphire laser system. The wavelength of the laser can be frequency
doubled or halved to achieve wavelengths from 200 to 1600 nm. Short laser pulse widths can
also be used, including 1 fs to 1 ps pulses. Ultrafast laser pulses are a subcategory of short
pulscs, and can range from | femtosecond to hundreds of picoseconds. The laser beam is
focused alSng the surface normal onto the sample surface by a coated lens with a focal length

of 1 m, and the laser fluence is adjusted with a Glan laser calcite polarizer.
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[0061] The spatial profile of the laser pulse is nearly Gaussian, but is elongated in one
axis, creating an elliptical profile. The fluence is calculated by using the laser spot size,
which is d;:termined by exposing a point on the sample surface to thousands of shots. In
order to scan an area that is bigger than the laser spot size, the samples are translated using a
motorized X-Y stage. Scanning also assists in making the surface structure more uniform by
smoothing -out any shot-to-shot irregularities in the beam profile. By varying the scanning
speed of the X-Y stage, the number of laser bulses impinging on the sample surface at a
particular location is controlled. The spot size is 0.3 mm along the minor axis and 0.6 mm
along the major axis. Scanning is performed parallel to the minor axis.

[0062]  Samples are produced with isolated single line scans, or with large areas created
by overlapping several line scans. The step size between the scan lines is choscn to be
sufficiently small (generally 0.38 mm), so that successive lines overlap substantially. This
further improves layer homogeneity. Homogeneity is further enhanced by performing two
overlapping scans in orthogonal directions, ;'ather than one overlapping scan with an
exposure of the same total number of shots. After laser processing, the §amples are analyzed
with a scanning electron microscope (Zeiss SUPRA 40).

[6063]  FIG. 13 shows an SEM image at increasing levels of magniﬁcation, viewed at 45°
from the surface normal line of a germanium surface after exposing the surface to
femtosecond laser pulses. Sharp conical structures with nanospikes are formed when the
sample is under a pressure of 400 mbar SF, and is scanned by a laser beam with a fluence of
about 0.6 J/em®. FIG. 13 shows that these stru&ures are almost regular in position, are 10 to
15 pm tall, and have a base diameter around 5 um, which tapers down to around 100 nm near
the tip. The areal density of pillars in FIG. 13(a) is 0.027 um™, which corresponds to a mean
spacing of roughly 6 um between pillars. The sizes of the microstructures vary across the

scanned line, indicating a response to the spatial profile of the laser pulse. In the region of
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low fluence towards the edge of the irradiated line, the structures have a smaller height and
are more densely packed than in the center.

{0064] FIG. 13(b) shows that the microstructures have two distinct features: (a) a conical
shape (b) that is crowned with a very sharp spike, which has a radius of about 400 nm (about
100 nm at the tip), and is up to about 2 pm long (see FI1G.13(c)). The tips can be sharpened
further by a brief chemical etching with 100 ml H;O; (10 vol %), 8g NaOH for 10 seconds at
room temperature. Alternatively, the tips caﬁ be sharpened further by ion etching, including
etching with an Argon ion beam. Nanoclusters, which are formed during laser ablation and
deposifed on the surface, are also evident from FIG. 13(b).

[0065] The SEM images of FIG. 14 show the effect of laser fluence on the surface
texturing of germanium. In this figure, the average number of laser shots at each point on the
sample surface is 400. The germanium surface in FIG. 14(a) was irradiated with laser pulses
with a fluence of 0.66 J/cm?, and the germanium surface in FIG. 14(b) was irradiated with
laser pulses with a fluence of 0.56 J/cm?®. In contrast, the germanium surface in FIG. 14(c)
was irradiated with laser pulses with a fluence of 0.3 J/cm?, and the germanium surface in
FIG. 14(d) was irradiated with laser pulsés with a fluence of 0.2 J/cm®. FIG. 14(d) shows that
texturing is observed at fluences as low as 0.2 J/cm?, resulting in features are smaller in width
and height; less regular, less smooth, and densely populated, with very tiny or no spike
formation. However, for higher fluence conditions, such as those in Figs. 14(a) and 14(b),
the structures are more well-developed, sharper, and more conical, and spike-formation takes
place atop.the pillars. Also, increasing the number of laser shots from 400 to 600 and
keeping the fluence almost the same wipes out all the spikes.

[0066] Germanium expands upon freezing. When a shell of germanium material starts
freezing and expanding, it cxerts pressure on the liquid trapped inside, causing the liquid to

shoot upward and solidify to form nanospikes. As Mills and Kolasinski disclose, in order to
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obtain nanospikes in silicon, it is necessary to dilute the SF¢ with He. This reduces the
chemical etching that results from the interaction of fluoride with the silicon surface. If the
etching is too aggressive, it can remove the nanospikes. In contrast, it is unneceséary to
dilute the SF¢ in order to obtain nanospikes on a germanium sample, probably because of
differcnces- in the chemistry of etching in the F/Ge system compared to the F/Si system.
Another possible reason why germanium appears to be more condu.cive for nanospike
formation might be that the thermal conductivity of undoped germanium is less than hglf of
the thermal conductivity of undoped silicon. Therefore, the heat dissipation to the pillar in
germanium is slower, and the liquid bulb remains in a molten state for a longer time, as
compared to silicon.

[0067] In order to investigate the properties of the textured germanium surfaces, an X-ray
diffraction study was conducted. FIG. 15 shows an X-ray diffraction spectrum of a laser
textured germanium surface. The sharp high-intensity peak corresponds to the (400) plane,
because the starting material is Ge (100). However, two relatively weak pe‘aks at (111) and
(220) are dlso observed. This indicates that the textured pillars and the nanospikes remain
predominantly crystalline.

{0068]) The SEM images of FIGs. 16(a) and 16(b) show the structural formations in
germanium_, and FIG. 16(c) compares the structural formations in silicon, after laser treatment
under similar conditions. For all three samples the laser fluence was around 0.56 J/cmz, the
number of laser shots was around 600, the sample was in a gaseous SF environment at 400
mbar, and an orthogonal scanning mode was used. The SEM image in FIG. 16(a) was taken
toward the edge of the scanned line, while the SEM image in FIG. 16(b) was taken in the
middle of the scanned line. FIG. 16 shows that the germanium pillars are not as smooth as
the silicon pillars. Also, the aspect ratio, defined as the ratio of the tip height to the tip width,

is-higher in silicon than germanium for a given laser condition. For example, at a fluence of
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0.5 J/em?, silicon has an aspect ratio of around 200, whereas germanium has an aspect ratio
of around 100. Also, as mentioned previously, spikes were not formed on germanium under
higher laser shot conditions. However, pillars formed under higher_ laser shot conditions are
taller than pillars formed under fewer shots, as shown in FIGs. 13 and 14. In contrast, silicon
shows a well-developed smooth structure under .a greater variety of shot conditions.

[0069] . FIG. 16(a) shows that toward the edge of the laser scanned line on the germanium
surface, pyramidal structures were formed, which tend to form a small spherical cap at the
top, instead of the nanospikes formed in FIG. 16(b). This spherical cap formation is typical
of silicon. The spherical shape of the cap suggests that a liquid germanium drop resolidified
before it could spill over the pillar. The lack of nanospikes in FIG. 16(a) might be due to
three possible reasons: (a) the fluence is low to‘achicve the high melting condition nccessary
for nanospike formation; (b) the higher number of laser shots destroyed nanospikes that were
already formed; or (¢) an insufficient density of nanostructures was formed. With further
regard to (c), deposition of nanoclusters has been implicated in the formation of nanospikes.
A sufficient nanoclusters deposition rate is required, and because fewer nanoclusters are
formed at a lower fluence, there may be a critical fluence for the formation of nanospikes, not
only because a sufficient melt must be formed, but also because a sufficient density of
nanoclusteﬁ must be created.

{0070} FIG. 17 shows SEM images viewed at 45° from the surface normal of sharp
conical pillars formed on the surface of B-doped Si (100) wafers. The pillars were produced
with 240 shots of 130-fs laser pulses at a fluence of 0.6 J/cm®. FIG. 17(a) shows the results
for a sample in 400 mbar of SFs, and FIG. 17(b) shows the results for a _samplc in 400 mbar
of HCL. The pillar size varies across the scanned laser line, indicating the intensity variation

of the laser fluence across the.spatial profile of the laser pulse. The scan lines were
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overlapped to minimize height variation over a large area on the sample surface. The spikes
that are obtained in SF are around 15 um tall and have a base diameter of around 5 pum.
[0071] On the other hand, the structures formed under similar laser conditions in the
presence of HCI are composed of taller and wider pillars, with a height of around 20 um and
a base diarﬁeter of around 7 uym. FIGs. 17(a) and 17(b) show that the pillars formed in SFg
are narrower towards the tips, compared to the pillars formed in HCl. Although the pillar
density is comparable in both cases, the pillars formed in HCI look stronger and are relatively
blunt towards the tip, indicating that differences in the etch chemistry of the F/Si system and
the CI/Si system are responsible for significant structural differences.
[0072] The role of chemistry in structure formation is not well understood, and it is a
significant result that regular conical pillars are formed during femtosecond irradiation‘in SFs
as well as HCl. Regular conical pillars can be formed during nanosecond irradiation of
silicon in the presence of SFe, but they are not formed for nanosecond irradiation of silicon in
the presence of HCl. Nanosecond irradiation of silicon in HCI produces significantly blunter
tips, the pillars are much taller, with a height greater than 50 um, and the pillars are porous,
instead of having a solid core. This is a further indication that the mechanisms of pillar
formation are different for the femtosecond and nanosecond imadiation regimes. This result
is also significant because chemical impurities, namely sulfur, incorporated during laser
processing have been implicated in changing the optical and electronic properties of the
textured surfaces.
{0073]  FIG. 18 shows SEM images taken for germanium samples treated under similar
laser and gaseous conditions as described above for silicon. A very different surface
texturing was created for germanium. FIG. 18(a) shows that for germanium processed in
SFg, there were two distinct features that were not obscrved for silicon treated under similar

conditions: (a) conical pillar formation with a higher conc angle up to a neck; and (b) very
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sharp spikes, up to about 2 um in length with a tip radius of about 100 nm, formed atop the
pillars. Nanoclusters formed during laser ablgtion are more abundant in germanium than
silicon under similar laser conditions, which might be due to the lower melting temperature
of germanium. On the other hand, FIG. 18(b) shows that the germanium structures formed in
the presence of HCl are less densely populated, shorter, have a higher cone angle and a wider
base, and exhibit greater variations in pillar height than the silicon structures shown in FIG.
17(b). Gas phase silicon etching is anisotropic in HCI, and the etch rate is around 20 um
min~' for the (1-00) plane at temperatures in the range of 1050-1250°C, whereas in
gex‘maniuﬁ the etch rate is around 3 pm min"v, the etch rate is independent of temperature
beyond 800°C, and etching leads to the development of square pits for the (100) orientation.
The differences in etch chemistry are involved in determining the different structurc
formation dynamics, which result in more regular spike formation in HCI for silicon than for
gennanium.

[0074) Laser induced surface texturing that produces regular structures on materials in
the presence of reactive species is a complex process involving: (1) interactions between the
plume and. the process gas, and the plume and the surface, such as decomposition of the
reactive gas, chemical etching enhanced by laser heating of the material and the formation of
radicals, and deposition out of the plume; (2) laser ablation of the material; and (3) optical
phenomena that initiate the formation of regular structures. The laser parameters, gascous
environment, and nature of the gubstrate all pléy a role in the final outcome of the surface
morphology. Structure formation is ultimately a convoluted dynamical process involving all
three factors. The dimensions and character of the pillars formed in silicon have been shown
to depend critically on the temporal pulse width of the laser beam. While pillar production

with pulsc durations in the range of 100 fs to 20 ns has been demonstrated, with much smaller

pillars being formed in the case of femtosecond irradiation, pillars were not producible with a
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300 ns Nd:VOq, laser. It appears that laser pulses significantly shorter than the melt lifetime
of about 250 ns are required for sharp pillar formation.

[0075)  FIG. 19(a) illustrates an SEM image of a one-dimensional periodic structure made
on a silicon substrate, according to exemplary embodiments of the present invention. FIG.
19(b) illustrates an SEM image of a two-dimensional periodic structure made on a silicon
substrate, according to exemplary embodiments of the present invention. Periodic structures
can be produced by controlling the laser intensity distribution on the surface of the sample.
The laser intensity distribution can be controlled by using interference and diffraction. For
example, interference fringes are created by placing a metal wire in a portion of the laser
beam. The light diffracted by the wire interferes to produce an intensity distribution on the
sample surface that results in a periodic structuﬁ: of pillars. Alternatively, the incident laser
beam is split into two components, and then recombined at various angles to control the
periodicity. It is also possible to place several pinholes in the path of the laser beam to create
a periodic circular pattern of pillars on the surface. By using laser beams with different
wavelengths and controlling the interference patterns, the periodicity of the pillars can be
adjusted from tens of nanometers to tens of micrometers.

[0076] In an exemplary embodiment of the present invention, copper or tungsten wires
with diameters from 100 to 250 pm are used to create interference fringes. The sample is
exposed to 1.4 mJ pulses of light with a wavelength of 800 nm, a pulse duration of 130 fs,
and a repetition rate of 1 kHz. The laser scan speed is 0.1 in/sec, and scanning is performed
after placing the sample inside a vacuum chamber filled with SFg at a pressure of 400 mbar.
In order to create a two-dimensional array of pillars, the metal wires are crossed orthogonally
and placed in the path of the laser beam. Also, the spacing between adjacent pillars can be
controlled by changing the wavelength of the laser pulses. For example, when the laser

wavelength is decreased, the spacing between adjacent pillars also decreases.
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{0077} -ln another exemplary embodiment of the present invention, the laser texturing
method was performed on various metallic surfaces. A metal is defined as an electrically
conducting material. For example, titanium and stainless steel sheets are cut into small
square-inch sized chips and clcaned with acetone and methanol. One such chip is put on a
stage inside a vacuum chamber with a base preésure of around 1 mTorr, which is mounted on
a high-precision computer-controlled X-Y stage. The chamber is rinsed and then backfilled
with air at atmospheric pressure, SFs in a pressure range from 75 to 800 mbar, or helium in a
pressure ra;xge from 75 to 800 mbar. The laser texturing method can also be conducted with
a mixture of gases in different proportions and at different pressures, or in vacuum, with a
chamber pressure of around 1 mbar. The samples are exposed to ultrafast laser pulses with a
pulse energy of 0.95 mJ, a wavelength of 800 nm, a pulse width of 130 fs, and a repetition
rate of 1 kHz from a regeneratively ampliﬁéd Spectra-Physics Ti-sapphire laser system.
Short laser pulse widths can also be used, including 1 fs to 1 ps pulses. Ultrafast laser pulses
are a subcategory of short pulses, and can range from 1 femtosccond to hundreds of
picoseconds. The laser beam is focused onto the sample surface by a coated lens with a focal
length of 1 m, and the lascr fluence is adjusted by using a Glan calcite polarizer.

{0078] The spatial profile of the laser pulse is Gaussian, and the fluence is calculated by
using the laser spot size, which is determined by exposing a point on the sample surface to
thousands of shots. In order to scan an area thatl is bigger than the laser spot size, the samples
are translated using a motorized X-Y stage. Scanning also assists in making the surface
structure more uniform by smoothing out any shot-to-shot irregularities in the beam pro’ﬁle‘
By varying the scanning speed of the X-Y stage, the number of laser pulses impinging on the
sample surface at a particular spot is controlled. The spot size is about 0.3 mm.

[0079) Samples are produced with isolated single line scans, or with large areas created

by overlapping several line scans. The step size between scan lines is chosen to be
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sufficiently small (less than 0.38 mm), so that successive lines overlap substantially. This
further improves layer homogeneity. Homogeneity is further enhanced by performing two
overlapping scans in orthogonal directions, rather than one overlapping scan with an
exposure of the same total number of shots. Aﬁer laser processing, the samples are analyzed
with a scanning electron microscope (Zeiss SUPRA 40).

{0080] - .Fl(‘i. 20 shows SEM images of titanium surfaces treated with the laser texturing
method for different background gas conditions. FIG. 20(a) shows an SEM image of a
titanium surface treated in air, and FIG. 20(b) shows an SEM image of a titanium surface
treated in vacuum. FIG. 20(c) shows an SEM image of a titanium surface treated in helium at
a pressure less than 200 mbar, and FIG. 20(d) shows an SEM image of a titanium surface
treated in SFg at a pressure greater than 400 mbar. As these figures show, pillar formation
occurs in titanium that is treated with a laser fluence from 0.6 to 1.0 J/cm?, anci in vacuum or
gas at low pressures less than 200 mbar. In order to create a well-developed pillar on
titanium, it is necessary to irradiate the sample with around 1000 shots. However, increasing
the number of shots or the laser fluence destroys the pillars.

[0081] FIG. 21 shows SEM images of stainless steel surfaces treated with the laser
texturing method for different background gas gonditions. FIG. 21(a) shows an SEM image
of a stainless steel surface treated in air, and FIG. 21(b) shows an SEM image of a stainless
steel surface treated in vacuum. FIG. 21(c) shows an SEM image of a stainless stecl surface
treated in helium at a pressure less than 200 mbar, and FIG. 21(d) shows an SEM image of a
stainless steel surface treated in SFg at a pressure greater than 400 mbar. As shown in the
figures, laser texturing forms pillars on stainless steel surfaces in air, vacuum, helium, and
SFs. However, in order to create a well-developed pillar on stainless steel, it is necessary to

irradiate the sample with around 2000 shots. Both the stainless steel samples and the titanium

SIONYX1403000024.0013

SAMSUNG EX. 1002 - 2324/4148



WO 2008/091242 PCT/US2006/049065
26

samples turn pitch black afier laser treatment. - However, unlike titanium, pillar formation
occurs on stainless steel in air.

[0082] FIG. 22 shows a series of SEM images viewed at 45° from the surface normal,
which compares the results of the laser texturing method for various semiconductors and
metals. In each case the surface of the material is treated with ultrafast laser pulses with a
pulse width of 130 fs. FIG. 22(a) shows an SEM image of SiC treated with 260 shots at a
laser fluence of around 1 J/cm? in 400 mbar of SFs. FIG. 22(b) shows an SEM image of -
GaAs treated with 260 shots at a laser fluence of around 0.5 Jem? in 400 mbar of SFs. FIG.
22(c) shows an SEM fmage of titanium treated with 2000 shots at a laser fluence of around
0.3 J/em? in 400 mbar of SFs. FIG. 22(d) shows an SEM image of stainless steel treated with
2500 shots 51 a laser fluence of around 4.5 J/cm? in 400 mbar of SF¢. These figures show that
the laser texturing method can form pillars on various semiconductors and metals.

[0083] In addition, the laser texturing method is likely to form pillars on ceramics,
polymers, and alloys. By controlling the processing conditions of the laser texturing method
for each material, the thermal, structural, optical, and electronic properties of the material can
be tailored. Further, the formation of pillars can be controlled by changing the polarization
state of the laser beam. A polarizer can change the output from the laser to be linearly,
circularly, élliptically, or randomly polarized. The laser texturing method can be performed
on surfaces of any geometrical shape, and is not limited to planar surfaces.

[0084] Similarly, the laser texturing method could also be used 10 process transparent
materials, such as glass. The incident light could be absorbed by a two-photon process, or an
appropriate wavelength could be selected for ébsorption by the transparent material. The
altered surfaces formed by this method could be used in magnetic disk drives, because the

disk drive and the head are spaced very closely together for data writing and reading.
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[0085]  The altered surfaces formed by the apparatuses and methods of the present
invention can have great utility in photovoltaic technologies, as schematically illustrated in
FIG. 26. T.he increased light trapping and the control of photogenerated charges can provide
improved efficiency. In particular, the altered surfaces would be beneficial in photodetectors,
because the surfaces allow for the development of more sensitive detectors with a high
responsivity, and extend the specgal range into the infrared region of the spectrum. This
could also enable the building of infrared senso;s for various applications.
[0086) The altered surfaces would also be beneficial in heat dissipation, as schematically
illustrated in FIG. 27. A large surface area is created by texturing, which allows gas
molecules to exchange energy with the surface, and increases heat dissipation. Such a high-
efficiency heat sink could be very important for microelectronics, power electronics,
optoelectronics, and other devices that require efficient heat dissipation.

" [0087) The altered surfaces can also be used in field emission, as schematically illustrated
in FIG. 23. Due to the sharp geometry of pill&s formed by the laser texturing process, very
high electric fields can be generated at relatively low voltages. These high electric fields can
be used for electron emission from surfaces, providing an efficient source of electrons for
various electronic and optoelectronic device applications, such as field emission displays,
sensors, and instruments.

[0088] The altered surfaces would also be beneficial in surface property control, as
schematically illustrated in FIG. 25. Laser textured surfaces can be made hydrophobic or
hydrophilic by controlling the texture and surface coating. This can affect the air or fluid
flow across the surface of the material.

[0089]  The altered surfaces would also be beneficial in micro fluidic applications. There
is an increasing number of micro fluidic applications for chemical and biomedical

applications of chips. As schematically illustrated in FIG. 25, textured surfaces in micro
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channels can provide a good method of controlling the fluid flow, which can impact DNA
sequencing and other applications. The altered surfaces would also be beneficial in
turbulence control for aerodynamic applications. The flow of gases can be controlled by
inserting a textured surface into the flow path. Also, turbulence can be generated by using of
textured surfaces. This effect can be used in aerospace applications.
{0090] The altered surfaces would also be beneficial in an optical beam block, as
schematically illustrated in FIG. 24. The laser textured surface has an extremely low
reflectance and transmittance in the visible to the far infrared region, allowing the surface to
be an efficient beam block for various optical and manufacturing applications. The altered
surfaces would also be beneficial in controlling the visual appearance of products, including
the surface' color. The laser texturing process provides a completely black surface, hence it
can be used to control the color of the surface without using any paints, dyes, or pigments.
[0091]  The altered surfaces would also be beneficial in catalytic activity, as schematically
illustrated in FIG. 29. The large surface area created by texturing provides many sites for
enhanced chemical activity, such as catalytic éctivity. These catalytic activities would be
useful in fuel cell technology, chemical plants, and biomedical applications, including
conversion of carbon monoxide to carbon dioxide. The large surface area can also be used
for enhanced tissue growth and control. The altered surfaces would also be beneficial in
bond strength improvement. The large surface area created by texturing allows more sites for
bonding and interlocking, and improves the overall bond strength.
[0092]  The altered surfaces would also be beneficial in thin film or fibrous whisker
growth. Due to the formation of nanospikes or microspikes, it is possible to utilize a large
number of tips for growth of other materials atop these tips, as schematically illustrated in

FIG. 29. Also, because a small voltage can provide a high electric field, the growth can be

controlled by the electric field.
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[0693]  The altered surfaces would also be beneficial in the production of nano or micro
tips, as schematically illustrated in FIG. 29. Because the texturing process produces a large
array of two-dimensional structures, micro or nano ordered tips can be fabricated. The
nanospikes. can be solid or hollow. These tibs can be used in atomic force microscopy,
optical data storage, and fluid control for automobiles and drug delivery.
[0094]  The altered surfaces would also be beneficial in surface-enhanced Raman
scattering. The Raman scattering method can be used to detect chemical or biochemical
species. Usually Raman scattering signals are relatively low, but a Raman signal can be
enhanced by many orders of magnitude by surface-enhanced Raman scattering. Laser
textured surfaces coated with metals could provide an ideal template for surface-enhanced
Raman scattering for sensor applications, such as single molecule detection. The altered
surfaces would also be beneficial in biosensor applications. As schematically illustrated in
FIG. 29, specific molecules can be attached atop the tips, and can be used for chemical or
biochemical detection, by using methods such as fluorescence and phosphorescence.
{0095] The altered surfaces would also be beneﬁcial in manufacturing optical elements.
As schematically illustrated in FIGs. 24 and 28, various optical elements, such as diffraction
gratings, low scattering surfaces, and antireflection surfaces can be prepared by texturing the
optical element surface. Also, light absorption properties can be tailored by adjusting the
laser parameters and thermal annealing conditions.
[6096]  The altered surfaces would also be beneficial in photonic crystals. Photonic
crystals are increasingly used for optoelectronic applications, such as wavelength selection
and fabricétion of negative refractive index materials. Periodic tcxtured surfaces fabricated
by laser texturing would be useful in these photonic crystals. The altered surfaces would also
be beneficial in producing masters for replication. A textured surface can be used as template

for transferring a pattern lo a sofier material by using mechanical pressure, with or without
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heat. This can provide a very low cost process for pattering surfaces such as compact discs.
This proceés can also be used for transferring patterns to polymerics and biomaterials.
[0097]  The altered surfaces would also be beneficial in fabricating mask-less periodic
structures. By using an optical interference technique, periodic textured surfaces can be
fabricated with a sub-micron period, without any mask fabrication. The altered surfaces
would also be beneficial in pixclated devices. Some optoelectronic and microelectronic
devices, such as CCD cameras, diode lasers, and light emitting diodes, require a two-
dimensional geometry. Two-dimensional textured surfaces can be easily fabricated for
optoelectrdnic and microelectronic applications. The altered surfaces would also be
beneficial in producing substrates for single crystal film or nanoparticle growth.
[0098] The altered surfaces would also be beneficial in nano or micro pores. Textured
surfaces can be further processed with chemical etching to provide a lafge number of nano or
micro pores, which can be used for filtration or fluid flow control. Pores can be made by the
laser texturing process if thin substrates are used, or if longer processing times are used. The
altered surfaces would also be beneficial in controlling surface emissivity. By adjusting the
surface texture, the surface emissivity and spectral properties can be controlled. This can
provide camouflage objects, because such objects are harder to detect if they emit a low
radiation Asignal .
{0099]  The altered surfaces would also be beneficial in art and photography applications.
As schematically illustrated in FIG. 28, laser téxturing of surfaces can be used to write text
and images on surfaces by controlling the light reflectivity of the surface. This technique can
be used to- produce name plates, part identification, hidden logos, trademarks, logos, and
images. The texturing provides a black color, which produces a very high contrast between
the written and unwritten areas. The process of the present invention can also be used to

control the gray level in forming high definition images.
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[00100] The altered surfaces would also be beneficial in radiation shielding. Laser
textured surfacés provide a very good method for controlling radiation scattering, reflection,
absorption, and transmission over a broad spectral range, including visible, infrared,
microwave, terahertz, and radio waves.

{00101] >The altered surfaces would also be beneficial in plasma applications. Sharp tips
can provide a very high electric field, and hence can be used for localized or large area
generation of plasma sources. These plasma sources can be used to purify water, kill genms,
and destroy bio-chemical agents.

{00102] The altered surfaces would also be beneficial in protecting substrates from
corrosion, and improving adhesion, such as epoxy adhesion to a metal surface. They can also
be used to improve the adhesion of thin films to a surface, such as a TiN coating on drill bits,
which wouid extend the lifetime of the drill bits,

[00103] The altered surfaces would also be beneficial in bone grafting applications. Body
implants can become detached from the host tissue, due to inadequate biocompatibility and
poor osteointegration. Using laser texturing to change the surface chemistry and physical
texture of the implants can improve the biocombatibility and adhesion.

[00104] The altered surfaces would also be beneficial in controlling the tribb!ogical
properties of materials, such as friction, wear resistance, load-bearing properties, and
lubrication. The textured surface can act as a micro-hydrodynamic bearing, a micro-reservoir
for a lubricant, or a trap for debris particles generated during a sliding or other motion. This
could result in significant friction reduction in piston rings. Similarly, laser texturing of
cylinder liners in the interior of an engine compartment could reduce wear, friction, oil
consumption, and gas emissions. -

[00105] Instead of performing the laser texturing method in chemical gases, the method

could be performed in the presence of gaseous plasma. Because charged species in gaseous
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plasma can be very reactive, laser irradiation in the presence of gaseous ﬁlasma will provide a
much faster speed for texture formation, and further enable control of surface properties.
Plasma sources can be created by various methc.>ds, such as excitation with a radio frequency
(RF) source, direct current (DC), alternating current (AC), or a laser system. This approach
provides a method for multi-energy processing technology, where electrical energy for
plasma or discharge creation, laser irradiation for melting and ablation, and chemical energy
by the gaseous environment are utilized to enhance the process and the control of the surface
properties. Also, the sample can be kept at elevated temperatures, or the sa&:ple surface can
be irradiated_ by an infrared lamp to raise the ;urface temperature, in order to enhance the
chemical reactions or reduce the laser energy. In addition, plasma or ion etching methods are
commonly used for scmiconductor chip fabrication and preparation of samples for

transmission electron microscopy. The addition of ultrafast pulsed laser energy could be used

to further enhance this process.

[00106] Combining the laser texturing method with various other processes would also be
beneficial. For example, a one-step process for doping, texturing, and crystallization would
be advantageous from a manufacturing standpoint. Also, laser texturing and laser surface
cleaning could be combined to provide a one-step process. In addition, laser texturing and
surface passivation could be performed as a one-step process. The chemical gas used in laser
texturing could provide the surface passivation by sulfur or phosphorous diffusion. Finally,
laser texturing could be performed in a one;step process with surface hardening. For
example, the surface of steel can be textured, and if a rcactive gas such as ammonia or
nitrogen plasma is used, surfacc nitridation can be achieved. This provides improved surface
properties, such as wear, wetting characteristics, and chemical interactions.

[00107] The foregoing description and drawings should be considered as only illustrative

of the principles of the present invention. The present invention may be configured and
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performed in a variety of ways, and is not intended to be limited by the exemplary
embodiments discussed herein. Numerous applications of the present invention will readily
occur to those skilled in the art who consider the foregoing description. Therefore, the
present invention is not to be limited to the specific examples disclosed, or the construction

and operation shown and described. Rather, all suitable modifications and equivalents are

within the scope of the present invention, as defined in the appended claims.

¢
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WHAT IS CLAIMED IS:

1. A method for texturing a surface of a semiconductor material, comprising:
providing an etching gas in an area around the surface of the material;
irradiating a portion of the surface with short laser pulses; and
translating at least one of the surface and a laser beam to allow the short laser

pulses to irradiate another portion of the surface;
wherein the method produces a periodic array of pillars on the surface,

resulting in changes in properties of the surface.

2. _‘ The method of claim 1, wherein the method additionally produces nanospikes

atop the pillars.

3. The method of claim 2, further comprising sharpening the nanospikes by at

least one of chemical etching and ion etching after irradiating the surface.

4. The method of claim 1, wherein the laser pulses have a duration of between

one femtosecond and one microsecond.

5. The method of claim 4, wherein the laser pulses have a duration of between

one femtosecond and hundreds of picoseconds.

6. The method of claim 1, wherein the laser pulses have a laser pulse energy

density of between 0.1 J/cm? and 1.4 J/em®.
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7. - The method of claim 1, wherein the laser pulses have a wavelength of between
200 and 1600 nm.
8. The.method of claim 1, wherein irradiating the surface further comprises

scanning the surface in a plurality of directions.

9. The method of claim 1, wherein irradiating the surface further comprises

scanning the surface in a single direction a plurality of times.

10.  The method of claim 1, further comprising controlling a surface texture by

controlling a polarization state of the laser pulses.

11.  The method of claim 1, further comprising controlling an electrical

conductivity of the material by controlling texturing parameters.

12.  The method of claim 1, wherein irradiating the surface comprises at least

partially crystallizing the irradiated surface.

13.  The method of claim 1, further comprising controlling a spacing between"
adjacent pillars by controlling a wavelength of the laser pulses, a laser pulse energy

density, and a number of laser pulses.

14.  The method of claim 1, wherein the etching gas comprises at least one of

sulfur hexafluoride gas, hydrogen chloride gas, helium gas, and argon gas.
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15.  The method of claim 1, wherein the ctching gas has a pressure of no more than

0.1 atmospheres.
16.  The method of claim 1, wherein the etching gas comprises a gaseous plasma.

17. A method for texturing a surface of a semiconductor material, comprising:
providing an etching gas in an area around the surface of the material;
irradiating a portion of the surface with short laser pulses while

simultaneously crystallizing the portion of the surface; and
translating at least one of the surface and a laser beam to allow the short laser

pulses to irradiate another portion of the surface while simultaneously cdstalliﬂng
the other portion of the surface;
wherein the method produces piuars on the surface, resulting in changesvin

properties of the surface.

18.. A method for texturing a metallic surface, comprising:
irradiating a portion of the metallic surface with short laser pulses; and
translating at least one of the surface and a laser beam to allow the short laser
pulses to irradiate another portion of the surface;
wherein the method produces pillars on the surface, resulting in changes in

properties of the surfacc.
rd

19..  The method of claim 18, wherein the pillars are produced in a periodic array.
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20.  The method of claim 18, further comprising providing an etching gas in an

area around the surface.

21.  The method of claim 20, wherein the etching gas comprises at least onc of

sulfur hexafiuoride gas, hydrogen chloride gas, helium gas, and argon gas.

22.  The method of claim 20, wherein the etching gas has a pressure of no more

than 0.1 atmospheres.
23.-  The method of claim 20, wherein the ctching gas comprises a gascous plasma.
24. The method of claim 18, wherein the surface is in air at atmospheric pressure.

25.  The method of claim 18, wherein the laser pulses have a duration of between

one femtosecond and one microsecond.

26." The method of claim 25, wherein the laser pulses have a duration of between

‘one femtosecond and hundreds of picoseconds.

27.  The method of claim 18, wherein the laser pulses have a laser pulse energy

density of between 0.1 J/em? and 1.4 Jem?,

28.  The mcthod of claim 18, wherein the laser pulses have a wavelength of

between 200 and 1600 nm.
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29.  The method of claim 18, wherein irradiating the surface further comprises

scanning the surface in a plurality of directions.

30." The method of claim 18, further comprising controlling a surface texture by

controlling a polarization state of the laser pulses.

31.  The method of claim 18, further comprising controlling an electrical

conductivity of the material by controlling texturing parameters.
32. A semiconductor surface, comprising a portion on which pillars are formed
with nanospikes atop the pillars by irradiating the surface with short laser pulses while

a substantially pure sulfur hexafluoride gas is provided around the surface.

33.. A metallic surface, comprising a portion on which pillars are formed by

irradiating the surface with short laser pulses.

34. A method of using the textured surface of claim 1 to provide a photovoltaic

device.
35. A method of using the textured surface of claim 1 to provide a photodetector.

36. A method of using the textured surface of claim 1 or 18 to provide a high-

efficiency heat sink for an electronic device.
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37.. A method of using the textured surface of claim 1 or 18 to provide a very high

electric field for electron emission.

38. A method of using the textured surface of claim 1 or 18 to generate catalytic

activity.

39. A method of using the textured surface of claim | or 18 to perform

osteointegration of a body implant.

40. A method of using the textured surface of claim 1 or 18 to control the flow of

air or fluid over the surface.

41. A method of using the textured surface of claim 1 or 18 to create a two-

dimensional array of micro or nano dimensioned ordered tips.

42. A method of using the textured surface of claim 1 or 18 to manufacture an
optical beam block which absorbs substantially all light from the visible to the far-

infrared.

43. A method of using the textured surface of claim 1 or 18 in micro fluidic

applications.

44.  The method of claim 1 or 18, further comprising controlling a color of the

surface.
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45. A method of using the textured surface of claim 1 or 18 to produce a master

for replication.

46.  The method of claim 1 or 18, further comprising processing the surface with

chemical etching to provide nano or micro pores on the surface.

47.  The method of claim | or 18, further comprising controlling an emissivity of

the surface.

48.  The method of claim 1 or 18, further comprising writing text or images on the

surface by controlling a light reflectivity.

49. A method of using the textured surface of claim 1 or 18 to provide a radiation

shield which operates in a broad spectral range.

50. A method of using the textured surface of claim 1 or 18 to provide an infrared

SENSOr.

51. A method of using the textured surface of claim 18 to prevent corrosion and

provide adhesion.

52.  The method of claim 1, wherein the changed properties are at least one of

optical properties, thermal properties, and electrical properties.
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53.  The method of claim 18, wherein the changed properties are at least one of

optical properties, thermal properties, and electrical properties.
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Oberfliichs ¢iner Solavzells wmittsls elnes Atsverfahvens su
atrtukturisren, wn dile Reflaxion dey Cherflichs gu verminddwm.
Aus dey Druckschriiin ¥, sStubenvauch, M. Figdber, . Erewmin,
&, Brosbenan, &. Albyeght, 2. Nagel, ,Black Silicon ~ New
Funeticmalities In Miorogystems®, J, Michroseol. Mloroceng, 1§

{(ZeREY, &, 82~26, dpb olyn Plesmalibtzverfsbhwen zur Bsrstellung

£t

von nadelartdgen Strukburen in Bilisiunschichben bekannid.
Weiterhin baschreibt auch dis Druckscoherifh B, Jansen, M. Ds
Bosr, R, Lagtenbsry, M. Blwesnsposk, ,The bhlack silicon mea-
hod: & undiversal wmethod for devermindag the paraseler
gsetting of a fluovine-baged reactivse ion sebcher in deep adli-
con tranch stohdng with profils conklxol®, . Micheonsob, Mi-

eroeng. 3 {12385}, B. 115+120, oin Verfshwsn 2ur Herstellung

Der Exfindung liegh dis Aufgsbes zugrunds, sin verbessgsyrhbes
Eotosmpfindlictes Halblelterbavelamant snsugeben, dag sich
%

inshegondere dursh sine affizienters b&&umgstrég&rﬁrenmmmg

der in edinen fotosspfindlichen Halbklsitermaterial sx

SEnay i an

Ladungstridger ausgaichnsi.

sant.

Dieaze Aufgabs wird dureh den G2 and deg Eatentansprucshse

7

3
&
o
$#3
£

e

alégt. Vortsailhafte Ausgestalitungen wd Weltervbildungsn dsy

)

[543

Frfindung sind egenatand &

z"‘-

ar abhinglgsn Angpriiohe.

Bel sinen eriindungstendfen Halbleilerbauvglemant mit siner
fotnanpfindiinhen dotilerben Halbleltersabicht, in dex ksl ab-
scrption slektronagrnetischery Steablung sliskibrische Ledungs-
trdger freigessbzt warden, weist dis fotoempfindidiche Halb-

leitarsohicht aine gstrakburierts Grensfliche guf, Uar struk-

turisriten Gransfliche ist migdestens sine Schioht nachgeond-
net, die ¢in slskivisches PFeld sur Tresmong dey frelgssetzian

SIONYX1403000024.0050
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- 3.
Ladungsbrigery svzsugt, wobsil sich duag elekbyisches Feld Gbevw

dig gtrukburisrte Srensflichs erstyscki.

Dia der fobtsmpfindlichen Ralbleitevechicht nadligeordnete
Sohiokt kann wenititelbar aund dis strukidrierves Ghrrenzfliche
aufigebrachl seln odeyr durch site odey wehreve Zwlschsnschdob-
ten von det fotespplindidchsn Halltilairersehdioht Peabstandet

2

gain. Dadurch, dags die gury Brzeugung slaes slekbrischen Fals

deg geslognste HSchichi dexr fobosmefindlichien Halbleitsvsohdaht
navhgeerdnet 1, wizd errsdcohb, dagsys sich das slektrischs
Fald dbey die strubbturisrts Srensfildche dex fotcsnmefindlichen

Solilohd svetrecki. Sowit fgt dey akibdvs Rereich, in den sins

splelsveliss aus siner shensn Crenzflichs swigchen sinem Siilis

ziwmsubstrat und einey ITS-Schichit oder aus einswm innerhall
k¥

des Substrats ausgebildeten prn-Ubergany gebildet ist. Durch

&

die Strukhurierung day fotoenpfindlichen Sohichit wirzd also
ndoht muy die Paflexion dey Grensfldche vermindert, sondamn
auch der akbive Beredich, in dem ladungstrigeyyn

Findet, vergrdSart.

Die dem Substral nachgscordnste Schlobl enthili instbemsondere

Ktrisch leltfdhigeg Material, Vorzugs-
N

5

risoh leitf8hige Material ein

Ny

i oY
transparantes ledtfihiges Oxid, insbesondars Indiumsinnosi

5

{TT0) , Inddamzinkoxdd (TZQF . Sinkoay

g.h
o
v
%
9]
-
o
5
v
£
Y]
(o7
3
o
o
5
b

Stannat (€TI0, Cdz8no

Wadterbin kann day tratgparente elekivisah leinfEhige Materd

al aveh sin trsnspaventes lsitfidhiges Folymer ssin,

SIONYX1403000024.0051

SAMSUNG EX. 1002 - 2362/4148


enthS.it

e

POT/BEGOHETY

TSR

b}

-~

WX

o

S

&

higsord
Dol

5
2

o~

jon vony der foho

ey
B
RS

N
X

oht na
in
»

&

h

mberachaidsy .,

p&

teiterassh
hik

argsohict

Y

ik

id

a4
1
bl

Eind
Tad,

[
3

ey
L4

£

han

IO X0 TAR00T

otoan
el

€

7 s 1 I H e 94 § At § 4t

H o 10 Lo Co TR S R % T v S 0 S i

oo LI O T R B e

4 o4 D e (VR I 4 s wtom e i
(2 T2 R S N TR =S R o ST VS A ¢ B - B B S ¥ i A
R T~ T SR o T B ¥ B 4y % OB ¢ B S B FE R
o e N S ¢ =] FaSE T A T I B S o1 s i

] oowr w4 (SR ¥ B < B B+ I VR i
[T = 2 [ R S T S v B B s S B A ]
IS/ S A~ A R wom o om om0 PERN o %
FERN i TS S T 5 ) i Eo P A T e o @
(ST S | M ¥ U Heoad Uoo® - @8 % % %7

TR S ¢ I B (R L& ot L B et e M Es)
% e B ol M B B I S B v P B4 4 @ (SRS
g % B i T B N T B o T B B & B e S w4
wrd ¥ o SR S SR B S ¥ o g b
RS S TR S SR 1 S moonou ¢ o Do o4 om W Lo/
et o @t g ™o w448 o€ woa o £
£ S B R~ T S ¢ e w3 0oa =
: g 00 b GBI R S A R I R B w3
: ¢ S T - TR & PR e R~ R ¢ R A L o S L 33
0 LTI S« R @ 5 st IR RS T T ¢ P
DA BN AR S T+ @ kw82 B 4 g 3 [
TG e s % iEowt @ BB T S R R e s | O
WeOTW g A . O g w5 A 0B otog oo od o+ o omoB @ B4
PiR SRS S S & S« G (SO e ooa n EO9 [V

f S i S B & -4 eI >~ TS S & B RS S S Gt
% 8 = oo S v A I &Sow % WoEs o Mo 1 4
FA S St S O o T ) R o . S T R A~ % U o6 B4 [ 1
Mo owmoHWOM L E B B B Wi 0 M o & w0 B3R ]
45 [CRENE T R N T » R U v R I B+ B~ BT S e Lo 1
BETIE ¢ S SRS S ¢ B SR S S T § S o (ST RS S S S § B - B ¢ I+ R 4
VAT (/R AR R - A - T/ R [T AN A SIS B © R S SRS S S 5 & Y

Y I I S T ot G Lo own oo o8 DD £
o) S ¢ S 1 mox o (I # o B % oed s o I R
a3 IR T SIS ¢ = B R 3 Pomoa 4 oW B Pl “ o
w B oo opow %o og A ! AT o R 2ou 0 3 g
T CE T~ S I O R ooy ELI T« B g U M w“oop
a3 13 TR S T S v B B S HOomon &£ omow g g1 o 2 RS
YT o oo o TR I A ¢ 3 T 4 3 ek 5w
[T & S+ RN & SRS S /s S 1) S ST e S & R T S S+ S & A B | B [ I
s G e T & oo D o B2 X &8 & - o U0 g 4 G A
eSS TR ¢ S A T ST = S - R = v o8 ¢ omog ¢ 4 9N
&t L gt M i ¥ Lo wow et & w0 4
FS TG T} S S S 5 6 DR + S S A T < B T B B8 9 B3
P A TS 2 M@ @ AT S R TR U S « B S & S €T /1 ST

w8 @ EN T I LS TS o B T T N & R s T * T M
A b 5 S S HEE v 13 SR £ S 43 T S B G o R T T < B @ 4
SR A I I 6 # . PENE S I IR = S - ¢ B oy 1 ]
4 (ST S UT HE s S ST » S bogd o 2 owa o owm oo @ S e

[ER S TS ¢ AP A ¢ ogoo%® G0 4 et € mod @D o b
[ORNECS - VI B A S O« R ™o O B Dy W I ES I
o R R S R B N T o7 Loomow BB 23« B ¥ M g
e SO (R I 6 T o Sy B e VR P N I <N < S TR < S < )
9 0momomo ouoe - ogog U Bt omowd om0 8 b W b ot
[ T S 4 PR PR o S 5 % WG O HOo® o« E o4 @ ER I o
A T S T SO B VI T TR i . (IS NI R WU
A 2 Mo Wy i w2 8 & i
o4 B U & oW M o8 g R B~ - T < R S B & M
P S A I B T B v Zoog o o ® et i 3B 8 o i B
[ S S S S €5 T ¢ SRS B SR T | SR o R ) B % T T o B N & T B £ 42

SIONYX1403000024.0052

and

T
SAMSUNG EX. 1002 - 2363/4148

alis 100

aniger

¥

PO W

k"

yad e

Strukturen mit


beispiel.swei.se

IO X0 TAR00T POT/BEGOHETY

fobn
1
9 l,
iu

Eavorsugt welast sibyubturisrie Grenzfliichs Stryubburven auf,

$ =

dis sine Breite swischen 10 mwm und 100 pm aufwsisen.

2

Aufgrund dey struktuvierten Cyanz?¢qcbﬁ igt swigchen deyr fg-

o

tosmpfindlichen Schideht wnd der nachfclgenden Sob

freghungsindexgradisnt ausgekbildel, so desg dls Srensfliche

;‘1’

gwischen den Schichtsn aleg sffekbiveg Nedium wivki

<

tarhin dst ea vortedlbaft, wann Qe an day Srenzflichs dex

fot

fREs
foboenpiindlichen Salilsnitersoliiohy evgsngben Strukiursn aine
HObe wvon mehyr als 100 nm sufwsissn. Insbesondere kann dis HE-

]

he der an der strukturisrien Srenasflichs syrresugtsn Strukbturen

swischen 1,5 pm und 10 um bebragen.
Die an dey Gransflichs der folcsmpfindlichen Halblsiter-
sohdght erzeugtsn Strukturen zmeichnen sigh inshssondere durch

ain hohes Aspektverhdltnis aus. Diss hat den Vortedild, dass

)
oy

2 Greonzfliche iw Vergleich sy sinsy nahesu glabben Sranz-

fildshe erheblich vergréfert wivrd., Bevorsugt bebyigh dise HShe

dey Strubturen e Mittel wmindestens dag 10-fache der Brelbe,
tesonders bevorzugt sogary mindestens das S0-fache der Bredibe.
Beid ediver vorteilhaften dusgsstaliung weist die strukturierts

e

Sranziliche dey fotosmpiindlicshen Halblsliterschiocht Struktus
ren auf, dise herwisgend, also wmehy als zury Halfte, sins
Flankenateilheir von mehy als 45° aulfwedisen. Pelsplelsweise

E%nnen dis Flanken dey Struktuven Winksl im Berelch wvon »E®

1

bilg #5% mit einey Hauptsbene der photosppiindlichen Halblsd-

v

i3

tenscehioht eidsehlieBen. Inghasondars Ramm &8 sich hel o

i

&
Shrukturan wn nadelformigs Stomdtburesn hand@ln.

Die gtrukburierts Granzfliche kann ingbezondere sine gbo-

2

chagtische Strukiur aufwaisern, also sineg Styuktur, bsi dar

SIONYX1403000024.0053
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o

iguy 8 gine grafische Davstelluyy der Ralleaxion siner
it

sibrulkburdisrten Silisiuwnsohic

3

ner unstiukturierten Silisd
Figuys 3 a2ine golemmbisclie Dargtellung elmes Halbledterbaun

Sleliche oder glelich wirkends Rlesments sind dn Jden Figuren nit
den glelohen Bezugszelolern versshen, Dis Plguren sind nicht
aly wafstabsgerscht anstgshan, vislvelyr kdnnen sings 1

mente 8oy Verdesutlichung dbsririsbean grof desygestelly sein.

Das dnm Figur & dergesstellits Halbledterbauslsuwsnt 1 gewmd® al-

mam eygten Ausfthrungsbeispiel der Brfinduny isb elns Solar-

X v

zalle, dia eine fotosapiindliche Halbleiterschiohi 2, zum

Belapilel sdns p-dotdisrte S8ildziumschichi, snthdlo, Dis Ha

isditerschicht 2 kann inshesonderes sin Silizjiuvm-~-Walfer sein,

dar typlscherwalse wine Dioke wvon meéhy als 108 oy aufwsisi .
Slternably kann die Halbleiterschicht § abey auch gins aung

gin Subsbtrat sufgsbrachts Halblsitergohdebb seln, swm Bad-

spial sioe auf sdnen metallischen Reflskitor {(mivht daxge-

In dey fotosmpfindlichen Halbhdeitsyschicht 2 werden beilm Aud-
preffen elekbyomagnetischesy Strablung, dis durceh dis Ffells &
angedsutet ist, elskirvische Lmdungsbtrdgsy frelgsssbat.
avndare kann es sich bel denm Halbleiterbauslemsnt 1 um sine
Solavzells bandeln, bel der dursh dhsorpbion von Sonnsnlicht
in der fotcempficdliichen Halbhlsiterschicht ¥ Blekbtron-Look-

Paare als frelse Ladungsiriger szeugl werdsn.
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ig Straktursn Gbhemviasgend, das heifit nindestens zuy Halfte,

A

)

ang Plackenateilhelt won nmaly als 45% aug.

Strukturen botvigh bevorzugt wendigey als 10U
iefRiich 10 mm ound edne

ol
ie Hihe b der Strukbtursn Jder Srenzilicha

o

e Styrukturisrung dey Grensfliche

~3

der Halbleibesreschichd 2

e Hinsicht positiy auf die BEfisdienz

1,-,:

wirkt slah dn P e

;Mf

(.

des Halblsiterbasuslenents 1 aus,. Jdum elnsn wizd dis Refleaxion
der Grensfiiche der Halbleltervschicoht 2 duroh dds Strubkbturie-

Tung vermindsri. Aufgound der Struktusierung der fotvsmpiind-
ITdohen Halblasditewschichs & vermindert aich sush die Reflexion
der Charfliche des Baldbleiterbanelements, wenn dis sindestans

aine der Halbledterscohvicohit nachdolgends Scohichit 3 devart Shnn

gie Strukturieruny aufwelst.
Dis Verminderung der Reflexion dev Srensfliichs 7 desr Halkblsd-
tersehicht 2 wird inm Plguy ¢ verdeublichit, in dey Jdie Refls-
®icn ainsy Silisiumschicht vor uwnd nach dewy BtyruktuvisTung do

z

Abbdngdgkeilt vor der Wellenlinge dargestellin ist. Dise Rurve ¥

atallt die Refleywion der Siliziumschichit vor der Strulturiess

rung wal dis Kurve 10 dis Reflexion dey Bllisiumschilcht nack
dey’ Strukturierunyg day,. Da die strukturierte Schichit sins wa-

genblichs g@ringera Raefilewion aly elne ungtoukturier

}4
(-}
]

snls verbesaart wied.

Bin weltgrer Vortsil der Strukburisrung der Halblsipsrschiaoht

2 svglibt sdioh davaus, dass dis Schicht 3, mittels der ein

SIONYX1403000024.0057
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alekivigches Fold zur Trennung der in dey fotcempifindlichen
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RESPONSE-ENHANCED MONOLITHIC-HYBRID PIXEL

1. TECHNICAL FIELD
[0001] The present disclosure relates to the detection of electromagnetic
radiation, and more particularly, to methods and articles for detecting such
radiation using monolithic or hybrid semiconductor-based designs that have

mproved response to incident radiation.

1. RELATED APPLICATIONS
[0002] N/A

ill. GOVERNMENT FUNDING
{0003} N/A

IV. BACKGROUND

[0004] Pixels, or “picture elements,” are the basic light- or color-detection
and display elements that form a digital image. Typical digital video and imaging
systems wse a collection of detector pixels to capture a two-dimensional image field
at a capture end (such as a camera) and another corresponding collection of
display pixels to display the corresponding two-dimensional image at a display end
(such as a monitor). In digital imaging systems, an array of light-sensitive pixels,
each including a light sensor or detector, respond to an intensity of mcident light at
each pixel location, providing an electrical output representative of the mincident
light. The cutput of an gnager can be referred to as an image.

{0005] Modon or video cameras repeat the process described above, but
permit a titme-sequence to be captured, for example at regular intervals, so that the
caprured images can be replayed to recreate a dynaniic scene or sequence.

[0006] Most film and digital pixel imagers include wavelength-specific
sensors or detectors. The chemical composition of the film or the design of the
digital pixels and associated filters determines the range of wavelengths of light o
which the film or pixels respond. Practcally, a detector or tmager has a frequency
tesponse that is optimized to provide tmages of light in the range of wavelengths
the imager is designed for. The most common examples are sensitive to visible

light (e.g., red, green, blue, and combinations thereof). Visible hight corresponds to
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the range of wavelengths of electromagnetic radiation to which our eyes are
sensitive, and s generally in the range of 400 to 750 nanometers (nm}.

[0007] Special film and digital pixel imagets arce designed for low-light
operation to provide night vision capability for military, security, or other special
apphlications in which an illumination source 15 not avatlable to cause a visible light
tmage. Low-light or night vision imagers rely on detecting and imaging
frequencies below (wavelengths longer than) the visible {red) wavelengths, and are
sometimes called infra-red (IR) detectors. IR detecton is more sutted for picking
up heat emissions from objects such as a person’s body or a vehicle. IR radiarion
itself can be roughly divided into sub-spectra including the near-infra-red (NIR)
having wavelengths between about 750 to 1100 am, short-wave-infra-red (SWIR)
having wavelengths between about 1100 and 2500 nm, medium-wave-infa-red
(MWIR) having wavelengths between about 2500 and 8000 nm, and long-wave-
infra-red (IWIR) having wavelengths between about 8000 and 12000 nm. These
ranges are defined somewhar arbitrarily, and are given merely for simplifying the
following discussion, and those skilled 1 the art will appreciate the generality of
the discussion as it relates to the bands of wavelengths of the electromagnetic
spectrum.

[0008] Present visible light imaging cameras have used silicon devices
made with CID, CCD, or CMOS APS architectures. The low cost and efficient
collecton of photons from 400-750nm wavelengths has enabled silicon devices.
Extending the use of silicon imagers tnto the near infrared (NIR) band requires a
greater volume of material to detect these wavelengths because of silicon’s
relatively low absorption coefficient in this wavelength range. This increases the
size of the detectors and causes increased leakage current and requires expensive
manufacturing processes or higher voltages to operate. The use of thick silicon
substrates also limits the ability ro integrate other devices.

[0009] Present low-light or night vision IR umagers are usually less
sensitive than would be desired, lack color definition, and have limited frequency
response. Also, low-light imagers can be more costly, noisy, and require greater
circuit resources than visible light imagers to achieve useful gains in low-signal
conditons. Furthermore, IR sensors are larger than would be desired for
compact portable applicatons because most IR sensitive materials must be cooled

sigmificantly to achieve good performance. Most sensors that can derect long-
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wavelength portions of the electromagnetic spectrum remain poor at detecting
visible light, especially in the short-wavelength portions of the spectrum, for
example blue and violet light.

[0010] One presently-available solution is a stacked detector, as described
for example in ULS. Pat. No. 6,111,300 to Cao, et al. However, this detector fails
to adequately capturc radiation 10 a range suitable for some applicanions with
sufficient sensitviry. In addigon, present systems do not generally provide for
efficrent cost and space-efficient readout crcuitry for use with stacked detector
elements, Also, such systems lack the flexibility in their design fo selectively
optimize the detectors for a variety of uses under corresponding conditions.

[6011] In summary, present imaging sensors and pixels do not sufficiently
capture the full range of wavelengths useful for developing good mages across
long and short wavelength portions of the spectrum, and improved detector

designs and readout circuit integration is needed for such detectors.

V. SUMMARY

[0012] From the discussion given above it can be appreciated that better
detectors capable of operating in a variety of wavelength ranges are desirable. The
following discussion provides such improved detection methods and apparatus,
including methods and apparatus for detecting light in the IR ranges as well as
shorter visible ranges, including in the blue range. Greater bandwidth detectors
allow imaging in a variety of lighting conditions, for example in day and nighe.
Embodiments hereof provide silicon-based imagers and detector elements capable
of imaging across a range of clectromagnetc wavelengths, including in various
poruons of the IR spectrum and in 2 wide range of lighting conditions.
Additionally, the present embodiments provide compact, thin designs that offer
increased sensiavity and resolution at a lower cost than presently available systems.
Embodiments heteof provide improved manufacturing and process handling
capability for producing the detectors and for implementing readout circuits
associated therewith.

[0013] A speatfic embodiment hereof 18 directed to a light-sensing pixel
for detecting at least a portion of the electromagnetic spectrum, including a fiest
detector element having a laser-treated detector portion for detecting a first range

of wavelengths of the electromagnetic spectrum; 2 second detector element for

3-
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detecting a second range of wavelengths of the electromagnetic spectrum; a
collecton point for accumulating a first electrical ourput of said first detecror
element as well as a sccond electrical output of said second detector; a bias point
for applying a biasing voltage to said first detector element and capable of affecting
the first clectrical output of said first detector element; and an output point for
providing an electrical output of said light-sensimg pixel.

[0014] Another embodiment hereof is direcred to a light-sensitive array
comprising a plurality of pixels as described above, wherein said plurality of pixels
each provides an electrical ouspur rhat can he addressably sensed and contributes
to a collective output of said array.

[0015] Yet another embodiment is directed to an imaging apparatus
comprising an array of pixels as described above such that an image corresponding
to said collective output of said array or pixels can be captured or displayed.

{6016] Other embodiments and uses for the methods and systems given
herein can be developed by those skilled in the art upon comprehending the

present disclosure.

VI. BRIEF DESCRIFTION OF THE DRAWINGS

[6017] For a fuller understanding of the nature and advantages of the
present inventon, reference is be made to the following detailed description of
preferred embodiments and in connection with the accompanying drawings, in
which:

[0018] Fig. ! tlustrates an exemplary light-sensing pixel including a black
silicon detector element;

[0019] Fig. 2 illustrates an exemplary highe-sensing pizel including hoth a
black silicon detectot element and another detector element which can be
hybridized onto the pixel for enhanced response; and

[0020] Fig. 3 lllustrates an exemplary cross-secdonal view of a response-
enhanced pixel.

VIL DevAaiLED DESCRIPTION

[0021] The present disclosure describes systems and articles of
manufacture for providing light sensors, pixels, detectors, or imagers and methods
for making and using the same. These methods and apparatus are useful in many

applications, including applications benefiting from imaging in a variety of light
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conditions. In some embodiments the detectors and techniques provided herein
can be adapred to small, inexpensive, low-power, portable applications such as
hand-carnied, helmet-mounted and sinular apphecations.

{0022] Some or all embodiments hereof include 2 sensor or detecror
senstve to certain electromagnetic wavelengths and formed into a device on a
semiconductor substrate. In some embodiments, the detector includes a portion
comptising a semiconductor material, for example silicon, which is irradiated by a
short pulse laser to create modified micro-structured surface morphology. The
laser processing can he the same or similar to that described in U.S. Patent No.
7,057,256 to Carey et al., which is hereby incorporated by reference. The laser-
processed semiconductor is made to have advantageous light-absorbing properties.
In some cases this type of material has been called “black silicon™ due to its
visually darkened appearance after the laser processing and because of its enhanced
absorption of light and IR radiation compared to other forms of silicon.

[0023] Generally, the wavelength of the irradiating laser pulse for making
black silicon, its fluence, and pulsewidth can affect the morphology of the
microstructured surface. In some embodiments, the laser fluence may be between
about 1.5 k] /m® and 12 k]/ m’, but can vary depending on the substrate
composition. The choice of the fluence of laser pulses irradiating a silicon wafer
to generate a microstructured layer therein can also affect the gettering
performance {capacity and/or specificity) of a microstructured substrate. In
general, in various embodiments of the invention, the laser pulse fluence 1s
selected to be greater than about 3 k] /m”. More preferably, the fluence may be
chosen to be in a range of about 3 k]/ m® to about 10 kf/ m®, or a range of about
3 k}/ m’" to about 8 kJ/ m”.

[0024] Additionally, the laser pulse length can affect the morphology and
absotption properties of the treated silicon. Irradiation of a substrate according to
the mventon can be with femrosecond laser pulses ot picosecond or nanosecond
pulses. Other factors that can affect microstructures morphology include laser
polarization and laser propagation direction reladve to the irradiated silicon
surface.

{0025] In some embodiments, the laser microstructuring ot a substrate is
performed in the presence of a mixture of rwo or more substances where needed

to accomplish the present purposes. For example, silicon samples treated in the

5.
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ptesence of a mixture of SF; and CL, exhibit an increase in the microstructure
density at higher partial pressure of SF,.

[0026] We now turn to a description of an exemplary apparatus for
detecting electromagnetic radiation or light in at least a range of wavelengths of the
electromagnetic spectrum.

[0027] Fig. 1illustrates an exemplary pixel 100 comprising a photonic
detector 110 of the laser-treated type described above (sometimes referred to as
‘black siheon’ detector) which can be integrated into a same substrate as the
readout circuitry for the pixel. Radiation in certain wavelength ranges incident on
pixel 100 is detected by detecror 110 and creates a corresponding current I, 115,
which represents an electrical output, to flow from the detector. A direct injection
detector bias 120 is applicd to hold a relatively constant voltage across the detector
110.

[0028] Integration capacitance ,, 150 which may be physical or parasitic
and represents a collection point, integrates the charge collected by flow of cutrent
iy, 125 through the capacitor 150 over some time. Note that in this embodiment,
currents 125 and 115 are equivalent and integrate on C,, 150. A resultant output
voltage is provided at the input of signal buffer 160, which represents an output
point. Contact post 130 in this exemplary embodiment is not used but may be
exposed at the surface of pixel 100, and can be used as will be described below to
couple to a hybridized detector element to enhance the response of a pixel. Signal
buffer 160 is addressed by column 190 and row enable switch 180 for non-
destructive reading of pixel 100. It should be apprecated that a source follower
buffer, row switch, and column line are merely examples of a generally-realizable
output port, which here includes circuit elements 160, 190, and 180 only by way of
example. A reset switch 170 shorts out capacitor 150 thus resctting the collection
process. During normal operation detector 110 is reverse biased by the bias
voltage applied to terminal 120 as mendoned above.

[0029] In some applications, the pixel 100 and its laser-treated detector
110 allow for detection and scnsitivity to long wavelength radiation including in
ranges beyond the visible range of the electromagnetic spectrum, such as the near
infra-red or the infra-red ranges.

[6030] Fig. 2 illustrates an cxemplary response-enhanced pixel 200 having

both a first laser-treated detector element 210 similar to those described above, bur

SIONYX1403000024.0073

SAMSUNG EX. 1002 - 2384/4148



WO 2010/033127 PCT/US2008/077209

also mncludes another light sensitive detector element 240, Second derector 240
may be sensitive to a range of the electromagneric spectrum that is different from
the range of wavelengths that first detector 210 is sensitve ro. For example,
second detector 240 may be sensitive to shorter wavelengths than first detector
210. More specifically, second detector 240 may be sensitive to wavelengths
nearer the blue light or ultraviclet (short) wavelengths of the visible spectrum. As
will be described helow, this can allow for an overall pixel 200 that has sensitiviry
to a broad range of wavelengihs ranging across those detected by first detector 210
(e.g. longer wavelengths) ro those detected by second detector 240 (e.g. shorter
wavelengths).

[0031] in this embodiment, a first current or electrical output ige 215
from first detector 210 as well as a second cutrent or electrical outpuc 3, 1y 245
from second detector 240 are summed and cause an integrated collected charge on
collection point or capacitor C | 230 to develop an output voltage at outpur point
ot signal buffer 250.

[0032] t'he pixel 200 can be addressed and read on column 280 and row
enable 270 and can contribute to an array of pixels 200 in an imaging product as
discussed carlicr. Again, a reset switch 260 can be provided to zero out ot reset or
short out integration capacitor (C,,, 230. As discussed eatlier, an generic output
port can be used in the present context, of which the present embodiment includes
circuit elements 250, 270, and 280 only by way of example.

[0033] In manufacruring such enhanced response detector pixels 200, the
second detector element 240 may be hybridized over a monolithic pixel array using
the previously-unused post 130 of Fig. 1. The second detector 240 can be selected
and constructed such that it provides a great enough output resistance to the
circuit of Fig. 2 so that a change in voltage on capacitor (, 230 not to
substantally affect the generated photocurrent 1, fyh 245 of second detector 240.

[0034] The combmation of the detected light and corresponding outputs
of detectors 210 and 240} can be used to form enhanced response pixels and
enhanced response imaging produces having a pharality of pixels such as the
exemplary pixel of Fig. 2. Such imaging products can couple a grid of pixels 200 in
a two-dimensional format to form sensors such as cameras and scanners that are

responsive to a wide range of electromagnetic wavelengths. The output voltage at

7
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non-destructve signal buffer 250 will thus correspond to, and in some cases be a
function of, the photon flux detected at each detector element, 210, 240,

[0035] It should be appreciated that the present disclosure can apply to
more than just two detector elements, but rather, three or more detectors could be
used, each sensitive to 2 range of wavclengths in a pixel structure.

{6036] In some embodiments, the structure of the preseat monolithic-
hybrid pixels and the low reverse bias voltages required to bias the black silicon
detectors allows selective shutting off of the black silicon detectors in situ. That is,
the detectors 110 and 210 of Figs. 1 and 2 may be secured by proper application of
bias volrage at terminals 120 and 220, respectively. In the example of the pixel 200
of Fig. 2, this can be used to provide unique and useful inregration qualities to
pixel 200, and can provide useful discrimination in color detecton by pixel 200.
The non-destructive read buffer 250 allows varying integradon times without
destroying or losing the collected charge on integration capacitor €, 230,

{0037] In sorne embodiments the present pixels provide multi-color
sensing, multi-integration sensors that enhance the overall response and usefulness
of an associated sensing array or imaging product.

[0038] Fig. 3 illustrares a representative cross-sectional view of an
exemplary response-enhanced pixel 300 similar to that described eatlier with
respect to Fig. 2.

[0039] Another feature of the present embodiments thar facilitates its use
in practical applications is that the present laser treated silicon is compatible with
most standard CMOS readout ciccuit substrates, and can leverage known silicon
MEMS and amorphous silicon MEMS rechnologies such as silicon MEMS
cantilever technology.

[0040] The present invention should not be considered limited to the
particular embodiments described above, but rather should be undersrood to cover
all aspects of the invention as fairly set out in the attached claims. Various
modifications, equivalent processes, as well as numerous structures to which the
present invention may be applicable, will be readily apparent to those skilled in the
art to which the present invention is directed upon review of the present

disclosure. The clums are intended 1o cover such modificadons.

[0041] We claim:

-88
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VII11. CrLAIMsS

i. A light-sensing pixel for detectng at least a portion of the
electromagnetic spectrum, comprising:

a first detector element having a laser-treated detector portion for
detccting a first range of wavelengths of the electromagnetic spectum;

a second detector element for detecting a second range of wavelengths of
the electromagnetic spectrum,;

a collection point for accumulating a first electrical output of said first
detector element as well as a second electrical output of said second detector;

a bias point for applying a biasing voltage to said first detector element
and capable of affecting the first electrical output of said first detector element;
and

an output point for providing an electrical output of said light-sensing
pixel,

2 The pixel of claim 1, said first detector element comprising a
black silicon detector portion that is sensitive to electromagnetic wavelengths in
an infra red range of the electromagnetic spectrum.

3. The pixel of claim 2, said second detector element comprising a
semiconducting photodetector element that is sensitve to electromagnetic
wavelengths in a visible range of the electromagnetic spectrum.

4. The pixel of claim 1, further comprising readout cireuitry
including addressing switch points for addressing said pixel.

5. The pixel of claim 4, said readout circuitry constructed and
arranged along with said first detector element in a monolithic semiconductor
structure.

6. The pixel of claim 5, said second detector element construcred

and arranged in 2 hybrid arrangement to be coupled to said monolithic
semiconductor structure.

7. The pixel of claim 1, further comprising a post for coupling said
second detector element to said readout circuitry and said collection point.

9.
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8. The ptxel of claim 1, said collection pomt comprising a capacitor
which collects an electrical charge from said first and second detector elements.

9. The pixel of claim 1, said bias point construcred and arranged to
recerve a bias voltage and coupled to said first detector element to control the
first clecerical output of said first detecror element.

10, The pixel of claim 9, said bias point providing a reverse bias
voltage constructed and arranged to substantally shut off said first electrical
output of said first detector element.

11 The pixel of claim 1, further comprising a reset switch coupled to
said collecdon point.

12 The pixel of claim 1, said first and second electrical outpuss
comprising respective first and second electrical currents, and said bias point
comprising a bias voltage terminal electrically coupled to said first and second
detector elements and coupled to said collection point so as to control said first
and second electrical currents.

13. A light-sensitive array comptising a plurality of pixels as claimed
in claim 1, wherein said plurality of pixels each provides an electrical outpur that
can be addressably sensed and contributes to a collective output of said array.

14. An bmaging apparatus comprising an array of pixels as claimed in
claimn 13 such that an image corresponding to said collective output of said array
or pixels can be captured or displayed.

-10-
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OPTICAL PROPERTIRS OF THE COMSAT NON-REFLECTIVE CELL* . c

B, A, Ayndt, 3. P. Allison, J. G. ﬁaynas,? and 3. Keulenberg, Jr.
COMSAT Leboratories )

Clarksburg, Maryland 20734 B
- 3
SUMMARY surface the reflected intepsity is RIo and the
. double interaction at the CNR cell surface e
2 new generation of silicon solar cell, therefore reduges the overall reflectance. €
called the COMSAT Non-Reflective {CNR} cell, . )
which shows a marked improvement over previous The measured reflectance of a bare (NR cell
cells, has been developed. Under AMD illumina-~ surface is shown as the upper dashed curve of
tion these cells tygzcaily produce a maximwn Pig. 2. At a given wavelength, if the reflec~
power of about 21 mR/cm? am’; short-cirouit tance of the upper solid curve is sguared, the
eurrent of about 48 mA/om®. The improvements reflectance value in the upper dashed curxve ig W
stem from a new surface structure and related shtained. The reflectance of a CNR cell sur- h
optical properties of the 0811: both of which face with a single~layer AR toating of tanta-
are discusged herem‘ Jum oxide is shown by the lower dashed cuxve
of FPig. 2. The asymmetry introduced into the
INTRODUCTION . lower dashed curve by the simngle~-layer AR
. i coating is present although it is difficult to 8
Recertly an improved silicon solar cell, ses since the overall reflectance has been {
called the COMSAT Non-Reflective (CNR} cell, " reduced to such a low valuwe. It should be. (¢}
was announced {(1). - This cell typm:al&ly pro- noted that the seaswements of FPig., 2 were T
duces a mazimum power of 21 mw,/cm and shori- made without cover slides on the cells to Sj
eirvenit current of 46 mA/om® under AME iliu- facilitate calculations and thelr comparizon o
mination. PFigure 1 shows the current-voltage - with measurements. i
{I-V} curves urnder AM0 illumination for the ’ £
CHR cell and the Violet cell. The fabrication Light ts attenuated in an abso‘rbnag medivm fr
of the UNR c¢ell builds spon the technology of according to ar
the Vieclet cell {2} and emplovs a new surface 2]
structure to reduce reflection losses. This : f e pr T n G
.paper describes the structure of this surface T kg @ s{?
and the optical propsrties of the cell which N
where I is the intensity after the light has . ;
lead to its improved output. traveled a distance x, I} is the intensily 2_3
. entering the absorber, ami 2 is the absorptios
BACKGROUND AND THEORY coefficient. The generation rate (g) of cax- ;é
0 $ . ; ; it - riers is proportional to the amount of light
or Tditionally, o Lghtiineidont surface i tued tn ohe erpression for § is therofore
The reflectance of normally incident light as . 41 exr
a function of wavelength is shown as the upper g =" ~gEf @78 = ~gXp{l - R} £7C% {2} of
solid curve of Pig, 2. If a single-layer - ab
‘antireflective (AR} coating of tantalum oxide inee T¢ = T (1 3 ) i~
iz added to the sarface, the reflectance is since I = 1,{1 ~ R}. . g:
oiueed conlderbly, Miain 0 "M N ¢ Toracell witha flat polished suface x  ve
these two curves at short wavelengths is due is equal to t, the distance from the ‘?t}’xw at
to the anomalous dispersion of silicon; the the cell in a direction parpendicular to the fu
M plane of the cell. This is no longer true for wi-
aﬁymezrg 23;'1?6 of t?;;xlov!?r mi wg';h fact the UNR cell, as can be seen in Fig. 4. The- asg;
zgﬁw < @ upper ve 18 due to e Fav refracted light enters the cell at different oo;
at a single-layer AR coating can prwzd& idal faces I
biooming at only one wavelength. ‘ am;lgs at each of i:h:a two pyramida 1A R ¥, 5
considered and the magnitudes of these a;xgléﬁ the
e s - will depend on the index of refraction o c:a'e
ety s, PiEface Eroatment dn the OUR coll i silicon and that of the sedium surrounding
bation of regular pyramids (Fig. 3) with an the cell.* 7o simplify the caleulations it
average base length of several micrometers ‘"”:ll h’e asm?nezi that.the celjf. iﬂi.:exfae:e 18 .
and an included angle of 70.5° between oppo- with air. ¥The angles shown in Fig. 4 are te!
- based upon this assumption and a refractive et
site faces. An idealized cross section of index of silicon of 2.8 Eouation {1} must dns
such a surface, p arpen@icu}mc to the plane of be mudlfiaﬂ to take mi-x; ae:gmmt the double {se
e ol 2 Bl 0 Tl e eE a1y Toflection and the angles of the tworefractel | - G
strikes the face of a pyramid at an angle of rays. For the CNR cell, then ;;f;
incidence of about 55°. 7Thae reflected part of . . aq
this ray strikes the side of an adjacent pyra-~ I = {1 - R} I, o "EE {33 Wag
‘wpid at an apgle of incidence of about 18°. . i Pro
If the reflectivity (R} of silicon is inde- : the
pendent of angle 9f incidence, as it is for LAyl
angles up o about 7¢°, the reflected inten- et poi
sity iz R®I,, where I, is the incident inten- #The prezence of an AR coating will not alte? | dig
In comparison, for a flat polished the magnitude of these angles. A Lep
Lel

sity.

*This paper is based upon work performed at COMSAT Laboratories under the sponsorship of the
Communications Satellite Cnrporatz,cn.
theceased .
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and .
I = R{L ~ B I, &70x" (3b}
wheras the single prime refers to the light

stering the cell at the first pyramidal face
3 zmi the double prime refers to the light
3 entering at the sawn@ wramida}._facea The
eguation for the carxier genexation rate is

g = ~1.3% il - 8} I, e~ 1. 3300
- 1.24 oR(L - R) I sz.su§t (43

here the appropriate values for x° and x"
have been used. ~

RESULTS AND DISCUSSION

short-circuit cwrrents of covered cells are
8 and 78 g»ercent of the thenre&:.:}cal mximum
{~53 ma/em*) under AMO illumination for the
CcNR and the Violet cell, respectively. The
reflectance, welghted according to the solar
spectrum {(Rg), and computed for uncovered
cells with AR coating from the data of Fig. 2,
was 0.025 for the CNR cell and 0.137 for the
flat polishéd-surface cell. Computation of Rg
‘for covered cells resulted in values of 8.025
and 0.113, respéctively. For covered cells
the ratio of the short~cifeounit current of the
R cell to” that of the vViolet cell-is 1.13,
whereas the . dorresponding ratio of 1 ~ Bgiis
1.10. Most .of the improvement in- short .~
cireuit currént is thus attributable to re-
duced réflectance. The. rest is attributable
to the ihcréased red response of thé (HR cell
relative t_f;"ti’xé Violet cell {3). . .

With eguations {2} and (4) the carxrier gen-
evation rates. were computed for incident light
of G.90~um wavelaength. At this wavelength the
absorption coefficient is sufficiently low
{~380 ') so that all of the light is not
absorbed close to the cell junction and yet
the carriexr collection efficiency is still
very high. Figure 5 shows the carrier gemer-—
ation rate at 0.80 um in arbitrary units as a
function of depth for a (MR cell and a cell
with a flat polished surface. Both cells were
assm':xe& te be covered with a tantalum oxide AR
%‘Ga‘?mg, without cover slides and . R :
mfu_xitaly thick. It can be seen that, neax
the junction, the generation rate in the CNR -
cell is greater than that in the sell with.a
flat polished surface.

The increased genevation rate in the CHR
©2ll i3 not due sclely to the increased light
ntering the cell, since this accounts for an
inerease by a factor of oply 1.18 at ¢.%¢ um
é;ﬂﬁ Pig. 2}, but is also due to the fact that
my: light traverses the cell in a direction
Tﬁ@? frmﬁ_tha normal to the cell (see Pig. 4).
a datw} lines of Fig. 5 are seen O oross at
wou ?ﬁb of about 45 ym. By integration, it

. prog mmﬁ(mat 84 percent of all the carviers
he Uced in the (NR rcell are produced within
all ;;;5? 45 um, Whersas only 26 percent of
Polisn tiers produced in the cell with a flat

'stmﬁd surfade are produced within the same
hmé thee‘ This should make the long wave-
cell Part of the spectral response of a CNR
®ore resistant to radiation.

rer

. 15.3% fbr a silicon index of 3.8.}

41

Calenlations on the (NR cell are more com
plicated to handle analytically when the
light is incident other than normal. and are
therefore not considered. However, reflec—
tance at 0.9 um and power output under AMO
illumination were measured as functions of
angle of incidence; the results axe shown in
Fig. & for a ONR cell complete with cover
siide. The reflectance shown here ism slightly -
higher at normal incidence than in Pig. 2
because of contributions from the grid lines
and the cover siide. Both curves can be
fitted with a cosine function. Similar mea~
surements on & Violet cell reveal an identical
angular dependence.

In Fig. 4 it can be seen that the angle of
incidence for light reaching the back face of
the CHR cell is 44° for the first refracted
ray and 5%° for the second. If the back of
the cell is flat and polished, both of these
angles exceed the critical angle for total
internal reflection and the light will be re-
flected through the cell a second tismse without
any reflection loss at the back face. (The
eritical angle for a silicon-air interface is
In con-
trast, if the light were traversing the cell
perpendicular to the plane of the cell as in’
a polished~surface cell, only about 33 percent
of the light arriving at the back face would
be reflected back into the cell.

Figure 7 shows the fraction of incident
light of 0.30-um wavelength that is absorbed
as a function of cell thickness for a CNR
cell with a flat polished back and a cell in
which both surfaces are flat and polished.

In both cases the calculations were performed
by assuming an AR coating on the light-
incident face. If each cell were yeduced in
thickness to about 58 um, the fraction of
absorbed light in the CEBR c2ll would be re~
duced by only about 1 percent, whereas the
reduction of absorbed light for the othex -
cell would be about 25 percent. The total
internal reflection would thus allow use of
thinper cells without sacrificing much 0f the
long wavelength sensitivity. '

CONCLUSIONS

The CNR cell provides higher short-clirceuit
current due to a reduction in the reflectance
of incident light. The long wavelength sen-
gitivity of the (NR cell should not be
affected by radiation as much as that of a
cell with s flat polished surface because of
the higher carrier generation rate near the
junction. Pinally, the CNR cell should main-
tain its high short-circuit current in thin
cells {~2 mils) due to the total internal
reflection at the back surface.
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Intersiitizi defect reactions in silicon

M. 7. Asom, d. L. Benton, R. Sauer, and L. C. Kimerling

AT&T Rell Laboratories, Murray Hill, New Jersey 07974

{Received 11 March 1987, accepted for publication 27 May 1987)

Dreep level transient spectroscopy has been eraployed in a study of impurity-interstitial defect
reactions in silicon following room-temperature electron irradiation. Three defecis have been
isolated and identified from their reactions and electrical properties as C,-C,, C,-Q;, and P,-C,.

The C,-C,, ME[{0.10}, (0.17)] and P, -

C, ME[(0.21), (0233, (O._,:}, €0.30) 1 defects

exhibit metastable structura! transformations. Our resules reveal the multistructural natare

and chemical reactivity of the silicon self-interstitial.

Vacancies and interstitials in silicon act as vehicles for
various diffusion mechanisms and intersct with Impurities
in the crysial to form complex defects. In phosphorus-doped
silicon, the isolated vacancy and vacancy-impurity interac-
tions have been exiensively studied and their inventory
soundly established.!” Vacancies migrate through the lat-
tice and form pairs with both substitutional (s} and intersti-
tial () impurities such as P-¥, O,-V, and B.-V. However,
an understanding of nferstitial defects and interstitial impu-
rity interactions has not been similarly established. The sili-
con self-interstitial, 8§, 1s reporied to be highly mobile, with
essentially athermal migration Kinetics at 4.2 K% thus, it has
been difficult to obiain direct experimentsal information.
While there exist studies of group I interstitials (8., Al)
in p-igpe 8, no interstitial group V element has been ob-

served” and the only identified group IV interstitial in silicon
is interstitial carbon (C; 1.%® The acceptor state assignment
for C,, however, has been recently challenged, and a va-
cancy-related defect was proposed.” This letter resolves this
discrepancy and defines, for the first time, impurity-intersti-
tial defect reactions in p’fzosphama-depeﬁ silicon,

The mater ials used in this study were phosphorus-
doped silicon, grown by either the float zone (FZ) (low
oxygen) of Cm\,}n abski (CZ) (high oxygen) methods. Both
Schottky-barrier and p-n junction samples were cmploved,
The samples were irvadiated with 1.5 MeV electrons at a flux
of 43 10" ¢ fom” 5. Capacitance transient specirz were
generated using deep level transient spectroscopy (DLTS)
techniques outlined elsewhere. ' Injection anneals were per-
formed at current densities ranging from 1 to 11 A/cm® us
ing a constant current source.

Figure 1 depicts typical DTS specirza obtained on a
single diode, following room-temperature electron irradia-
tion and 4 premeasurement forward bias anneal of 1 A/om®
at 300 X for 3 min. Each specival feature iv identified by
assigned structure and defect state encrgy (eV). K and ¥
refer to hole and electron emission snergies, respectively. A
prefix M denocics that the state represents an alternative,
metastable defect structure

The solid line spectrum was recorded afler the diode was
cooled to 50 K with an applied reverse bias. This procedare
freezes-in the defect structares associated with unoccupied
states in the upper half of the energy gap. Several previously
identified speciral features® are observed and labeled as

5] Agpl, Phvs Lett 51(4), 27 July
e owniondbn 26 Nimy So8s {61364

v 8 4003-6851/87/3002
36 38. 13‘5 Redistribution sﬁb;és:’i o g? $ nse or r;a}py’ng% see

V-P,, V-0, and V-V, In this work we justify assignment of
the remainder of the defect states to C-8i-C,, C,-{,
MELO.1), (017, and B,-C,, [ME 3(0.27), ME 2(0.23)}
as shown. The defect }mlgnaﬁﬁd as P,-C, possesses two addi-
tional confignrations which are represented by defect states
ME 1{0.21) and MFE 4(0.30) but which are not revealed nn-
der these measurement conditions.™ 7 As is typical for
metastable systems, the defect can be cycled repeatedly
through the four configurations. ™

The dashed spectrum was taken after the sample was
cooled to 50 K under zero bias, 3 condition that stabilizes
defect structures associated with filled states. The features
are identical to those in the solid line spectriun except that
the sigral A{E(D. 1] is decrezsed and ME(0.17) is increased.
Spectral changes which are dependent on cooling bias condi-
tions are a fngerprint of charge-state controlled, structural

4

3 38i~p- F;

‘ H Cs-0i $= 1 x10Fasom® T, TR
| g; HE(0.17) 7y 2 1BmE

st

<y
'
@
(2]
5

N
o 7T

[T SRS

3 : i ;
50 100 150 200 280
TEMPERATURE (K)

FIG. 1L DLTS spectia of 90\2“{3!{!5 SE-P-FZ-105 following room-tempera-
ture electron irradistion and injection of 1 Azem” for 3 mix at 300 K, taken
ander three measurement conditions in order © show the interstittal car-
bon-related defeots.
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TABLE I Dnpurity concenirations and measured interstitial/vacancy ratios.

p34 0,

Sarmpte T ic 1G] i v =Y

18-P-CZ-DF = 101 10 5 0,95 6.0 0.0 2.95

281-P-CZ-L3F e #1077 IX16 1.0 o4 0.0 2.84
ISEPFEDE < 0 < 107 2% 16% >0.38 037 Q.03 Bt
481-P-FZ-8B <10 <A I I >0.96 .14 0.56 en
38:-P-FZ-SB Pt 10" 3109 HLES 220 0.45 e

ASEPRZ-DT 2 105 > 109 AW »L68 018 003 *0.47

transformations. The ME{0.1) defect has been analyzed in
detail as a carbon-related, metasiable defect,

The dot/dashed spectrum wag recorded using an injec-
tion pulse of 11 A/cm? in order to saturate the minority-
carrier fraps with boles. Two defect states H{0.27) and
H{0.36) are observed as hole traps. H(0.27) and £(0.12)
are always present in equal concentrations and have been
identified as the donor (07 + } and acceptor { ~ /0) states®
of C;, respectively, by correlation of thermal annealing prop-
ertics with the interstitial carbon cleciron paramagnetic res-
onance spectram (EPR)." #(0.36) has received several as-
signiments in the Hierature, but it is shown bere 1o represent
the C,-O, associate.

We show first that all of the three new defect states,
ME[{O.1), (G173, MEI(0.21), (0.23), (8.27), {0301,
and (0.36) are related to interstitial carbon. Immediately
following frradiation B(G.12) and H(0.27} arve present in
equal concentrations which decay simultaneously, at 300 K,
as the three new defect staies appear. In lightly doped, CZ
sifcon the post-irradiation conceniration of E{3.12) or
H(0.27) is egual to the sum of the concentrations of the
vacancy-related defects [ Z{G,-V) + (B-7) + 2(-V3 ]
which form durting roor-iemperatusre wradiation” As
shown in Table 1, the toial conceniration of the new dafect
staies (where observable) approaches the sum of the va-
cancy concentrations. Since the total vacancy introduction
rateis constant in all materials, a value approsching unity in

P

o
z
@
i
@
@
5
=

OLIS BIGNAL I ARS UNITS)

Cy
£33 (G 28)

DUV R S HENS MRS RN S SO,
0 10 z0o 30 45 B0 S0 W g0 SO
TIE Lavin)

TR 2. Interstitial carbon reactions in #-type sificon. (3} The dissociation
of ¥,-C, under 10 A/em’ injection at 300 K and the corresponding growth
of C; in sample 581-P-FZ-13). (b) Room-temperature anneading of ¢, fob-
lowing injection dissociation of P,-C, in sample 38i-P-FZ-I3]. (¢) The
growih of ¥ -C; (solid line) in sample ISLP-FZ131, and the aliernative
growth of C,-G; {dushed line} in swnple 38L-P-FZ-13 is simultancous with
the decay of C; shown in (b).

287 Appl. Phys. Lett, Vol, 81, No. 4, 27 July 1987

the £ /L ¥ column supports the conclusion that the total
inrerstitial component of the radiation displacement damage
is being counted,

Figure 2{a) shows the clectronically stimulated disso-
ciation of the defect represented by ME 3{0.23) to produce
the E(0.12)/H(0.27) states. We identify the reappearance
of the B{0.12}) and H(0.27} staies us the liberation of
from a bouud impurity complex as follows: {1) the states
are, again, observed tu sgual concenirations and react at 300
K as does C, as reported in Befl 2; (2) the subseguent decay
of £{0.123/H{0.27} produces as one product, the states
MEL(G.1), (3.87) ] which are shown in Fig. 3 to corrclatein
stability with the 268-me¥ photoluminescence signal which
has been identified as the C-C/C,-8,-C, defect by optical-
ty detecied magnstic resonance. '

The above evidence yields the following reaction se-
quence in z-type siticon 21 300 K. (1) interstitial silicon 8i, is
captured solely by substifutional carbon C; to produce inter-
stitial carbon €; by the Watkins replacement mechanism®;
{2} mobile C; reacts with impurities to form stable asso-
ciates

S, & C, -8 + C,, {1}

C A+ KX, (23
where X may be oxygen, carbon, or phosphorus. The decay
of €, [E(0.12) and F(0.27)], follows first-order kinetics®
indicating that one C, is invpfued in each associate. This con-
clusion is sepported by the one-to-one relationship between
product and reactant concentrations o Figs. 2(a3-2(c}.

Iy

ot \ T T T 7 g 7 23
g7 1 =
at B d
o 10 %-—-*—""’”“SM | 0 &
zZ >
=3 ; 2 (3
2 \\‘ 2
o 8k 8 g
(=]

i_,_- & % i ‘5
> .
g Co~Sii~C %
2 L Cg~Sij~Cx . n
T 0369 MeV PL LINE g
& oME(H AND ME(O T ] z
E “
w oo ; i ) t { HRNNES SUS [« B
] 40 BG t20 180 200 280 320 @
H TEMPERATURE {°C) =

FEG. 3. Annesling curves for MET{G.10), (0171 DLTS signals and the
98%-meV photshuninescence fine which has been assigned 1o C-8§,-C,
(Ref. 14).
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The injection-stirmulsted anneal provides 2 noigue window
for the reaction mtermediate, C,. Ii is particularly
noteworthy that the decay of C; following injection-stinmu-
lated dissociation of P,-C; (é}spiays kinetios with the same
time constant and distribution of reaction products as ob-
served after irvadiation. This resuli reveals, for the first time,
that C, undergoes long range, recombination enhanced diffu-
sion and suggests that it, too, exhibits configurafional nsta-
bilities. Since each product defect is an associate involving
one C,, identification is redunced to definition of the impurity
constituent. Table I is instructive in this tagk. "’

C, -, H{0.36) is the dominant interstitisl-related de-
fect state in oxygen-rich saraples, SI-P-CZ. {t accounts for
practically all interstitial defects in material of low phos-
phorus content. lis presence correlates’ with the 790-meV
photoluminescence line which has been ascribed to
-0,

P,-C,, ME[{D.30), {0.29), (0.23), (0.21}] ia the pri~
mary interstitial state in ronterial of low oxygen, low carbon,
and high phosphorus content. We have shown previcusly™®
that the introduction rate of the defect has the same depen-
dence on phosphorus concentration as (P,-V), This result
means that the inferaction cross section has the same basis in
both cases {electrostatic atiraction and confirms the assign-
ment of E(0.12} to the negatively charged acceptor state of
;. The acceptor state of the vacancy, £(3.10), is similarly
positioned.” The generation of C; by injection-stimulated
dissociation of P,-C, is unambiguous evidence of the role of
; as a constituent of this four-structured defect.

C-C/C-8-C, MET(GIG), <G.17)} is a dominant
defect in carbon-rich, low oxygen samples. It becomes less
important as oxygen is added. As shown in Table I, a de-
crease in G- in sample 381-P-FZ is observed {an increase
in O~V is also seen) following p-n junction processing. This
result directly demonstrates the competing role of O, as a
trap for C,. The assignment of C,-C,/C,-81,-C, is strongly
supported by the data of Fig. 3. The introduction of these
defect states correlates with the 96%meV photolumines-
cence signal {G line), and the recovery kinetics follow the
reduction of the signal as shown. This spectrum has been
associated with 2 puckered C,-8§,-C, structure by optically
detected magnetic rescnance.’® We aseign the ME(0.10)
configuration to this siructure because the conditions which

- simulate photoluminescence experimenis (forward bias in-
jection at 20 K) produce the ME{0.10) signal, independent
of the sample cooling procedure. The ME(0.17) signal is
tentatively assigned to the C,-C, configuration observed by
EFR.?

258 ol Phys. Lett, Vol 51, Ne. 4, 27 July

In conclusion, we have isolated and identified, by DELTS
and photoluminescence measurements, three interstifial-re-
fated defects in n-type siticon. The defect reactions reveal a
competition between carbon, oxygen, and phosphorus o
trap carbon interstitials in paraliel with similar reactions for
vacancy defects. In n-type siticon, nearly all of the 8i; canbe
aceounted for through the reactions of C,. X, is a paxadigm
of group TV injerstitials, then similar reactions should coour
for §i, {though the products may have less stability due to
the larger size and lower elecironegativity of the silicon
atom ). In particalar, association of a group V impurity with
an interstitial defect in sibcon gives microscopic sppport to
proposals of an interstitial diffusion path for phosphorus in
silicon.
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Abstract

in this work, commercially available white paint is applied as 2 pigmented diffuse reflector (PDR} on the rear surface of thin-film
crystalline siticon {¢-5i) solar cells with a silicon thickness in the -2 pm range. We show that white paint increases the short-circuit
current density of the solar cells enormously, with a boost of 41% observed for very thin planar solar cells iluminated with the global
AMLS solar speciram. We also show that white paint is a better back surface reflector (BSR) than aluminium, air, a transparent
eonductive oxide (TCO)/aluminium stack, and even a detached aluminium mirror. While previous studies have investigated the influence
of PDRs on silicon solar cells with thicknesses of over 27 pm, this work closes the gap that has existed for much thinner cells.

© 2007 Elsevier B.Y. All rights reserved.

Keywords: Light trapping; Thin-film solar cell; Pigmented diffuse reflector; Back surface reflector; Silicon solar cells; Paint

3. Introduction

Light trapping is of crucial imporiance for crystalline
sificon {¢-8i} thin-film solar cells [I-41. An important
component of any light trapping scheme for thin-film solar
cells is an efficient back surface reflector {B5R). An
important sub-class of BSRs are pigmented diffuse
reflectors (PDRs) [5-7]. Pigmented matenals offer several
advantages for solar cell applications: First, they are
capable of high optical reflectance over a broad wavelength
‘band. Second, they scatter Hght in a diffuse pattern which is
generally beneficial for solar cells because this maximises
the fraction of photons that are trapped inside the solar cell
due to total internal reflection at both cell surfaces. Fimally,
pigmented materials have potential for low cost. PDRs
have been shown to be effective BSRs on silicon solar celis
having thicknesses of over 27 pm {5-7].

An excellent example for a PDR is white paint [7]. In this
work, we apply commercially available white paint o the
rear surface of less than 2 pm thick ¢-Si thin-film solar cells
on glass and show that this dramatically exhances both the
optical absorption and the external quantum éfficiency
{EQFE} of the devices. We also show that additional EQE

*Corresponding author. Tel.: + 61 293854031, fux: +61 293857762,
E-mail address: a.abere@unsw.edu.au (A.G. Aberle).

0927-0248/% - see front matter 2007 Efsevier B.V. Al nighis reserved.
doi: 13.1016{].s0imat. 2007.04.008

gains can be obtained by increasing the pigment volume
conceniration value of the paint. As a test vehicle for the
demounstration of the enormous potential of white paint as
BER for thin-film solar cells we use the ALICIA poly-Si
thin-film cell {8] presently under developrent at the
University of New South Wales (UNSW).

2. The operating principle of pigmented diffuse reflectors

In this work, white paint is used as a3 BSR. Most
commonly, white paint consists of rutile titanivem dioxide
pigments dispersed in an oil or latex-based binder
{“mediun”}. Tianium dioxide is non-tonic, chemically
stable, Hght-resistant and abundant. Optical reflection s
achieved by random optical Mie scattering of photons by
{he pigrments held in suspension by an optical binder {9}, as
schematically depicted in Fig. 1.

The Lorenz-Mie theory [10] descnibes the scattering
of electromagnetic radiation by spherical particles. In
general, the reflectance of a PDR is highest when the
scattering efficiency is highest. According to the Mie
theory, three factors improve the scatfering efficiency §
of a PDR:

# Increasing the value of the ratio of the refractive indicss
of the pigments and the medium.
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Fig. I. The operating principle of a pigmented diffuse reflector (PDR) on
the rear surface of a thin-flm sificon solar cel} on glass. A PDR consists of
pigments held in suspension by a medium,

@ Optimising the pigment diameter,
@ Optimising the pigment volume concentration o.

The dependence of the scattering efficiency § of 2 PDR
as a function of the pigment volume concentration ¢ is
schematically shown in Fig. 2. Up to a ¢ value of about
10% the scattering efficiency depends approximately
linearly on o, and hence can be described by Beer's law
[11]. With further increasing o value the scattering effect of
the pigmenis in the binder is increasingly reduced because
of the smaller distances between the pigment particles,
causing muliiple scattering events, which hinder reflection.
This creates a maximum scattering efficiency at intermedi-
ate o values. In the Himniting case of large o values the roles
of pigment and medium become reversed, and the
scattenng efficiency drops again to zero. Based on the
Kubelka~Munk theory [9], an increasing scattering effi-
ciency S in tumn leads to a higher internal reflectance of an
infinitely thick PDR:

- | PPOp T
[ER N 1) o

where X is the PDR’s optical absorption coefficient, which
shows a lnear dependence on the pigment volume
cancenteation a.

3. Experimental details
3.4 Selar cell struciure

The solar cell structure used in this work is termed
ALICIA {Aluminium-Induced Crystallisation Jon-Assisted
deposition) and is a polycrystalling silicon thin-film solar
cell on a glass superstrate {8,12). The term ‘supersirate’
indicates that the sunlight enters the solar cell through the
glass. An overview on the fabrication and characierisation
methods of ¢-51 thin-Blm solar cells is given in Ref. {13]
The silicon film of ALICIA cells typically has a thickness in

100

50 4 A

&) - B

S (%)

40 -

20 4

g 20 40 80 40 100
o (%}

Fig. 2. Schematic representation of the wlationship between the scattering
efficiency & and the pigment volume concentration o of a PDR.

the 1~2um range. The cells are made by cleciron-beam
vacuurm gvaporation of sificon onto a thin large-grained
doped poly-Si seed layer, using an epitaxial low-tempera-
ture 5i deposition process called ion-assisted deposition
(1A [F3]. The poly-Si seed layer is made by aluminiem-
induced crystallisation {A1C) of amorphous silicon [14] and
is p*-type due to the presence of Al atoms. ALICIA solar
eelle are made on a conunercially available borosilicate
float glass (Borofloat33 from Schott AL, Germany [15]),
which additionally can be textured on the silicon-facing
side. The iexture is realised with the UNSW-developed
aluminium-induced texture {(AIT) method [16]. Then 2
7080 nm thick silicon sitride (5iN) film is deposited onto
the texiured surface of the glass sheet by plasma-enhanced
chemical vapour deposition (PECYD). After the creation
of the large-grained, p ¥ -type poly-Si seed layer with the
AIC method, the desired diode structure is epitaxially
grown at high rate {(~300 nm/min} onto the seed layer by
IAD at about 63¢°C. During the IAD process dopant
atoms are co-evaporated using effusion cells (“Koudsen
celis™) for gallium and phosphorus, giving the desired solar
cell structure of plass/SiN/p on™’. The lightly n doped
absorber layer {“base™} is typically 1-2um thick, whereas
the thicknesses of the heavily doped layers {(Memilter” and
“back surface field”) are wsually kept below 200nm to
rinimise optical absorption in these low-lifetime layers.
Fig. 3 schematically shows a Mesa-type ALICIA solar ccl}
structure as used in the present work. The experimenis
reported in this paper were performed on the following
three rectangular Mesa-type ALICIA sofar cells:

8 Sample P1.0: A planar cell with a silicon thickness of
1.0pm and an area of 1.5cm’.

@ Sample P1.6: A planar cell with a silicon thickness of
1.6um and an area of §.7cm”.

& Sample T1.6: A textured cell with a sibeon thickness of
1.6um and an area of 8.7om’.
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Fig. 3. Schematic view of a Mesa-type ALICIA pelyorystalline silicon
thin-film sofar celf on glass as used in the present work. The sunlight enters
the solar cell through the glass. The p-n junction is at the interface
botween the p ¥ -type seed fayer and the n-type absorber Jayer. Note that
the drawing is not to scale with respect 1o grain size and fayer thicknesses.

3.2, Measurernent methods

Light trapping i3 ALICIA cells s experimentally
investigated by a double-beam spectrophotometer (hemi-
spherical reflectance R and transmittance ) and spectral
response  measursments (SE, i A/W), covering  the
wavelength range 300-1200 om. The optical absorption 4
of the solar cells is

Ay =1— R} — T, 103
where 4 is the wavelength (in m). The external quanium
efficiency EQE of a solar cell is defined as

BOQE() = f] « B s smny, K&
7 .

5

where g is the electrical charge of an electron (in C), A is
Planck’s constant {(in J5) and ¢ is the speed of hight
in vacuum {in m/s} From the EQE curve the shori-
circuit current density Jso (in Afem®) of the cell can be
calculated via

- x EQE(dA, {4)

where Poom{4) s the wavelength-dependent incident
optical power density {ip W/em?) of the AM1.5G spectrum
and K y.00{d)} is the corresponding photon energy (in ).

4. Results
4.4, White paint as a back surface reflector

_ An 80w thick layer of matt white outdoor spray paint
was applied to the rear surface of samples P1.6 and T1.6.
Then the transmission 7 and reflectance R of the samples
were measured and the opiical absorption calculated
according to Eqg. (2). The results are plotted in Fig. 4. As
can be seen the white paint enormously improves the
absorption over a large part of the spectrum, confirming

a 10 ;T , ; . R
A
§4
80 4. v, )
S
% 60
2 40 -
<
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g . . 3
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b 100 :
8¢ 4
> g0
8
E
S 40
L2
<
20 4
]

400 G600 500 1000 1200

Wavelength (nrm)

Fig. 4. Measured absorption of {3} sample P1.6 and {b} sample T.6 with
and without a 80 um thick layer of matt white paint on the back surface.
The discontinuities at about 830 nym are due to the change of the detector
in the spectrophotometer at this wavelength,

that it acts as an efficient BSE on sificon. Due fo the
pigmenis in the painl, many of the photons reaching the
BSR are diffusively scattered back into the silicon. This
enhances the fraction of photons that endergo total internal
reflection at the solar cell surfaces, and thus increases the
optical pathlength for weakly absorbed light. For example,
at a wavelength of 900 nm in Fig. 4, the paint layer improves
the optical absorption 4 of sample P1.6 by a factor of about
% and of sample T1.6 by a factor of about 2. The smaller
benefit of the paint fayer for the textured sample is due to
the fact that the textured glass surface already provides
significant scatiering of the lght when it enters the silicon. In
this situation, the air at the back surface of the cell provides
a good BSR due to total internal reflection of a large
fraction of the scatiered light reaching that interface. These
absorplion measurements can be integrated - with the
AMISEG spectrum 1o get an absorplion-limted current.
For this, we exclade photons with an energy below the Si
bandgap {1> 1120nm) and assume that each absorbed
photon creates one clectron-hole pair {1.e. no parasitic
absorption}. The calculations show that the addition of the
PIXR to the rear surface of the planar cell almost doubles
this current limit from 16.2 to 29.3 mA,/cmz. Cm the textured
device, the corresponding change is 23.3 10 33.3mA/an’, a
substantial increase of 40%.

SIONYX1403000026.0011

SAMSUNG EX. 1002 - 2476/4148



i218 . Berger ot al. [ Solar Energy Materials & Solar Cells 91 (2007} 1215-1221

4.2. The influence of the paint layer thickness

To determine the influence of the paint layer thickness,
an approximately 10 pm thick layer of glossy white outdoor
paint {5 Star spray-paint, Stalyce Holdings Aust Pty Lid)
was sprayed onto the rear surface of samples PLO and
T1.6, followed by the measurement of the EQE of the solar
celle, This procedure was repeated until the short-circut
current value determined from the EQE curve approached
a saturation effect. The measured J. data points are
plotted in Fig. 5 as a function of the total paint layer
thickness. As can be seen, the planar sample requires a
total paint thickness of about 160um to approach a
saturation effect, whereas the corresponding paint thick-
ness is only about 33pm for the textured ALICIA sample.
For the planar sample {Si thickness 1.0pm), the optimal
paint laver thickness of 160 um increased the Ji. by about
37%. For the textured sample (Si thickness = 1.6 umy), the
optimal paint layer thickness of 50pum increased the J by
about 12%. The reason for the smaller benefit of the paint
layer for the textured sample compared to the planar
sample has already been given in Section 4.1,

4.3. Comparison of specular and diffuse reflectors

To gain additional insight into the performance of white

paint compared to other potential BSRs, five different

BSRs {see Table 1) were sequentially applied to the rear
surface of samples P16 and T1.6. After formation of a
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Fig. 5. The influence of the paint thickness on the shori-circuit current
density Jo. of (a) sumple PLO and (b) sample T1.6.

particelar BSR, the EQE curve was measured, the BSR
then removed (for example by eiching in phosphoric acid in
the case of the Al reflector), followed by the formation of
the next BSR. The J, values obtained from the EQE
measurements are listed in Table 1, while Fig. 6 shows the
measured EQE curves before and afier application of white
paint as a PDR.

A number of interesting conclusions can be drawn from
Table 1. First, aluminium is a worse BSR than air, both for
the planar sample (—2%} and, particularly, for the textured
samuple {—12%). This shows that significant optical
absorption is ccourring in evaporated Al films and hence
they are relatively bad BSRs. The reason why Al &
particularly bad on a textured rear surface is the muliiple-
bounce effect caused by the texture, increasing parasitic
absorption in the Al whenever 2 ray of light undergoes a
multiple-bounce at the rear surface of the solar cell
{Considering that a planar silicon sample with an air BSKR
has a rear reflectance of about 30%, the reflectance of our
planar Si-Al interface is also close to this value.

A thin layer of a transparent conductive oxide {TCO)
covered by a metal filro is a relatively good BSR [17]. The
TCO layer listed in Table 1 is a 700 nm thick, Al-doped zinc
oxide film with a refracuive index of 1.90 at 633 nm, and it is
coated with a 500 nm thick evaporated aluminium fim. As
can be seen, this BSR provides a J;. boost of about 3% on
the textured sample and about 12% on the planar sample.
The fabrication details of this TCG layer are described in
Ref. [18]. The diclectric separation between the aluminium
film and the silicon surface aliows reflection at the Si-TCO
interface, while the aluminivm film reflects some of the
light which passes through the TCO, giving these photons
another chance for absorption in the silicon 8lm. The
reflection at the Si~TCO interface is the reason why this
BSR performs better than the standard Al BSR.

The TCO bas a finite absorption and a refractive index
greater than 1, 50 is not as ideal a diclectric separation as
air. This explains why a detached Al mdrror (e, a silicon-
air-aluminium configuration) performs slightly better than
the TCO/A} reflector. For a 0.5 mm wide air gap between

Tabie 1

7, valuzs {AMESG, 108mW/em®, room temperature) of ALICIA sofar
cells P16 and T1.6 with different back surface reflectors, as obtained from
external guantum efficiency measurements. Silicon thickness is L6 pm in
both solar cells

Rack surface reflecior 2. of planar sample  Jc of textured

Pi.6 sample T1.6
{mAf (Vo) {mAf (%)
em?) em®)
Aluminium 5.90 98 778 88
Alr 101 100 8.81 160
TCO/AL 785 P2 .62 103
Dictached Al mirror 7.93 FE3 9.23 105
CGlossy white paint 331 138 10.00 P

{e~5%, thickness 80 um)
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Fig. 6. EQE of (a) sarople P1.6 and (b) T1.6, with and without white paint
as & pigmented diffuse reflector (PDR}. “MNo reflector” refers to the case
where the rear silicon surface faces air.

the St surface and a thick Al film {> 300 nm), we found a
Joe boost of 3% (textured sample) and 13% (planar sample)
compared to the air BSR.

Also shown in Table 1 is a BSR ihat uses white glossy
paint as PDR, with a pigment volume concentration of
about 5%. The J boost provided by this PDR is about
14% for the textured cell and about 19% for the planar
cell. This shows that paint outperforms all other BSRs
investigated in this study, and particularly so for textured
samples. The low refraciive index of the paint satisfics the
conditions for total internal reflection for scattered lght,
and most light which is transmitied out of the silicon will
be returned in a somewhat diffuse manner by the PDR.
This added scatter is the reason why the paint cutperforms
all of the other diglectric reflectors, including the detached
micror. A metal backing was added to this paint layer and
did not influence the J,. at all, showing that the layer can be
assumed to be “infinitely” thick on these cells.

&. The influence of thickness and diffusion length of the
absorber layer

In addition to the absorber layer (“base”) thickness, the
current gain provided by the BSR also depends on the ratio
of the minority-carrier diffusion length in the base to the

base thickness. Using the solar cell sirulation program
PCID 119, the influence of the base diffusion length, the
base thickness and the light trapping properties on the thin-
fitm solar cell’s short-circuit current have been determined.
The simulaied thin-filrn solar cell structure consists of a
{ mam thick planar glass superstrate with a refractive index
of 1.50 and a 65 nm thick SilN layer with a refractive index
of 2.30 on the Si-facing side of the glass. The SiN-coaled
glass acts as a goed antireflection coating for a silicon solar
cell. The silicon thin-film solar cell consists of a 40 nm thick
p* emitter (2% 10'%cm™>) on the SiN, followed by an n-
type {1 x 10" coy™™) absorber laver with variable thickness
and a 40nm thick 8™ BSF layer 2= 10" ey, In order
to model light trapping cffects, the specular internal
reflectance at the {front and rear surface of the silicon film
can be adjusted. For a planar device with air as the BSR,
the internal reflectance at the rear of the Si film was set to
33%, while the {ront mternal reflectance was set to 10%.
For a planar device with a PDR, the internal reflectance at
the rear was set to 75%, while at the front surface it was set
to 60%. This is reasonable as the PDR returns Hght to the
cell in a scattered pattern, enhancing total internal
reflection at both the front and rear surface of the silicon
film and thereby providing efficient hight trapping. The
relative current gaie from the usc of 2 PDR as BSR is then
given by

js&g,az*s{a/('} = 100 x [{(Jcpon /-"ys;:au) - E}- (5}

This current pain duc to a PDR on a planar cell was
calculated with BCID for a range of base diffusion lengths
and base layer thicknesses. The results are summarised in
Fig. 7 as a function of the ratio L,/W of base diffusion
length and base layer thickness. 11 can be seen that, for a
given value of the base diffusion length, the thinner the
base, the larger the current gains from the application of a
PDR.

For the investigated ALICIA cells, PCID determines a
base diffusion length L, of about {.5um from ftting the
measured FQE curves (such as those of Fig. 6). Hence, the
Lo W ratio of the solar cells of Table 1 (basc thickness
~1.4um) is about §.35. From Fig. 7 it follows that the
PCID model predicts a current gain of about 20%, which
agrees well with the experimental result for the planar cell
of Table 1.

According to Fig. 7, for a given base diffusion length,
higher J gains ¢an be obiained from a PDR if the base
thickness is reduced. The thin-base ALICIA cell P1.O (ie.
base thickness of about ¢.75 pmy, L,/ ¥ ratic of about .7} is
well susted to test this model prediction. As shown in Fig.

3(a), application of a thick (~150 pm) glossy white outdoor
70/,

paint layer provides an experimental Jo. gain of 37%,

which agrees well with the model predictions of Fig. 7. In
an effort to further boost this current gain, the experiment
was ropeated with an improved version of a comroercial
white acrylic indoor paint (DULUX® one coat ceiling
paint). By adding Ti0O- particles {diameter ~200 nm)} to this
paint, its o vahse was increased from 9.5% to about 20%.
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Fig. 7. PCID-caloulated shori-circwit current gain from adding a2 PDK
with an internal reflectance of 75% onto the rear surface of a planar
silicon thin-film solar cell, as a function of the ratio of base diffusion
length £, and base layer thickness B The current gain shown is relative to
ihe baseline case of air as the BSR. The parameter shown next to each
curve is the corresponding fixed base diffusion length {in micrens). The
internz! front reflectance is 60% for all curves.

Tabie 2

Measured 1-Sun S values of ALICIA samples 1.0 and T1.6 without and
with an approximately 600um thick pigmented diffuse reflector {(with
o == 20%) on the back surface. The Ln/W ratio of the planar celf is about
0.7 and that of the textured cell about 8.35

Back suiface reflector Jie of planar sample  J of textured sample

{1.0 pom) {1.6um)

mafonl (%) (mApmY) (%)
Air 7.04 W0 .59 100
PDR (~600pm, o = 20%) 9.91 141 707 128

According to Fig. 2, this should lead to a significant
increase of the scattering efficiency and hence an improved
reflectance of the PDR (see Eg. {1}). For comparison, the
same improved paint was also applied to the rear surface of
a textored cell with thicker base (T1.6). Paint thickness was
about 600 pm on both solar cells. From the measured EQE
curves, the short-circuit currents shown in Table 2 have
been determined. The experimentally obtained gain in J is
now 41% for the planar cell, well above the 19% result
achicved with the thicker-base planar cell (sec Table 1) and
also higher than the 37% result obtained with the non-
optimised paint. This experimental result confirms that the
increased pigment volume concentration {20% vs. 9.5%) is
indeed very beneficial for the paint’s reflectance.

6. Conclusions

in this work, commercially avatlable white paint has
been applied as a PDR to the rear surface of thin-fikm
polycrystalline silicon solar cells with a silicon thickness of
less than 2pm. We have shown that white paint increases

the shori-cirenit current density Jo of the solar celis
enormousty, with a boost of 41% observed for very thin
{1.0pm) planar solar cells illuminated with the AMI.5G
solar spectrum. On 1.6pm thick solar cells made on
textured glass, the corresponding J,. gain due to the white
paint was stifl as high as 20%. As optical model has been
presented that calculates the short-circuit current gain
provided by a PDR as a function of the base layer
thickness, the diffusion kength in the base layer and the
solar welP’s light trapping propertics. Good agreement
between the model’s predictions and experimental resulis
has been found. While all commercial painls investigated in
this study performed well as PDR, the best current gains
were observed when the pigment volume concentration of
the paints was increased significantly (by a factor of about
2} by adding Ti}; particles. We bave also shown
experimeniafly that white paint is a betier BSR than
aluminium, air, a TCO/Al stack and even a detached
mirror. White paint is inexpensive and it offers the
potential to be optimised. This work proves that pigmented
materials are an excellent option for light trapping in thin-
film ¢-8i solar cells with a silicon film thickness of less than
Zum. Since the studies of Cotter et al. [3,6] and Shaw {7}
investigated the -influence of PDRs on silicon solar cells
with thicknesses of over 27 um, this work closes the gap
that has existed for muoch ihinper cells.
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Moth eyes inspire seif-cleaning antireflection nanotechnology coatings

(Nanowerk Spotlight) Antireflection coatings have become one of the key issues for
mass production of silicon solar cells. Silicon solar cells are the most common solar
cells on the market today. They are constructed with layers of n-type silicon having
many electrons and p-type silicon having many electron holes (portions with missing
electrons). When hit by sunlight, an equal number of electrons and electron holes are
generated at the interface between the two silicon layers and, as the electrons migrate
from the n-type silicon to the p-type silicon, an electric flow is generated.

One of the problems with silicon solar cells is the high refractive index of silicon, which
causes more than 30% of incident light to be reflected back from the surface of the
silicon crystals. Solar cell manufacturers have therefore developed various kinds of
antireflection coatings (ARCs) to reduce the unwanted reflective losses. Currently,
quarter-wavelength silicon nitride thin films deposited by plasma-enhanced chemical
vapor deposition (PECVD) are the industrial standard for ARCs on crystalline silicon
substrates. Unfortunately, current top-down lithographic techniques for creating
subwavelength silicon gratings, such as electron-beam lithography, nanoimprint
lithography, and interference lithography, require sophisticated equipment and are
expensive to implement, thus contributing to the still high costs of this type of solar cells.

Borrowing from Mother Nature's millions of years old design book, researchers have
now come up with a nanotechnology antireflection coating inspired by the eyes of
moths.

Details of the moth eye structure.

"We have developed a simple and scalable spin-coating technique that enables wafer-
scale production of colloidal crystals with nonclose-packed (ncp) structures” Wei-Lun
Min tells Nanowerk.

Min, a student in Peng Jiang's group in the Department of Chemical Engineering at the
University of Florida, is first author of a recent paper in Advanced Materials that
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describes this new coating technique ("Bioinspired Self-Cleaning Antireflection
Coatings").

Min explains that commercial silicon nitride ARCs are typically designed to suppress
reflection efficiently at wavelengths around 600 nm. "The reflective loss is rapidly
increased for near-infrared and other visible wavelengths, which contain a large portion
of the incident solar energy” he says. "In contrast, our subwavelength-structured moth-
eye ARCs directly patterned in the substrates are broadband and intrinsically more
stable and durable than multilayer ARCs since no foreign material is involved.”

The team in Florida has developed a simple and scalable templating technique for
making subwavelength ARCs. Knowing that moths use hexagonal arrays of nonclose-
packed nipples as antireflection coatings to reduce reflectivity from their compound
eyes, they designed a colloidal templating approach for fabricating such moth-eye
ARCs on both glass and silicon substrates.

"The outer surface of the corneal lenses of moths consists of ncp arrays of conical
protuberances, termed corneal nipples, typically of sub-300nm height and spacing”
explains Min. "These arrays of subwavelength nipples generate a graded transition of
refractive index, leading to minimized reflection over a broad range of wavelengths and
angles of incidence."

In similar fashion, the templated pillar arrays that the researchers designed have a high
aspect ratio and exhibit excellent broadband antireflection and nonwetting properties.

The team points out that transparent polymer moth-eye ARCs with good antirefiective
properties has been demonstrated before but, in contrast to their own ARC, the low
aspect ratio (ca. 0.5) of the previously templated nipples had hampered the realization
of superhydrophobic coatings.

In their approach, Min and his colleagues used a simple and scalable spin-coating
technique to generate ncp colloidal monolayers of hexagonally ordered silica particles
on silicon wafers. These particles are then used as etching mask during a reactive ion
etch (RIE).
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Templated silicon pillar arrays. (Image: Wei-Lun Min, University of Florida)

"As the etching rate of silica is much lower than that of silicon under RIE conditions,
silica particles protect silicon immediately underneath them from being etched, resulting
in the formation of pillar arrays directly on silicon surface" Min explains the process.

Once the silicon pillars are deep enough, the process is stopped by removing the
templating silica spheres with a solution.

‘Min points out that their technique can be easily utilized to generate wafer-scale silicon
pillar arrays, is compatible with standard industrial manufacturing and is promising for
developing self-cleaning ARCs for a large variety of technological applications ranging
from solar cells and photodiodes to flat panel displays and optical components.

By Michael Berger. Copyright 2008 Nanowerk LLC
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Si-PIN X-ray detector technology
G.F. Dalla Betta®, G.U. Pignatel**, G. Verzellesi®, M. Boscardin®
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Abstract

PIN diodes and other test structures have been fabricated on both n- and p-type, high-resistivity, Floating-Zone (FZ)
silicon substrates. Different alternative extrinsic-gettering techniques have been adopted to the purpose of meeting the
required specification of a detector leakage current density lower than I nAjom’. Phosphorus-doped polysilicon gettering
provided the best results on n-type Si with a leakage cument density fower than 0.2nA/cm® at 100 pm depletion width.
Qu the contrary, devices made ou petype substrates exiubited 2z leakage current density two orders of magnitude higher.
A proper control of the oxide charge at the silicon-silicon dioxide interface was found to be crucial in obiaining a
predictable behavior of PIN diode detectors, Some degradation of the reverse lsakage current has been observed after

device dicing and bonding.

1. Introduction

The aim of this work was to test the technology presently
available at the Institute for Scientific and Technological
Research {IRST) in Trento, ltaly, for the fabrication of PIN
radiation detectors suitable for high-energy physics expen-
ments and X-ray spectroscopy. These devices are typically
operated under reverse bias conditions in a fully depleted
mode, so that they bave to sustain a relatively high volt-
age (about 140V for 300 pm thick, 2kflcm, n-type sub-
strates) while maintaining 2 low reverse leakage current
density {iess than 1 nA/om® at room temperature). Leakage
current is the parameter that mainly determines the detector
noise, which, 1o turn, limits the energy resolution. How-
ever, it must be stressed that the total noise of the detec-
tion systern strongly depends also on stray capacitances as
well as on impedance matching of the detector with the in-
put device of the preamplifier {1]. This is particularly true
for low-capacitance detectors. such as silicon drift cham-
bers and pixel detectors. In this respeet, monolithic integra-
ion of the detector with the front-end electronics can result
in a considerable performance enhancement, reducing para-
sitic capacitances associated with the detector—preamplifier
conpestion.

The main problem associated with the manufacturing of

radiation detectors is the degradation of the carrier lifetime

* Corvesponding author: Tel.: +39 461 88 2451, fax: 439 461 88
1977: e-mail: glorgio. pignatel@ing. unitn.it,

of the high-guality starting material that may occur during
the fabrication process due to contamination or defect ac-
tivation. Moreover, a careful controt of oxide charges and
surface leakage current {which can be of the same order of
the bulk thermally-generated current} ts necessary. Finally,
a good long-term stability of the detector performance in
ambient atmosphere and under irradiation is an important
issue.

In the past, two different technological approaches have
been proposed, which are able to mest the desired speci-
fications. The first one, developed by Kemmer [2], relies
on a very low thermal budget experienced by the detector
{maximum annealing temperature of 700°C) after an ini-
tial oxidation at 1050°C with HCL The second, proposed
by Holland {3}, is based on the use of extrinsic gettering
techmiques to maintain the carrer fifetime in the range of
milliseconds even after relatively high-temperature process-
ing. While the first approach results u ad hoc processes, the
second one allows more standard fabrication procedures to
be adepted, as demonstrated by the realization of PMOS-
and CMOS-compatible detectors [3,4], We embraced thig
{atter approach, the final goal of our work being the devel-
opiment of a technology suitable for integration of detectors
and read-out electronics,

In this paper, afier a brief description of the adopted
fabrication process, we report on preliminary results ob-
tained from PIN dicdes and other test structures fabricated
on both n-type and p-type Fioating Zone (FX) silicon
substrates.

0168-9002/97/317.0¢ Copyright € 1997 Elsevier Science B.V. AH rights reserved
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2. Provess outline
As p-type substrates, we used 500 pm thick, 4in dia- oxidation
meter, Skilem resistivity, boron doped, (180} silicon
wafers. As n-type substrates, we employed 280 um thick,
4 diameter, 2 k{2 cm resistivity, phosphorus doped, (11 1)
siticon wafers. The basic process sequence was the fol-
lowing: afier an initial omidation at 973°C in dry Oy
the heavily~-doped front-side regions were formed by ion
mmplantation through a 45 nm thick intial oxide, using pho-
toresist a8 a mask. Then, having protected the front side
with a low-temperature deposited oxide (600 nm, 430°C),
the back side was untformiy doped by ion implantation at
a dose of 4 x 10" em ™ 1o ensure a good chmic contact,
while providing the first type of gettering. The post-implant
annealing, necessary to recover the implant damage and to
clectrically activate the implanted species, was carried out at
two different temperatures, namely, 700 and 850°C. Finally,
contact opening followed by AR-Si(1%) metsl deposition,
patterniug and sintering, completed the process sequence.
In case of n-type silicon substrates, two alternative
backside gettering techuiques were adopted: one ¢ ]
of POCL doping followed by segregation annealing [3],
the second exploits a polysilicon layer doped by using the
same POCH: source. For p-type subsirates, polysilicon de-
position followed by p™ boron implantation was adopted as
an alternative to simple boron implantation, while a chan-
el stop BF: implant (60keV, 1= 167 em %) through
the oxide was added on the front side to avoid surface
inversion.
The basic process flow 1s iHustrated in Fig. 1 with refer-
ence to an n-type substrate and to the backside P implant as
gettering technigue.

front-side
B implaniation

back-side
P implantation

oxide deposition

annesiing

contacts opshing

3. Eesults matailization

Fig. 2 shows g schematic cross section of a detector re- sintering

alized on an n-type substrate. The front side of the detector
was patterned to form circular guard rings around a central
diode having an active area of 1.8 mm®. Only the innermost with b
and outermost guard rings were provided with 2 contact
metallisation. The intermediate floating rings have the pur-
pose of evenly distributing the potential drop from the center
to the border of the device, when a reverse voitage is applied
to the diode with respect to the substrate. The gap between
adjacent rings is 5 pm. The width of the (Bnermost guard

/ chart of the fabnication proc

ss for an n-type substrare

i

P
&
7
7

ide P trmplant as getiering technique.

ring 1s 600y, while that of the floating rings is 100 um. lD" 4 ; .

. S 11 i
The complementary PIN diode has the same geometry, ek~ prrode / Floating guard-rings /o=
cept that 7 and n* doped regions are interchanged, Inner guard-ring Outer guard-ting i

Fig. 3 shows the leakage current versus reverse voltage
characteristics of diodes fabricated on both u- and p-type
substrates. During measurements, the innermost guard ring

was biased at the same potential of the central dicde, while Fig. 2. Schematic cross-section (half device) of 2 PIN detector on
the external guard ring was kept at the same potential of the n-type substrate.
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—
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reverse voltage (V)

Fig. 3. Reverse /-7 characteristics of PIN detectors fabricated on
both n-type and p-type substrates with different extrinsic gettering
techniques. Diode area of L8 mm?.

backside contact. In Figs. 4(a} and (b) the statistical data -
average and standard deviation — of the leakage current den-
sity, measured at a reverse voltage of 20V (corresponding
to a depletion width of about 100 um), are reported. As can
be seen, the required specification of less than 1nA/em®
was met on all the diodes on n-type substrate, but not on
those built on p-type wafers. In particular, we found that
phosphorus-doped polysilicon gettering was the technique
that gave the best results on n-type substrates, while about
two order of magnitude higher leakage currents were ob-
served in devices on p-type wafers. A difference of only
30% was found between samples annealed at low (700°C)
temperature and those annealed at medivm (850°C) tern-
perature, 1 favour, as expected, of low-temperature anneal-
ing [6]. Data reported in Fig. 4 also give an indication of the
fairly good uniformity and reproducibility of the fabrication
Processes.

While PIN diodes allow for a direct measurement of the
detector leakage current, other test structures can be used to
monitor important parameters which charactenize the tech-
nology. For instance, gated dicdes are suitable for extracting
surface generation veloeity, ¢~V wmeasursments on Metal-
Oxide-Semiconductor (MOS) capacitors enable the density
of both oxide fixed charge and interface states to be eval-
vated. Threshold voltages of MOS transistors are sinctly
relatad to substrate doping concentration, oxide thickness
and interface charge. Al these structures were realized on
the samie wafer together with PIN diodes, and some results
have been reporied in Ref. [7]. Here, we present the output
characteristics of n-channel MOS transistors realized on
p-type substrates and, for comparison, of p-channel MOS
transistors realized on n-type substrates, Figs. 5(a) and (b)
show that the threshold voltage of p-MOSFETs is sbout
—15V, while that characterizing n-MOSFETs is sbout
zero. This remarkable difference is primarily due to the fact

.5 4
.44 J—— .
| BAverage
~ | EaStdDBev.|
%5 8.3 b |
T 02
&1
&
| P13 P-doped
(@) implant poly
&0 -
56+ [mAverage
i@ Std.Dev.
P E——
g
4 3.
2
g
= a0 4
18
8
) B-doped
(&) poly bmplant

Fig. 4. Average value and standard deviation of leakage cur-
rent density measured on a statistical sample of 10 dies/wafer and
2 wafers/type. at a reverse veltage corresponding to 3 100 um
depletion width. {a) n-type Si substrate; (b} p-type Si subsirate.

that p-MOSFETs have a 645 nm thick gate insulator, while
A-MOSFETs have a 45nm thick, thermally grown gate
oxide, Therefore, p-MOSFETs exhibit a much lower gate
capacitance with respect to n-MOSFETs, due to the higher
oxide thickness. Moreover, p-MOSFETs are characterisec
by a greater oxide-charge density {about 4 x 16" em™%),
due to the {111} orientation of n-type substrates {whereas
n-MOSFETs are built on (1 00) p-iype walers).

These and other results have pointed out the importance
of controtling oxide charges for the fabrication of detec-
tors with & predictable behavior, Computer simulations have
shown that an oxide-charge density of 4 x 10" em™? is
large encugh to prevent surface inversion between adjacent
p" regions on netype substrate {7], thus providing isolation
between diode and guard rings and making the implemen-
1ation of channel-stop implants unnecessary. Another effect
of oxide charge is that the surface electric potential does
not distribute gradually between the innermost guard ring
{which is biased at the same potential of the central diode}
and the outermost gnard rng (kept at the same potential of
the substrate). As a result, avalanche breakdown 15 more
tikely to occur at the surface region close to the innetost
biased guard riog {81
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Fig. 5. Qutput characieristics of a p-channe! and an n-channel MOS
Field Effect Transistor. {2) p-MOSFET: 15, = 645 nm. ¥y, =~ - 15V
(b} n-MOSFET: tox =45 nm, ¥y >0V,

Finally, & PIN dicde on n-type subsirate was tested un-
der K-ray irradiation using an °* Am radinactive source.
Fig. & shows the block diagram of the detection system
set-up [1]. The diode p™ cathode is connected to an exter-
nal charge preamplifier, consisting of ap input JFET in the
comumon-source configuration, a fransimpedence amplifier
and a feedback capacitance. Mo feedback resistance is re-
guired, because the JFET pate junction (which is forward
biased at the source end of the gate) provides the path for the
discharge of the feedback capacitance and for the detector
leakage current. The room-temperature spectaus, obtained
with Cr = 0.2pF, Vs =100V (resulting in a detector ca-
pacitance of about 1 pF), and a shaping time of 0.5us, is
repotted in Fig. 7. An ENC of 228 rms. electrons {corre-
sponding to 1930V FWHM) was measured on the pulser
peak, while 2 resolution of 1966eV FWHM was obiained
on the 39.54keV v-peak. Such a relatively low resohition

Fig. 6. Block
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N
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2 Vou

disgram of the detcrion system set-up.
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Fig. 7. 2 Am epectrum acquired at room temperature and 0.5 ps
shaping time.

is mainly ascribed to the fact that the detector leakage cur-
rent increased by more than one order of magnitude after
chip dicing and bonding, reaching a value of about 1 nA ata
everse voliage of 100V (to be compared with the value
of 60 pA measured at wafer-level). We attributed such a
behaviour to the absence, in our detectors, of a suitable
tsolation from current contributions originating at the chip
edges.

4. Conclusions

We have reported on the electrical and X-ray characteri-
sation of PIN radiation detectors and other related test strug-
tures fabricated on both n- and p-type high-resistivity Si
substrates. The effectiveness of different extrinsic-gettering
techuiques in limiting the detector leakage current has been
investigated. Among devices built on n-type Si, those im-
plementing a phosphorus-doped polysilicon backside layer
have shown the best results in terms of both leakage current
{lower than 0.2nA/cm®/100 um) and process uniformity

i, DESIGN PIXEL SENSORS
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Abstract

We present our most recent work on the
development of a new method of
fabricating antireflective moth-eye
structures in silicon based on nanoimprint
lithography (NIL). Reflectance spectra
from test structures show that broadband,
low reflectance can be achieved using
moth-eyes fabricated by NiL, with
reflectance below 1% across wavelengths
ranging from 572 to 647 nm. The
appearance of interference peaks in the
reflectance spectrum of pillars with a
square profile is analysed to highlight the
importance of tapered pillar profiles in
achieving broadband antireflection (AR).
Development of a cheap and scalable NIL
synthetic moth-eye fabrication method will
pave the way for excellent broadband AR
surfaces for photovoltaic applications.
Introduction

Various schemes have been developed to
reduce reflectance of sunlight from solar
cell surfaces. These include the use of thin
film antireflection coatings (ARCs) and
texturing of the surface. Single or double
layer thin film coatings (SLARs and
DLARs) employ a destructive interference
mechanism to minimise reflectance at
specific design wavelengths [1]. However,
reflectance for other wavelengths can be
high and, due to the broadband nature of
sunlight, a broadband antireflective effect
is required for solar cells. Thin film ARCs
are also limited by the availability of
materials with appropriate optical and
thermal properties. Texturing on the
micron scale is ofien used, in combination
with ARCs, to force light to undergo
multiple reflections from the inclined faces
of the textured features, thus increasing
the amount of light coupled into the cell.
An example of such an approach is the
use of regular pyramidal arrays on high
efficiency ¢-Si cells [2]. Texturing with
large scale features, however, is
incompatible with second generation, thin-
film solar cell technologies.

A third option is to texture with arrays of
features on a scale below the wavelength
of light. If these features are tapered, light
passing through the interface experiences
a graded refractive index which minimizes
the amount reflected. This is the
mechanism behind the very low
reflectance achieved by nature as a form
of camouflage on the corneal surfaces of
some species of moth (Figure 1) [3).
Surfaces employing this type of AR are
commonly called “moth-eye” surfaces.
Several examples of antireflective,
biomimetic silicon moth-eye surfaces have
been reported (4, 5}, showing antireflection
over a wide range of wavelengths.

= il A A N NI L S
Qg‘%?‘ ,f'}p“; 5 G:E;,u;
%" ﬁ-ﬂ AT ’

a'a -:"," gﬁ s~
5"@ o A A \~~“ y 9@"}4“

M‘1¢ 44 Ao M4 & ~
Figure 1. Corneal surface of lepidopteran
moth. Scale baris 1 ym [6].

Previously, we showed through simulation
that replacing an optimized SLAR with a
moth-eye array on a high efficiency c-Si
solar cell could lead to approximately 10%
more energy over a day [7]. We have also
reported the fabrication of test structures
using electron beam lithography, the best
of which exhibit reflectances of less than
0.5% over a range of wavelengths from
550 nm to 870 nm. However, the long
write times (approximately 30-90 mins per
mmz) that result from having to define
each individual feature with an electron
beam, means that this approach is
prohibitively expensive for photovoltaics.
We are therefore investigating nanoimprint
lithography (NIL} as an alternative
scheme. NIL uses electron beam
lithography to produce a stamp, which can
then be used to reproduce the pattern
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many times over, and so is a cheaper and
potentially more scalable way of achieving
excellent AR for solar cells. Our aim is to
develop an NIL process that produces
similar AR surfaces to those we have
achieved using our e-beam techniques.

Review of electron-beam work
Measurements of reflectance versus
wavelength from the best-performing Si
moth-eye samples produced using the e-
beam technigue are shown in Figure 2 [7].
A scanning electron micrograph (SEM) of
the features of one of the best performing
samples (curve D in Figure 2) is presented
in Figure 3. The aim is to produce similar
structures using NiL.

— A, Bare Polished Siticon

| e B. 100 nrn Si02 ARC
—— C. Si Moth-eye {h~250 nmj) |
- [ Si Moth-eye (h~400 nm) -

T 1

(3]
(=]

P-3
(=]

Reflectance (%)
8

ny
<

-
o

.0
0 — ———"“’-—Jj‘ﬁ
400 500 600 700 800 800 1000
Wavelength {(nm)
Figure 2. Reflectance probe resuits for
best-performing silicon moth-eye samples.

Figure 3. SEM of one of the best
performing silicon moth-eye samples
{curve D on Figure 2) fabricated using E-

beam method.

Nanoimprint Lithography

The processes for stamp fabrication and
imprinting are presented in Figure 4 and
Figure 5, respectively. For the stamp, a
metal mask is formed using e-beam
lithography and lift-off. A SF¢/C4Fg dry etch
(STS MESC Multiplex ICP) is then used to
form vertical-walled, 150 nm high pillars.
The stamp is used in combination with lift-

off to reproduce the metal mask on a
substrate. The SFg/C4Fg etch is then used
to form pillars with heights of
approximately 400-500 nm. The metal
mask is removed and then a SFg/CHF3/O,
reactive ion etch (STS RIE), which is more
isotropic than the first etch, is then
performed to shape and taper the pillars.
Further shaping and damage removal is
achieved with an oxidation and oxide strip.

. 1. Spin on e-beam resist '
' (2EP-520, positive).

2. E-beam exposure to , !
! and development to form | ‘
, array of holes

. 3. E-beam evaporation, ; ]
15 nmAlL !

| 4 Lift off e -

5. Anisotropic dry etchto -+ 1 L L
i a depth of 150 nm H .

6. Removal of Almask ' - LoV,
and apply anti-adhesion L B
coating. T

Figure 4. Stamp fabrication for NIL.

Profile Development

By varying the time of the second etch
(shaping etch} and the oxidation time we
have fabricated a variety of pillar profiles.
The pillar profile is also dependent on the
period and initial size of the features on
the metal mask. After an initial
development batch involving patterning of
100 ym? areas, we fabricated a range of
larger samples (1.4 mm?) from which we
could measure reflectance. We found that
with a stamp containing a range of
patterns with different densities the imprint
process is hindered by problems with
maintaining an even pressure over the
whole stamp. Therefore, the optical
samples presented here were patierned
using e-beam lithography to create the
metal mask (steps 1-4, Figure 4). The plan
is to select the best performing pattern
from the optical samples and create a
stamp with a patterned area of 1 cm®. This
will eliminate density variation problems
and so enable us to use NIL to pattern the
metal mask. We can directly transfer the
developed etch process because the
metal mask is identical whether patterned
using e-beam or NIL.
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1. Spin on e-bsam resist !
i (PMMA, 170 nm) :

© 2. Imprint with stamp.
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a depth of ~400 nm.

| 7. Removal of Al mask. * i

8. Isotropic shaping etch | !
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further shaping
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Figure 5. NIL process.

Examples of the pillar structures of two
such patterns are shown in Figure 6. We
observe that the longer isotropic etch used
for wafer B (Figure 6 (b)) results in a more
tapered pillar profile that more closely
resembles the profile of the previous
reported excellent AR structures shown in
Figure 3. However, the pillars display
concave, hollowed out tips which are in
contrast to the convex, rounded pillar tips
shown in Figure 3. Wafer A (Figure 6 (a))
exhibits pillars with squarer profiles and
flat tops which we predict will lead to
poorer AR properties because light will
experience sharp changes in refractive
index as it passed through a surface
textured with these features.

Optical Characterization

We used the reflectance probe technique
described in [7] to measure reflectance of
near-normal incident light from the
samples shown in Figure 6. The resulting

reflectance spectra are presented in
Figure 7.

Figure 6. Examples of SEMs of samples

made with a metal elch mask (a) wafer A:

iso. etch 3 mins, oxidation 15 mins; (b)

wafer B: iso. etch 12 mins, oxidation 15
mins.

Resuits and Discussion

Wafer B exhibits gocd AR properties, with
reflectance reduced to below 2% for the
wavelength range 560-769 nm and below
1% for wavelengths between 572 and 647
nm {Figure 7). We have not yet achieved
AR properties that match the best
achieved using the previous e-beam
technigue. However, by developing the
etch process further, we should be able to
achieve pillar profiles, and so reflectance
properties that more closely resemble
those of the sample shown in Figure 3.
This could including altering the isotropic
eich recipe and/or extending the oxidation
time further in an attempt to eliminate the
concave tip features.

Wafer A exhibits poor AR properties, with
various maxima and minima in reflectance
across the wavelength range. Minima in
reflectance comparable to wafer B are
achieved but only over narrow wavelength
ranges (e.g. reflectance is less than 1%
but only over a 10 nm wavelength range
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around 647 nm). We can reveal a clue as
to the cause of such a reflectance
spectrum using effective medium theory
(EMT). The reflectance spectrum
resembles that of a single layer thin film
coating of sufficient thickness to cause
multiple interference peaks. Treating the
structured region as an effective medium
with the refractive index dependent on the
amount of silicon to air, we notice that for
a square pillar profile, the refractive index
varies little from the base to the peak of
the pillars. Therefore, the structure could
be modelled as a single layer with an
effective refractive index, ney, given by [8]

By = \/f".ﬁz +(1-n,,

where f is the fraction of silicon to air. We
can calculate f and the nyy by measuring
the radius and period from Figure 6 (a).
We can then calculate the reflectance
spectra expected from a single layer thin
film on silicon with these parameters. The
results of this analysis (Figure 7) show that
the positions of the maxima and minima
predicted with the thin film simulation are
similar to those observed in the
reflectance spectra of wafer A. Differences
will be due to the pillar profiles not exactly
matching the ideal square profile assumed
for the simulation.

e Wafer A° (30 etch 3 mins, ox. 15 mins. |
— = Wafer B: 10 etch 12 mins, ox 15 mins .
—~—~  Ebeam moth eye from Figure 3 i
- EMT single layer simulation rl

{

Refisctance (%)

Wavelength (nm)

Figure 7. Reflectance probe
measurements on two samples (Figure 6)
elched through a metal mask. The best
result from the previous e-beam technigue
is included, as is the EMT single layer
simulation with f= 0.31 and h = 480 nm.

For PV applications, we would like to avoid
moth-eye patterns such as wafer A that
exhibit large variations between
reflectance  maxima and  minima.

Therefore, we need to avoid square pillar
profiles and develop etch techniques to
produce tapered pillars. In terms of
effective medium theory, tapering has the
effect of grading the refractive index and
so suppressing the interference effect,
resulting in low reflectance over a broad
range of wavelengths.

Conclusions

We are developing a new process, based
on nanoimprint lithography, for the
fabrication of synthetic  moth-eye
structures in silicon. The aim is to
reproduce the excellent AR surfaces we
achieved with an e-beam based
technique, but with cheaper and potentially
more scalable NiIL technology. We have
demonstrated good AR performance, with
reflectances less that 2% over a 209 nm
wavelength range. The etch development
process has highlighted the importance of
a tapered pillar profile: Square profiles
lead to large reflectance variations over
the spectrum due to interference effects
because the structures behave as a single
layer coating. We aim to optimize the etch
process, and then select the best pattern
to create a 1 cm® stamp. We can then
produce test solar cells from substrates
patterned with this stamp.

The authors would like to thank NiL
Technology Ltd. for fabricating the test
structures.
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Abstract

Purpose — This papar seeks o describe and discuss the historicat development of IR sensors used in thermal imaging and to identify and consider some
recent research trends,

Designimethodologyiapproach ~ This paper first considers cooled semiconductor photen detectors and their limitations and then traces the
historical development of un-cooled IR sensing technologies and their commerdiafisation. It then discusses certain present-day developments and
research trends, :

Findings ~ This paper shows that military-funded research by the USA in the 1980s led to families of un-cooled IR sensors, pyroslectric detectorns and
microholometers, that have since been widely commerdialised. Research continues in the search for a technology that can yield un-cooled sensars
offering the sensitivity of cooled devices, such as Golay cells, microcantilever arrays and biomimetics.

Originality/value ~ This paper traces the technological evolution of un-cooled thermal imaging sensors and identifies and considers recent research.

Beywords Infra-red devices, Sensors

Paper type Technical paper

Originally developed for the military during the Korean War,
thermal imagers are used widely by the armed forces and
emergency services and also satisfy many indusirial applications
such a3 equipment fault detection and condition monitoring.
The heart of all thermal imagess is the sensor thar detects the
incoming IR radistion and critically these govern the producty’
cost and performance. The majority fall into cither of two
categories: high-cost, high-resolution devices based on direct
photon detection and less costdy, lower resolution devices which
detect thermal energy. The former are fabricated from
compound semiconductors such as mercury cadmium
telluride (HgCdTe), indium antimonide {(InSh) and indium
arsenic amimonide (InAsSb). They operate through the
quamium  mechanical interactions that occur between the
incident photons and clectrons in the detector material, Either
of two specific mechanismas may be exploited: photoconductive
and photovolaic. In the former, IR photons are absorbed and
elevate an clectron from the material’s valence band to the
conduction band, thus changing its conductvity, whilst
photovoltaic detectors absorb the photons o create an
electron-hole pair across a p-n junction which can produce 2
small current. Except when working in the short-wave IR region
(e, A= 1-3um), all IR sensors based on phowon detection
must be cryogenically or thermo-elecirically cooled 1o climinate
noise arising from thermally generated carriers. As a
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consequence, relinbility suffers: the MTBF (mean nime
berween failures) of conled-sensor imaging systems is typically
3,000-4,000 h but for un-cooled devices the figure & 40,000
63,000 h. In addition, cooling imposes size, weight, cost and
start-up time Hritation, leading to the scarch for a wechnology
which could vield un-conled deteciors that are easy 1o mass-
produce and capable of generaring high-quality images.

This has been the topic of militery-funded research for several
decades and in the 1980s the US Department of Defence
{DoD3) awarded Honeywell and Raythéon R&D group, then
part of Texas instruments (TY), large, clussified contracis
rermed high-density array development (HIDAD) to develop
un-cooled IR sensor technology. Both programmes were very
successfal: T1 developed the pyroelectric sensor and Honeywel
developed the microbolometer and both have since enjoyed
considerable commercial suceess. In 1992, the US Government
de-classified the use of IR imaging for commercial products but
maintained close control over the technoelogy. TI developed
commercial thermal imagers and Honeywell initially ticensed
their microbolometers to four companies. These were Lorsl, the
company that purchased the Honeywell Electro-optics
Division, Santa Barbara Research that was then part of
Hughes, Amber Engineering and Rockwell. Subsequenty,
Loral was acquired by Lockheed Martn who later put the
microbolometer activity into their Sanders operation which was
then acquired by British Acrospace; Raytheon acquired Santa
Barbara Research from Hughes and also scquired Amber
Engineering: aad Boecing acguired Rockwell's IR irmoaging
activiry and after a few years sold it to DRS Technologies.
Several further companies have since acquired loenses.

Pyroclectric detectors are based on ferroclectric ceramic
materials which exhibit the pyroeleciric effect, whereby incident

. IR radisdon falling oo the ceramic causes & temperature change
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which generntes an electrical charge. A typical array consists of 3
number of ceramic clements, effectively pixels, coupled to the
signal read-out elecoonics. T patented ferrocleciric IR
detectors based on barium swrontium tianate in 1978 and first
demonsuated the technology to the military in 1979, Since,
then, several companies have exploited the effect. Itisimporiant
to recognise, however, that unless the signals are chopped,
pyroclectric arrays only respond to changes in the IR flux but
this makes them particularly well suited 1o roonitoring the
movernents of people in applications such as rerail outlets and
safety applications. Figure 1 shows a people counting product
based ona 16 % 16 clement pyroeleciric array, produced in the
UK by IRISYS. These respond over the wavelength range 8-
14 pm and are now being used in supermarkets, including
Tesco, the UK’s largest grocery chain. The cetling-mounted
sensors monitor the number of prople entering 2 store and
queuing and the daiz are used to determine the number of
check-outs required. The use of this system reduces gucuing
times snd led o Tesco winning the Retall Week Customer
Sesvice Initiative of the Year Award in 2006. These arrays are
also used in conventional thermal imaging instruments, albeit
with refasively low resoludon (Figure 2). The technology is not
static and offorts are underway 1o enhance performance. Two
notable research themes are the use of alternative pyroelectric
materials with improved characteristics and the fabrication of
arrays based on thin pyroclecwric films deposited onto
micreengineered silicon substrates.

The bolometer was invented in 1878 by the American
astronomer Samuel Pierpont Langley and microbolometers are
effecuvely miniaturised versions of these, fabricated by silicon
MEMS 1echoology, They generally respond over the
wavelength range 8-14am and rely on the incident IR
radistion beating a sensing element causing a change iu it
electrical resistance. The most widely used sensing material is
vanadinm pentoxide (Vo0s), often termed “YOx”. This is the
preferred material because of its high-thermal coefficient of

Figure 1 The IRISYS people counter i based on 3 16 X 16 element
pyroelectiic amay

279

Vofteme 27 « Number 4 - 2007 - 278281

Figure 2 Thermal imager based on a pyroelectric amay (IRISYS)

resistance (~ 3-4 per centfdegree). A microbolomerer is 2 two-
layer structure consisting of 80,000 ormoresensor ¢lementsina
wwo~dimensional array, where the thermally isolated VOx
elements are deposited over the silicon read-out circuitry.
Figure 3 shows 3 schematic of a single sensing element. The two
mOst Comnon sizes are the 320 ¥ 240 array and the less costly
160 X 120 array. Both have the same resclution, although the
larger areay provides 3 wider field of view. Larger, 640 X 480
element arrays were announced in 2005, Microbolomerer
arrays are used widely in thermal imagers and have become the
technology of cheice for un~conled devices.

A more recent microbolometer development uses
amorphous silicon rather than VO, a material that has the
advantage of being fully compatible with standaed IC
processing technology. This technology has the potental for
low-cost devices due to bigh-processing yields. Operational

Figure 3 Schematic of a VOx-based microbolometer element
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benefits include high-mechanical strength, the sbility to
sustzin high vibration and shock loads and very low-pixel
thermal time constants which arise from the exuemely thin,
thermally isolated suspended membranes. The technology has
been the topic of research at the French Laboratoire
d'Electronique de Technologie de Pinformauon (LETID
since 1992 and has recently been commercialised by ULIS,
Ser up as an array menufocturer in 2002, the company
announced its 160 X 120 pixel amorphous silicon array with
& pitch of 35 pm and a spectral response of 8-14 um in 2004,
Since, then, the range has been cxpanded and includes arrays
with sizes up to 640 » 490. A packoged array is shown in
Figure 4. These . and other amorphous silicon
microbolometers are now being used in many commercial
thermal imagers.

Whilst pyroeleciric detectors and micrebolometers operate
2 room temperature and some can be fabricared st relatively
low costs, they exhibit lower sensitivities than photon
detectors, leading 1o rhe search for a high resoluton, un-
cooled technology continuing during the 1990s. One
technigue that saw & resurgence of interest during this
period was the Golay celll Invenred by its namesake in 1947
and often termed a “pneurnatic” IR detector, a Golay cellis a
highly sensitive device which exploits the simple principle
whereby a confined volume of gas expands when heated.
Early devices used @ cavity fearuring s flexible membrane
whose expansion was measured with g displacement sensor
but more recent designs aimed at thermal imaging have
exploited silicon MEMS technology. Notable is the unnelling
Golay cell developed at the Jet Propulsion Laboratory at the
California Institute of Technology in the early 1990s. Here,
the membrane’s deflection is determined by measuring
variations in 3 guanium mechanical tunnelling current
berweenr it and a fixed conducting tip. The device is
operated in 2 force-rebalance mode, which maintains the
elecoron tunnelling distance and thus keeps the current
constant, using simple feedback electronics, These devices are

Figure & Packaged amorphous silicon microbelometer aray
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yet to exert a commercial impact but work continues at
Swunford University on a high-yield wafer-scale process for
fabricating tunnelling Golay detectors. Recendy, a group from
the Depariment of Materials Science end Engineering at lowa
State University has conducted some innovative bug
preliminary work on micro-ministurised srrays based
around polymer/finorganic nanocomposite membranes
which, they argue, may offer longer term prospects in the
thermal imaging context By exploiting the Golay prindple
{Cheri. Mater. 2006, 18, 2632-2634}.

A wpe of IR imaging sensor which exploiis MEMS
technology but which has so far enjoyed mixed fortunes is the
microcantilever array, developed orginally by the US QOak
Ridge National Laboratories {ORNL) in the mid-1990s, These
structures have been studied widely in the gas, chemical and
physical sensing contexts and for therma! sensing a bi~-material
coating on the cantilevers absorb IR and the temperature-
induced deflection {displacement) causes & change in
capacitance which is detecred by integrated CUMOS
electronics. In other, simsilar devices the deflection s detecied
by integrated piezoresistors. An image of an early cantilever
array is shown i Figure 5. As noted in a previous issue of this
journal (Vol. 23, No. 4, pp. 299-301) Sarcon Microsystemns,
Inc. unveiled a prototype IR camers based on capacitive
microcantilever technology in 2003, However, the company
encountered technical problems and folded later thatyear butin
2003, Multispeciral Imaging, Inc. (MII) was granted an
exclusive, world-wide licence from ORNL to commercialise the
technology. Whilst still a1 the development stage, accordiog to
MI, the semsor’s calculated conversion sensitivity {the
percentage change in ouiput per degres 1ise in temperature) is
1050 per cent/K, which far exceeds the figures for VOx and
amerphous silicon microbolometers (~1.5-3 per cent/K) and
pyroelectric detectors {~ 2-3 per cent/K).

Whilst cantilever-based sensors appear to offer considerable
potential, they are unlikely to bring to an end the scarch for a
high-performance un-~cooled thermal sensing array. Indeed,
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Figure 5 Elecwon micrograph of an early microcantileverbased
thermal sensing amay

despiie the commercial success of microbolometers, research
into these devices continues today, with the dual aims of
improving performance and reducing costs. Some research
themes inciude novel sensing materials {polymers, high-Tc
superconductors sich as YBCO, nanostructured VOx, e1c.),
more sophisticated silicon microstructures with better thermal
wsolation and reduced pitch size and advanced material
deposition, processing and fabrication technologies.

A more speculstive and intriguing body of research
concerns biomimetics, the development of products or
technigques which mimie the phenomens found in nature.
Several US Government and university labs are investigating
the application of this to thermal imaging. An example of an
organism with a remarkable thermal sensing sbility is the
bectle Melanophila acuminata (Figure 6) which is atiracted to
fires and smoke up to 50km away because burned trees
provide the environment for their larvae 1o develop and hawch
into adults. The fires emit IR radiation that the beetle detects
via a specialised swucture known 3s the pit organ which
containg 60-70 IR sensors termed sensilla. Each sensiflum
consists of 3 minute sphere made from the same material as
the beetle’s outer shell and is connected by nerves to a highly
sensitive mechanoreceptive sensory cell. Incoming IR
radiation is absorbed by the outer sphere and asbsorption
causes the sphere 0 expand. This micromechanical event is
measured by the mechanorcceptor and a neuronal signal is
generated. Similar highly sersitive IR pits are also present in
snakes such as pythons. By understanding the mechanism and
the biological processes involved; one could, in principle,
develop mew snd improved IR materisls and sensers.
However, understanding these processes and applying them
i man-made devices is 2 huge scientific and technological
challenge but resesrchers st the US Air Force Russarch
Laboratory’s Materials and Manufacturing Directorate at
Wright-Parterson  AFB, Ohio, have successfully created

Voleome 27 - Number 4 - 2007 - 278~ 281

Flgure § Melanophila acuminate. Could this beetle hold the key to the
next generation of high performance thermal imagers?

composite polymer films that clectronically report changes
in a protein’s structure when stimulaied by IR radiation. They
have since built & prototype irnaging array based on this
technology, resulting in the world’s first blomimetic thermal
imager. This is understood to be based on a radiant heat-
sensitive biological material embedding in a capacitive
polymer subsmare. Current efforts aim 1o reduce the size
and weight of the array to allow integration with a micro-air
vehicle. A major project dubbed BIEN (Biomimetic Infrared
Nanosystemns) commenced st the University of California,
Berkeley, in 2005, which aims to combine MEMS rechnology
with the thermo-sensitive organs of the beetle 1o develop high-
sensitvity thermal imsging sensors.

Whether microbolometers, cantilever arrays, biomimetics
or some other technology will ultimately visld an un-cooled
IR detector with performance to match the best cooled
devices renains unelear but it s certain that the search for
such a technology is not over.
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A review is presented of the recent advances in the study of oxygen precipitation and of the main

properties of oxide precipitaies in sificon. After 2 geperal overview of the system “oxygen. in

silicon,” the thermodynamics and the kinetics of the precipitate formation are treated in detall, with .

major erapbasis on the phenomenology; subsequently, the most important techniques for the
characterization of the precipitates are Ulustrated together with the most intevesting and recent

results. Finally, the possible influence of oxygen precipitation on technological applications is )
stressed, with particular attention to recent tesults regarding device yicld. Actually, the essential - .
novelty of this review rests on the attenupt to give 20 exteaded picture of what has been recently

clarified by means of highly sophisticated disgnostic methods and of the influence of precipitation

on the properties of semiconductor devices, © 1995 American Institute of Fhysics.
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L INTRODUCTION

Starting from the 1950s, a lot of work has been per-
formed on the behavior of oxygen in silicon. The growing
demand to undersiand and cladify detalls concerning various
aspects of this type of impurity-watrix coupling has encour-
aged the use of more and more sophisticated techrigues,

The recent developments can be exiracted from the epor-
mous amount of scientific articles in the field, which have
been stimulated by the new and widé-range silicon-based
applications, particularly in the direction of very large-scale
integration (VLSD) and the related integrated circuit process-
ing. As a matter of fact, Czochralski {Cz) -grown silicon
single crystals are used to fabricate VLS devices, due to the
Jower cost with respect to the float-zone growth technique. In
the Cz growth process oxygen is incarporated into the silicon
directly from the silica crucible, as an unavoidable impurity.
The presence of oxygen in silicon, however, is not o be
soperficially and globally considered jfust as a drawback,
since it has effects that are also positive (tnainly related to
intrinsic gettering properties), in addition to the negative
ones {formation of defects in the active regions related to
oxygen precipitation). In this connection, one might stress
that, aiming at the large-scale applications, fabrication of
dislocation-fiee single crystals with a low concentration of
contarinants and a not too high level of oxygen is obviously
an iraportant goal to be reached.

As 2 direct consequence, oxygen in stlicon represents a
challenging prototype to study solid-state reactions also from
a fundamental point of view, Oxygen I8 incorporated as an
interstitial irgpurity or in complexes. It should be stressed
that at temperatures characteristic of device processing
{=1200 °C) Cz silicon containing oxygen is 2 supersaturated
solid solution, since oxygen is Incorporated at about
1400 °C. Looking at Fig. 1 if is evident that the amount of
oxygen which, at high temperature, gives rise to a solid so-
fation, at lower temperatures Jeads 1o a phase separation be-
tween siticon and silicon oxide. In other words, at tempera-
tores fower than 1400 °C the squilibrium state of the Si-O
system is reached by means of oxygen precipitation, ie.,
formation of 8i(), patticles (oxide precipitales) in the silicon
crystal. The processing temperature (fogether with other pa-
rameters such as thermal history and initial oxvgen concen-
tration) plays an essential role in determining the formation
and the morphology of oxide precipitates: In general, we can
say that while nucleation is favored io the temperature range
$00--900 °C, precipitate growth is predominant from sbout
1000 to 1200 °C. The variety of possible size, shape, orien-
tation, etc., of the oxide precipitates in silicon imposes the
use of high-performance charactedzation techniques for an
adequate understanding of the different and multiple details.

in this article we review the recent developments con-
cerning both precipitate formation and characterization, with
the aim of presenting to the reader a pictiwe which, if not

4170 J. Appl. Phys., Vol. 77, No, 8, 1 May 1905
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FIG. 1. Pardal phase diagram of the $i-O system.

complete (unfm“mzmi@iy this could not be avoided due to the
huge quantity of atticles published in the Iast years), should
be {hopefully) rather homogeneous and up to date.

1. OXYGEN IN SILICON

To smdy oxygen behavior in silicon we briefly review
the current fechuiques for industrial production of single-
erystal silicon ingots and describe the mechanisms that lead
to oxygen incorporation into the growing crystal, its thermo-
dynamdcally stable positions in the lattice, its solubility, sad
diffusion mechanism. We also review the most comunon
techuiques used to study isolated oxygen atoms in silicon,

A. Growth processes

1. Fipat-zone growth

In the float-zone (FZ) technique a radio-frequency ()
coil Is used to melt a narrow 2oue in a vertically mounted
polycrystalline silicon rod. The molten zone is seeded with
single-crystal silicon and then passed from one end of the
rod to the other. This zoning can be repeated many times (o
obiain high~purity crystals. Dopants are introduced either by
melting pills into the molten zone or by gas-phase doping.

Since the container or cmcible is not directly in contact
with the molien zone and multiple zone passes are possible,
high crystal purity is readily attainable; however, since the
molten zone is supported by the lateral surface tension and
solid-Hquid interface tension, it is difficult to grow crystals
much- larger than 75 mm in diameter. Furthermore, no tech-
nigues have been developed to incorporate significant oxy-
gen amounts (oxygen concentration within the bulk is typi-
cally 10°-5x10 atoms/cn®), which is a prerequisite for
successful ultralarge-scale-integration {ULSI) device manu-
facture. As a result FZ does not play an impostand role in
ULSY silicon application (its applications are limited to about
20% of the muarket). Therefore, being oxygen free and not
widely used for applications, silicon crystals grown by this
technique are not considered any longer.

Appl. Phys. Rev.. Borghesi af al,
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FIG. 2. Cz single-crystal pulling (from Ref. 5).
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2. Czochralski giowih

The éxperimental setup for the puliing of single crystals
by the Cz method is illustrated in Fig. 2. Molten polyerys-
talline silicon is held in a crucible, a single-crystal seed is
frst dipped into the melt and then slowly withdrawn verti-
cally to the melt surface, whereby the lguid Si orystallizes
around the seed. The method is named after Czochralshi,
who introduced it in 1916 in the framework of the study of
crystalfization velocity of metals.” For the growth of silicon
and germaniam single crystals the Cz method was first ap-
plied in 1950 by Teal, Little, and Biihler.™ The silicon single
crystals of the early years were not dislocation free. In 1958
Dask* developed a special pulling technique to obtain
dislocation-free crystals.

Polycrystailine silicon is melted in a crucible that is sup-
ported by a graphite susceptor. While of heating is sometime
wsed, all modern Cz crystal puilers use resistance heaters.
The growth chamber is evacuated to ~10-20Torr and main-
tained at this pressure with argon or helivm flow during the
growih process,

Molten silicon reacts to 2 lamge extent with every cru-
oible material. This is due to its high binding forces for the
light elements and to the bigh dissolving power of the mel{
for most elements, It is then essential to find a crucible ma-
terial that ondy slightly reacts with the melt, and in addition
does not affect the crystal quality reguired for electronic ap-
plications,

Almost all crueible materials, especially metais and their
alloys, are guickly dissolved by ligoid silicon. Only dense
carbon, particularly vitreous carbouy, dissolves slowly, so that
a silicon melt can be held in such a crucible over a longer
period, for example, to pull a polycrystalling rod. There are
several compound materials, namely some carbides, nitrides,
and oxides, which also react slowly. All these materials are
dissolved by BHauid silicon with an erosion rate of ai least
several microns. per hour”® For example, vitreous silica dis-
solves with an erosion rate of 7 povh al teroperatures near

Jo Appl. Phys,, Yol 77, No. 8, 1 May 1985
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FIG, 3. Diageams showing oxygen ransportation during Ca silicon growth
(left-hand side), and oxygen concentration profile in the welt along {—#'
{right-hand side} {frora Ref. 7).

the melting point of silicon in a 1 bar argon atmosphere. Dus -
to upinterrupted disschution, the silicon melt is soon engched
to higher concentrations of the constituents of the crucible
material. Therefore, materials containing raetals or dopants
are not suitable, as, for example, titanivm carbide, boron
nitride, or aluminums oxide. Only silicon compounds such as
sificon carbide, nitride, or oxide, are considered as potential
crucible materials.

Up to now only vitreous silica has been used in the pro-
duction of Cz silicon cxystals, since silicon monoxide pro-
duced in the reaction between silicon melt and silica crucible

evaporates easily from the melt. Therefore, under the vsual
pulling conditions, oxygen conceniration in the melt never
reaches the solubility lmit and no disturbance of crystal
growth by oversaturation occcurs. Under the usual puiling
conditions less than 1% of the reacting oxygen gets inio the
crystal and more than 99% of oxygen evaporates out of the
melt ip the form of gaseous SiC.

Cxygen fluxes in the Cz silicon growth syszem arg
shown in Fig. 3. Oxygen enters the melt ag the silica crucible
dissolves in the Houid silicon. As already mentioned, part of
the dissolved oxygen is incorporated into the growing crys-
tal, while another part s lost by evaporation of SiQO from the
melt surface. In modern conventional growih systems an ar-
gon purge is vsually introduced somewbere above the melt to
belp sweep off Si0 from the crystal growth area. Due to
strong convective flows, mixing in the melt is virtually cony-
plete and significant oxygen concentration dzﬁerences exist
only at the theee boundaries involved:

{1} the crucible/melt interface;
{2} the solid/melt interface; and
(3) the melt/ambient interface.

At steady state the amount of oxygen leaving the melt
must equal the amount edtering the elt, so that

oxygen in melt=oxygen from crucible
—nxygen evaporated
—oxygen Incorporated.

The steady-state conditions have been studied by many
authors.®? The results can be briefly summarized as follows.

Appl. Phys. Rev.: Borghesi ef 4l 4171
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{1} At the crucible/melt interface
oxygen Bux=A (L.~ Cp)/ 8., )

where A, is the area of the crucible/melt interface, £ is
the diffusion coefficient of oxygen in molten silicon {see
Sec. IB 4), C, and C,, are the oxygen concenirations in
the crucible and in the melt, respectively, and &, is the
interface thickness.

{2) At the melt/ambient interface

oxygen Sux=A 0L, —C,)/ 8, {2

where A, is the area of the free roclt surface, T, is the
. oXygen conceniration in the ambient, and &, is the inter-
face thickness,
{33 At the solid/melt interface

oxygen fun=Azvk,C,, )

whers Ap is the cross-sectional area of the growing crys-
tal, v the linear growth rate, and £, the effective segre-
gation coefficient of oxygen in silicon (see Sec. I B 2).

The oxygen fuxes involve, thersfore, three diffusion
boundary fayers and three suwrface areas. The thickness of the
boundary layers depends on the convective flows in the melt
and on the purge flow conditions, while the surface areas are
determined by the amount of polycrystatiine silicon (charge},
by the crucible size and thape, and by the crystal diameter.

The large silica crucibles used in contemporary growth
systems are approximately eylindrcal. During crystal growth
the crucible/melt interface constantly decreases with the melt

volurae, while the free meli surface remains vnchanged dur- -

ing most of the growth process. As a result, less oxygen

" enters the melt but evaporation remains constant as the crys-
tal growth proceeds, thus influencing oxygen distribution
along the ingot length. :

More wniform distributions can be obtained if the ratio
of the crucible/melt surface area to the free melt surface area
is maintained consfant during crystal growth. This can be
reaized in crucibles of special shape, e.g., a iruncated
cone;'® however, the charge size in such crucibles is limited
with respect to conventional crucibles of the same size. A
much more practical solution is the continuously recharged
system in which feed is continnously supplied during the
erystal growth. o this way, the ratio crucible/melt surface
area to free surface area can be maintained constant. The
guiformity of oxygen agial distribution obtained in such a
way was first described by Fiegh.!

In general, the oxygen distribution within the silicon in-
got on microscopic as well as on macroscopic scale does not
correspond to the distribution of the other elements. The ef-
fective segregation coefficient of oxygen is close {0 one and
depends ooly a little on the growth rate {see Sec. T B 2. On
the other hand, the incorporation of oxygen into the growing
crystal swrongly depends on the pattern of the convective
flows in the melt. Figure 4 Hustraies a few melt flow char-
acteristics in Cz silicon melfs for isorotation of crystal and
crucible. Clearly, unsteady melt flows canse unsteady supply
of oxygen and oXypen stristions in the crystals which are
thicker than the dopant striations. It is difficelt to measure
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FIG. 4. Melt fiow characteristics in Cz silicon melts for iserotation of ciys-
tal and crucible (from Ref. 3).

the ozxygen siriations straightiorwardly, but there are ways o
visualize thern indirectly. For exarople, one possibility is to
generate oxygen-related thermal donors by annealing at
430 °C when their formation takes place with a sfxict corre-
lation with oxygen concentration. A second poasibility is to
induce oxygen precipitation and to make the precipitates vis-
ible by preferential eiching.

The Row patterns o the mell are by far the dominant
factor in determining oxygen countent and distribution in the
crystal. Figure 5 shows the axial oxygen distribution for
eight Cz orystals grown from silica crucibles. All crvstals
have the same length, diameter {50 mm), orientation, and
doping, while crystal and crucible rotation during pulling
were different. All other pulling and growing parameters
were held constant. As shown in the figure, variations of
oxygen content in Cz crystals by a factor of about 10 was
achieved by simply adjusting crystal and erucible rotation;
however, a very good axial homogeneity was obtained. Mod-
ern pulling technigues allow one o obtain & nicely flat radial
oxygen distribution, as shown in Fig. 8.

To control and/or modify oxygen incorporation in the
silicon lattice a new method of Cz growth in magnetic field
(M2} bas been developed.

v e
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FIG. 5. Axial oxygen diswibution for eight Cz crystals growa in the same
conditions with different crystal and crucible rotations (from Ref. 5).
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FIG. 6. Radial oxvgen distribution in Cz single crystal at three different
sxial lengths. The higher oxygen concentration valies correspond io the
seed-end zud the lower ones to the tail-end of the crystal {from Ref. 5).

it has been established that a magnetic ficld can suppress
the comvection of electrically conductive fuids. In 1966
Chedzey and Hure and in 1970 Utech and Flemings®
pointed out that 4 magnetic field can be used to obtatn high-
quality InSb crysials by means of a horizontal crystal-growth
method. Soun Cz InSb orystal growth in a roagnetic field
transversal with respect to the growth direction was
presented.’* Recently a transversal magpetic field was ap-
plied for Cz silicon aryetal growih™ to improve the quality of
the crystals, More specifically, the convection flows are sup-
pressed when a magnetic field of more than 0.15 T is applied
to molten silicon, which has an elecirical conductivity com-
parable to that of mercory, Therefore, the applied magnetic
field suppresses convestion, reduces the growth of striations,
and sffows to control oxygen concentration in the silicon
orystal.

Pigure 7 shows the experimental results’ of the effect of
magnetic field on the concentration of oxygen atoms incor-
porated into a crystal A substantial amount of oxygen is
eliminated from crystals grown under the effect of a mag-
netic field of .15 T. A smooth melt surface was observed
with small temperature Suctuations. The suppression of con-
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FIG. 7. Effect of magretic-field strength on the oxygen concenteation in
sificon crysta! {from Ref, 15).
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CRYOSTAT L

FIC. 8. Two fat coil configurations for magneto-Cz silicon single-crystal
growth. Yertical or axial confignration (left-hand side) snd hortzontal or
transversal configuration {Fight-hand side) {from Ref. 16).

vection in the melt cauvses 3 decrease in decomposed oxygen
atoms moving from the sifica crucible to the growth inter-
face.

The magnetic feld was appled in the two configura-
tions, vertical and horizontal, shown in Fig. 8. The resulis
obtained by comparing'® vertical and horizontal MCz can be
sununarized as follows.

For vertical field configuration it is easy fo get crystals
with an oxyges concentration over 2X10% atoms/em’ and
eliminate the striations caused by temperature variation un-
der lower magnetic feld, that is, less than 0.1 T,

For horizontal field configuration it is easy to get crystals
with an oxygen content lower than 1x10'® atoms/em®, with
high pulling speed. A magnetic field of about 0.25-0.3 Tis
required to rednce temperatuge variations.

The oxygen costent fo MCz crystals can be controlled
by adjusting the applied magnetic field, or, at fixed value of
the magnetic field, by varying the crucible rotation rate dur-
ing the crystal growth, similar to.what s done for the con-
ventional Cz growth. .

Figure 9 sbows longitodinal oxygen profiles In crystals
grown with the MCz method, and typical “low-oxygen”
range (shaded area) obtainable with the standard Cz
technique. '’

(;"'3 o .
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0 20 40 80 80 100

CRYSTAL LENGTH (%)

FIG. 3. Longitdinal profiles of oxygen concentration in low-oxygen crys-
tals growan with the MCz method, Circles and squarss refer to 6 and 4 in.
ingot diameter, respectively. Shaded area on the top of the figuse represents
the typical low-oxygen range obtainable with the standard Cz technigue
{from Ref. 17).
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FYG. 10, Intesstitial position of oxyges atom o silicon lattics, covalently
bonded with two neightoring silicon atoms The equivalent intesstitial posi-
tons are indicated (16},

B. Fundamental properties of isolated oxygen atoms
in sificon

The fondamental properties of isolated oxygen atoms
placed in a silicon crystal, such as their lattice position, seg-
regation, solubility, and diffusivity, as a prerequisite for its
more complex behavior, bave been studied for almost 4 de-
cades. It is widely accepted nowadays that oxygen is thermo-
dynamically stable at interstitial sites. Recent studies on the
solubility and diffusivity yield convergent indications in a
wider temperature range; however, the agresment among
data concerning segregation and anomalous diffusion mecha-
nism at lower temperatures is less satisfactory.

1. Position of isclated axygén atoms in silicon

Infrared (IR} measvrements on oxygen-doped silicon Jed
Kaiser, Keck, and Lange'™ io conclude that oxygen is
placed interstitially in silicon lattice and is covalently bonded
with two neighboring silicon atoms {see Fig. 10). Such inter-
stitial oxygen is electrically inactive. .

Ozxygen interstitial position was further confirmed by
x-ray-diffraction measorements of the silicon lattice param-
ster as a function of the oxygen concentration™® Corbett,
MeDonald, and Watking®' by mieaturing stress-induced di-
chroism of the IR band at 1107 em™, and Stavola® for the
bands at 1107 and 513 e}, confirmed this model as well.
Besides this model ('Mara™ proposed, on the basis of the
IR data by Bosomworth er al.,** that oxygen can be present
simultaneously af inferstitial and substitutional sites. The key
for such a proposal was the observation that the 515 cm ™!
band does pot fif in the band scheme given by Bosomworth
er ol Tn the O"Mara model substitutional oxygen manifests
double donor activity. This would explain the donor behavior
of oxygen (see Sec. HI D) as well as the segregation coeffi-
cient larger than one, a5 observed by Yatsurugi ez al” How-
ever, there is no general agreement on the existence of oxy-
gen on substitutional sites, and furthermore Stavola®™ has
shown, from stress-induced IR dichroism data, that the 515
cm ! band is not due to substfitutional oxygen, but to the
symmeiric strefching vibration of interstitial silicon, ie., of
the 8i-G-81 quasimolecules.

4174 J. Appl. Phys., Vol. 77, No. 8, 1 May 1985

Recently, Chen 2 al.?® proposed a new model predicting
that most of the oxygen atoms in Si are af interstitial sites in
bonded 85,0 configuration, with a binding energy
Ey~0.8-1.0 ¢V, for temperatures ap to 600 K, At higher
femperatures a new “quasifres inferstitial oxygen” and the
bonded Si,0 configuration coexist. In the quasifies iotersti-
tial oxygen state the Si—O bonds are broken, but oxygen
roigration is hindered by the laitice with a potential basrier
£y~1.5-1.6 eV, With this model they explained the en-
hanced oxygen diffosivity (see Sec. 1B 4).

¥t can be concluded that at room tomperature the inter-
stitial position of isolated oxygen atoms dissolved in silicon
is nowadays widely accepted.

2. Oxygen segregation

The behavior of oxygen in silicon upon various thermal
treatments is strictly dependent on the processes leading to
its incorporation into the crystal during growth. The distribu-
tion of impurities into the sobid phase of the crystal growing
from the melf is related o its segregation. The equilibrium
segregation coefficient by of oxygen in silicon is defined ss

Cs )

kgt @

where C, and €, are the oxygen concentrations in the solid
and in the melt, regpectively.

The above equation holds for equilibrivne processes. Al-
though the Cz growth process is rather slow (the maxiroum
growth speed is a few muovmin), it is still far from equilib-
rinm; therefore, segregation is described by the effective seg-
regation coefficient &k, . A detailed analysis of the phenomena
at the growih interface shows that they are related o the
thickness & of the diffusion boundary layer and growth speed
v. By using these parameters, Burton, Prim, and Shichter™?
could write &, as a function of &

fy
. T+ {1 —kgexp(—~v &/ D)}’ &)

k¥

ks

where & is given by
8=1.6Di"3v”ém"'”2, {6\

7

D is the diffusion coefficient of oxygen in the melf, » the
Kinernatic viscosity of the melt, and o the rotation rate of the
crystal. This theory pave 3 satisfactory explanation of the
actual imopurity distribution along the growth direction for
several dopants in Oz crystals.” .

According to Bq. (5}, ko= 1 imples that the oxygen in-
corporation is not dependent on the growth rate variations,
i.e., that the oxygen redistribution within the ingot is uni-
form. This is, owever, in disagreement with experimental
findings, which give values of &, different from unity.

Several attempts have been made to determine kg, which
displays values in the range from 0.25 to 148, as shown in
Table I, Such large discrepancies in the experimentally de-
termined values for &y ave due to the fact that oxygen behav-
ior in the silicon melt is driven by dynamic processes and,
therefore, is not simply related to the equilibrium segrepation
coefficient.

Appt. Phys. Rev.: Borghesi ef al,
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TABLE L. Comparison of k;, values for oxyges in siticon, as determined by
different techniques, FTIR, CPAA, SIMS, and SEP denote Fourier transform
infrared spectroscopy, charged particle activation analysis, secondary-ion~
mass specirometry, and spreadmg resistance probe, respectively.

TABLE 11, Literature data for the consiant Cpy and the dissofution enthalpy
&, . SIMS, SRP, IR, CPAA, and XRD denots secondary-fon-mass spectrom-
etry, spreading resistance probe, infrared spectroscopy, charged particls ace
tivation amalysis, and x-ray diffraction, respectively. -

ky Method Ref.
1.48 growth rate-IR 30
128 & .17 CPAA 31
ix 025 FIIR 23
Lo 0l growth rate 3t
1 prowth rate-i¥, ) 32
SIMS, SRP

~1 FTIR @
0.36-0.2 calculated 34
3.5 vacuum fusion 35
0.3 growth raie-IR 36
0.25 growih rate 37

One of the difficulties for the determination of the seg-
regation cosfficient is the continuous supply of oxygen from
the crocible walls and the evaporation of Si0 from the melt
surface. The balance between supply and evaporation flucta-
ates so that oxygen concentration in the crystal varies, Cogo-
sequently, many researchers gave scattered values of the
equitibrivre  segregation  coefficient for oxygen in
siticon ™% Harada ef 2™ took into account these effects
and furthermore suppressed oxygen evaporation by encapsu-
lation, i.e,, they increased the ingot diameter up to the inper
diameter of the crucible, to completely cover the melt sur-
face. From the uniform distribution of the oxygen through
the P and Sb striations they concluded that the ssgregation
cocfficient is equal to upity. Lin and HilY" and Lin and
Stavola®® have grows small-diameter silicon crystals under
constant growih rate conditons irving to reach equilibrium
conditions by keeping the area of the melt in contact with the
crucible and of the melt sucface searly constant. By compar-
ing the axial distribution of oxygen and of the doping atoms,
they found a value of 0.25 for the segregation coefficient;”
from the comparison of microscopic arsenic and oxygen
stefations, a value of 0.3 was found.”® In similar crystal pull-
fng experiments Series and Barraclough® kept the tempera-
ture of the melt constant during the crystal growth, thus
avoiding changes of the oxygen concentration in the melt.
This experiment rceuited in a ssgregation coefficient equal to
1.0x0.1.

Atternpts to det@rmme the segregation coefficient from
IR measurements” ™%~ are Lmited by the presence of oxy-~
gen complexes and other IR inactive species. Therefore the
use of complementary techrigues is regeived o determmfs
the total amount of incorporated oxygen.

From the analysis of the phase diagram Sosman™ deter-
mined a segregation coefficient smaller than one. However,
the accuracy of the available phase diagrams for oxygen in
silicon is far from being satisfactory, since they were de,ter
mined in the early days of silicon puilmp

Receptly Kim and "i'.,angims developed a model for
oxygen segregation in Cz and MCr crystals, This model
takes inte account the oxygen source {(ablation of the silica
crucible)}, the transport in the melt, and the segregation at the
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Ty E, Temperature

(16% gromsfem™ (&) Method ) Ref,

0.14 2.53 SIMS, 7001160 42
’ ouniditfusion

.13 2.50 SIS, 01100 43
. imaplanted O

1100 2.3 203 SRP 12501400 44

6.3 1.6550.17 ]’ 15001200 45

9 .52 SIMS, 8601400 40

CPaA, IR

3.2 1.4 R 8501050 41

2.3 1.20:£0.13 CPAA (833 10001375 46

0.27 . 116 XRD 11001200 47

1082002 CPAA (P0)  1000-1280 48

0.10. .03 ®m 9501356 49

0.13 DO5E0 ® W000-1250 S0

6.035 089 IR 460900 51

growth inferface. The sink is represented by evaporation of
8i0 from the free surface of the melf, which iz & fast process
compared to O diffusion through the melt and incorporation
in the growing crystal. The equilibrium segregation coeffi-
cient was set fo 1.25, ie, the melt under the interface is
depleted of oxygen. The comparison between simulations
and experimental resulis for the radial oxygen profiles and
the ablation of the crucible shows excellent agreement.

3. Cxygen solubllity

Oxygen incorporated from the melt into the growing Cz
crystals is frozen in during the cooling of the ingots and
gives rise o a solid solution. Therefore, in Cz wafers oxygen
is present in a supersaturated state for all temperatures of
standard processing, At the melting point oxygen scmbxhty
in silicon C), * . was shown {0 be 2.75 20 13X 1 0 atomsfon® .
as shown E)v Yatourng ef ol > The temperature dependeoce
of C¥ is expected 1 have the form

EN

s '§x<ﬂz:§: Ci()l' CXp| — 'ﬂ:";:} s (7)

where Cgy is a constant and E| is the dissolution enthalpy.
Ozxygen solubility at various temperatures has been studied
by means of various techniques: Table 1 shows the data from
the literature, scattered up to an order of roagnitde. A best fit
of the experimental resalts from different groups is given by
Mikkelsen,”” who found Cor=9x10% atomsfenr® and
E=1. 52 V. Figure 11 gives an overview of the most im-
portant experimental results and the line represents Bg. (7).
The discrepancies are related to the different analytical {ech-
nigues used,

Let us fiest consider the IR solubility meastm:ments The
wide scattering in the published data has been recently dis-
cussed by Livingston ef L in conjunction with their stady
of oxygen precipitation in silicon, devoting a particular at-
tention to the different calibration procedures. They have
also shown that sinee the reported IR measurements were not

Appl. Phys. Rev.: Borghesi ef &l 4175

Downloaded 21 Apr 2008 to 148.186.238.16. Redistribution subject to AlP ticense or copyright; see http://jap.aip.orgiiap/copyright.jsp

SIONYX1403000026.0038

SAMSUNG EX. 1002 - 2503/4148


http://jap.aip.org/jap/copyright.jsp

OXYGEN SOLUBILITY (om®)

=

pet

ot
i

YT (K1) -

FIG, 11, Oxygea solubility in silicon as determined by SEMS fobreles); I
{solid squares), and CPAA (triangles); the solid line r.,presemr the best fit
{from Ref. 40).

all performed at 4.2 K, it would be extremely difficult to
separate the absorption due to precipitates from that of dis-
solved oxygen. The data in Table I are recalibrated with the
3.03 calibration constant. A more. detailed discussion about
calibration factors is given in the pext paragraphs. Further-
more, they noticed that most authors have limited the times
of heat treatment in precipitation experiments to less than
200 b, apparently too short for the low-temperature anncals.
These problems were avoided in the egperiments of
Craven,” who studied silicon wafers doped by nuclear trans-
mautation, thus having high density of heterogeneous nucle-
ation sites. The results of Craven we in close agreement with
those of Hrostowski and Kaiser™ obtained by IR spectros-
copy and of Takano and Maki® obtained by x x-ray diffrac-
thom,

Other aﬁaly&zcm mcthoas such as secondary-ion-mass
spectrometry (SIMS), charged particle activation analysis
{CPAA), and x-ray diffraction evaluate the oxygen solubility
from the sirface oxygen conceniration and diffusion profiles.
It is assumed that this concentration s established by the
intrinsic solubility as a boundary condition for normal (Fick-
ian} diffusion. It is, however; eritical o ensure that no oxy-
gen precipitation and/or complexing took place during the
thermal treatment, since neither SIMS nor CPAA can distin-
guish the various forms of oxygen in silicon. Precipitation is
likely to greatly affect the x-ray measurements. of lattice di-
iatation, too.

- For temperabares dbe‘;e 1000 °C, the oxygen solubility
valoes determined by different techniques aré comparable.
Significant differences, however, affect the sesnlis at low
temperatures. Livingston er al 1% nave shown that below
850 °C the solubility is enhanced. An increase in oxvgen
solubility below 6350 °C, compared to the exponential dépen-
dence given in Eq. (7}, was evidenced by Messoloras ef al3?
This was atiributed fo the changes in the structure or in the
morphology of the Si0O, precipitates. However, Vashelle-
mont and Ciaeysﬁ recently attributed this effect to the pres-

4176 J. Appl Phys,, Vol 77, No. 9, 1 May 1985

)
s

- H 18 -
\‘L}’- .
g 1018 .
T 10l N -
S
e 1073 -
=
% 1018 - \\ ]
o 108 -
Q
=100 L
% 1022 -
R .6 10 14

04T (K

FIG, 12, Oxygen diffasivity in silicon measured by SEMS {circles), CPAA
{sguares), dichroism {tangles up), and kinetic date (tfangles down); solid -
Ene: best fit {from Ref. 40},

ence of a high seif-interstitial supersaturation and to the
higher interface and strain energy of precipitates at these Jow
temperatures, making precipitation more. difficult than at
higher temperatures.

Mikkelser®™™ investigated the nﬂuence of oxidizing
annealing ambients on the oxygen solubility, which was
found much higher than that measured pnder vacunm anneal-
ing copditions, Similar results were obtained both with oxi-
dation in Oy and in HyO, but it should be pointed out that
these freatments did nol kead to equilibrium. Furthermore,
they found that oxygen solubility is a factor of 2 higher for
siearn than for dry ambients and is also a factor of 2 larger
for (111} than for (100)-oriented wafers. A similar recult was
obtained by Lee and Nichols™ from SIMS analysis of the
oxygen ocot-diffusion profile: The observed effect is ex-
plained by the increase of the oxygen steady-state solubility
in the presence of the high silicon ee}ﬂmte:rsuuai concentra-
tions induced by the oxidation process.”*

The influence of other chemical bmperities on the solu~
bility of oxygen ie silicon is not clear. Gass er al.* showed
that the oxygen solubility Hinit does not depend on B and P
doping. Insicad, Al and Ga seem to influence the solubility,
but this may depend on sample preparation. Mikkelsen™ re-
ported that silicon crystals beavily doped with As tend to
show defect reglons which attract oxygen in cxcess with re-
spect to the sclubility lmit, but the presence of precipitated
oxygen camnot be ruled out. In the case of heavy P doping,
hoth Heck, Tressler, and Monkowski™ and Lee and
Nichols™ ohscived that the concentration of oxygen in-
diffusion profiles was somewhat lower than that obtained
under inert ambient annealing. These results are difficult fo
interpret due o very coruplex processes occuring at the sur-
face.

4. Oxygen diffusivily
a. Intrinsic oxygen diffusivity. Different technigues,
such as, e.g., x-ray diffeaction,” CPAA,® and Cs? ion-heam

Appl. Phys. Rev.. Borghesl e al,
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TABLE 1L Oxygen diffusivity Dy and activation energy £y a5 deduced by
CPAA, STMS, IR, SANS {small-angle neutron scattering), and XBD mes-
Serements,

Dy Ey Texaperatire:
(em¥s) &V} Method T - Ref.
22.6 315 CBAA (0} 11001280 48
32 2.9 CPas (0 - 11501375 46
.23 2.56 stress-induced - 110043280 21,63
dichroism
07 2.54 stress-induced | 330-1240,. 57 ..
dichroism -
0.14 2.53 SIMS, TOO-1160 . 42
Q@ put-diff,
06,13 2.53 SIMS, 3301280 40
CPAA, IR E -
0.4 2.51 IR, SANS 6501050 41
0.1 2.51 steess-faduced 330~1200 . 64
dichrolsm -
007 244 818, FOR-1240 85
O in-giff.” i
.091 24 Iattice parameter 13001280 47
HRD R

SIMS depth pmﬁ]ing,w’s"“ have been used io study oxvgen
&iffusivity in silicon in the high-termperatare range {700~
1200 °C). The sgreement among the results obtained by the
different techniques is exeellent, as shown in Fig. 12 On the
other hand, in the low-temperature range (220-360 °C), IR
spectroscopy was used fo study oxygen diffusivity by means
of stress-induced dichroism measurements.” " Ouygen
diffusivity in the silicon crystal Dy is related to, valoes of 7
through the relation

Do=a¥{87), : T ®

where ¢ is the silicon lattice parameter and 7 is the relagation
SIMS measurements bave been performed at different
experimental conditions. '*0 in-diffusion in FZ silicon wa-
fers, as well as '%0 out-diffusion from supersaturated Cz
crystals were considered. %9569 1 has been shown that
oxygen diffusivity does not depend on wafer orientation
{{100) or {1113}, annealing ambient {dry or wet oxidizing, or
inert), doping concentrations, nor pulling technique.*®%

On the other hand, Gass ef al®® have shown by CPAA
that B or P doping has no influence on oxygen. diffusion,
which, however, might be somewhat affected by Al and CGa
doping. It has been also quggeskd that ‘complexing of As
may influence the O diffusion.®® The influence of heavy Sk
doping on oxygen diffusivity has been investigated,®®%* apd

o effect has been found. Wijaranakula and co-workers™
studied oxygen diffusivity in a wider range of 8b doping
concentrations, concluding that poit defects, such as-silicon
self-interstitials or vacancies, have little or no ef ect on oXy-~
gen diffusion.” ‘

The temperature dependence of the diffusion coefficient
D is expected to have the form - ‘

D=Dy ex,;;){ - ";D-} ’ ©
! H
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where D is diffusivity. and £, is the activation energy of
diffusion process. Diffusion coefficient data have been ob-
tained in a wide range of temperatures as shown in Table HI,
and it-is now well understood over twelve orders of magni-
tude {see Fig. 12). Fitiing the results of both low and high
temperatures Mikkelsen®® has shown that the values for Dy
and Ep are 0.13 em™s and 2.53 eV, respectively. The inter-
stitial oxygen diffusivity vnder thermal equilibrivm condi-
tions is dominated by the process of jumping from one inter-
stitial site to another 7%

Heck and co-workers™ found differences concerning dif-
fusivity at 1100 °C during steam and HCI oxidation, suggest-
ing that oxygen diffuses via a vacancy-dominant mechanism.
According fo this model oxygen hopping takes place via a
substitutional site previously oceupted by a vacancy. This
model implies that oxypen hopping directly from one to an-
other interstitial site should involve a too large lattice distor-
siog: thersfore, it is suggested that oxygen storms hop
through an intermediate substitational position. On the other
hand, Lée and Nichole™* measured oxygen diffusivity in
the temiperature range 7001160 °C, under the various con-
ditions known to lead to a large supersaturation of point de-
fects. They found that over mors than two orders of wagni-
tude in point defect concentration oxygen diffusivity is not
affected by the variations of such conditions. Their findings
clearly indicate that the oxygen diffusion above 700 °C is
dominated by an Intérstitial hop mechanism.

b. Anomalous oxygen déi?”wsivfm The phencigenon of
enthanced oxygen diffusivity has been the object of several
stadies and atiributed to different causes. Qates ez oL.% found
that electron irradiaﬁén_ induced an enhanced oxygen diffu-
sion, while other groups found ifs dependence on thermal
hist0r§',57’57"'59 on the presence of metallic ccntamhxatianfg'
and on interactions with carbon’™"" or hydrogen.**™*™ Hp-
hanced oxygen diffusion is also invoked to explain the for-
mation of thermal donors and rodlike precipitates at low tem-
peratures.

' Enhanced oxygen daﬁusnvuy sbsvrved on electron-
irradiafed  samples was  studied by swess-induced
dichroism.% The effect was explained with the formation of
oxygen-vacancy complexes (A centers), or dioxygen vacancy
complexes.” The caplure of.sificon interstitisls by these
complexes results in emission of oxygen interstitials, Such a
process, Le., successive capture and emission of vacancies, is
assumed to occur faster than the normal oxygen hop, and it
dominates the oxygen diffusion process above 300 °C. On
the other hand, no evidence of interaction between silicon
self-interstitials and oxygen atoms in the femperature range
25~500 °C has been given.

Stavola ef of.Y found that the Oxygeﬁ hopping tme is
two, orders of magnitude shorter in crystals subjected to an
“oxygen stabilization” heat treatmest {900 °C for 2 h}, as
compared to crystals in which oxygen has been well dis-
persed (heated at 1350 °C for 20 b). This suggests that ther-
mal history of silicon wafers may significantly influence
oxygen diffusivity.5"" :

The presence of metallic contaminants {(Fe, Cu) can en-
hance oxygen diffusion™ up to two.orders of magnitude.

Appl. Phys. Rev.: Borghesi of al 4177
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This effect is also explained by the presence of vacancies due
to reetallic contaminants.

Enhancement of oxyzen diffusion was observed® upon
treatroent in a hydrogen plasma at low temperatures. Af
300 °C an increase of the diffusivity by a factor of 300 is
reported. Such an effect was oot observed with other kinds of
plasma treatments and, therefote, is not related to ion daro-
age. More recently, Newman of al.™ extended these mea-
surements (o the temperature range 225-350°C. They re-
vealed oxygen profiles by measuring the IR dichroism ratio
as 3 function of the depth by grinding the surface after each
measurement. It was found that oxygen hopping is favored
by collision with diffusing hydrogen atoms, thus causing the
enhancement of oxygen diffusion. Very recently, Zhong and
Shiroura™ showed, by means of SIMS measurements; that
even at bigher temperatores (51000 °C) annealing in hydoo-
gen atmosphere produces an enhanced oxygen diffusion.
They interpreted the results with 2 modsl based on the direct
interaction between hydrogen and interstitial oxygen.

Shimura and co-workers’® studied the ouidiffusion be~
havior of oxygen and carbon in carbon-doped Cz silicon wa-
fers by SIMS. They showed that the diffusion of both oxygen
and cacbon is greatly enhanced at 750 °C, but is significantly
slowed down at 1000 °C. Enbanced oxygen diffusion is at-
tributed to fast diffusing molecuiarlike O-C complexes.

" Wijaranakula'' found also that at temperatures below 690 °C
oxygen diffusion in siicon doped with carbor is ephanced.
This phenomenon is attributed to G- ‘complexes, - which
could act either as a mobile species or as an activated state.

A possible explanation of thermal donor formation ix
based on an enhancement of the oxygen diffusivity at 230
300 °C of 34 orders of magnimd_a;m however, such en-
hancement is no jonger a gecessary requirement in a recently
proposed model in which thermal donors are described as
siticon self-interstitial agglomerates. 5657

Thermal treatment of silicon supersaturated with oxygen
in the temperature range 500~625 °C produces rodlike de-
fects. Transmission electron microscopy (TEM) studies of
such defects lead to the conclusion that they contain coesite,
i.e., the high-pressure phase of 8i0,.”7 This requirss, how-
ever, that oxygen diffusion be enhanced by four orders of
magnitmde.” Recently, Bourret showed that the concenra-
tion of oxygen in the “coesite” particles was, in fact, very
low.” Such features were reinterpreted as hexagonal silicon
inclusions, presumably produced by the siress fields set up
by the lucal condensation of silicon seif-interstitial atoms;
strmilar features were found in hrvadiated silicon. The fact that
the defects hiave not been revealed by smali-angle neutron

scattering (SANS) measurements provides additional evi--

dence that they do not contain significant amounts of oxygen
and the local density of silicon atoms is Bot very different
from that of the matrix. The new interpretation immediately
climinates the need for enhanced oxygen diffusion.

Several models bave been proposed to explain snhanced
oxygen diffusion in silicon, and are briefly reviewed here.

Gdsele and Tan™ proposed 2 model that explains en-
hanced oxygen diffusivity by the fast diffusion of molecular
oxygen. Gaslike O, guasimolecules oriented along the {111}
direction and centered ai a tetrahedral site were studied by

4178 J. Appl. Phys., Vol. 77, No. 8, 1 May 1995

Needels er ol ¥ with evidence of just a small buildup of
charge between the sificon and oxygen atorus, indicating that
the Si-O interaction is extremely weak, thus supporting the
model of a very mobile O, molecule. However, Ochrlein and
Corbeit™ showed that the assumption of gastike molecular
oxygen diffusion leads to unsealistic values for oxygen dif-
fusivity around and shightly above room temperatuwe.

An alternative model for a fast gaslike oxygen dimer
{0y} with ©,, symmetry is proposed by Snyder ef al B
From their theoretical roodeling they conclude that the diffin-
sivity of oxygen dimers is eight orders of magritade higher
than that of intersiitial oxygen atoms.

Several authors proposed models that include complexes
formed with point defects such as vacancies or self-
interstitials to explain enhanced diffasivity. Oates er al% at-
tributed enhanced oxygen diffusion under electron irradiation
at room temperature to the formastion of V-0 complexes
which capture silicon self-interstitials so that the O atoros are
reinjected in the lattice as interstitials, but at a much higher
rate.. Furthersore, Newman proposed  the. following
reaction:”” " ' ‘

O+ O[O0 VI+1, (10)

where V is the vacant sife ocoupled originally by a 51 atom.
{ defects would be mobile and it seems lkely that [0,-0-V]
complexes would be more mobile than single O; atoms, pos-
sibly by repeated emission and recapture of 7 atoms.

Curmazd, Schrdter, and Boweret® proposed that the fast
diffusing species are oxygeo-silicon self-interstitial com-
plexes. In heavily carbon-doped Cz sificon, however, New-
man ef al.”* showed that the reduction of [0;] concentration
is not distinguishable from that in carbon-free samples,
where self-interstitials are expected to have a longer lifetime.
Thus, there iy no evidence that the pressuce. of self-
interstitials enhances oxygen diffusivity.

Moleculelike C-0; complexes or perturbed C(3} centers
have begn proposed by Shimura and co-workers’™ to explain
enhanced oxygen diffusion in carbon-doped Cz silicon; how-
ever, from the variations in cazbon and oxygen concentra-
tions upon thermal trestment, Wijaranakela’ deduced that
such C0; complexes may contain more than 35 oxygen
atoms. This resull is not compatible with two or three oxygen
atoms as proposed by Shimura and co-workers.™ Tt implies
that an enbanced oxygen diffusion could involve several
mechanisms, and therefore an alternative model was pro-
posed. The local strain feld surrounding an isolated oxygen
is compressive along the (111} mis, while that of the inter
stitial carbon is tensile along the (110} axis. ¥ the C-O,
complexes are activated, the Jocal strain field surrounding the
complex would lower the energy barrer so that jumpisg of
oxygen atoms is favored. Thus, eshanced oxygen diffusion
could be a resuli of o strain field effect.

Receni reports that oxygen diffusion is enhanced by the
presence of hydrogen’™ ™ confirmed the model proposed by
Batreicher,® according to which rapidly diffusing H atoms
form complexes with O; impurities as a transient species, and
an oxygen diffusion jump reay ceour when a complex disso-
ciates.

Appl. Phys. Rev.: Borghest et al.
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FIG. 13, Normal vibrations of the Si-2-8i defect molecule. py=<13205 el
2,515 e, and 2,=1107 cm™! are the wave numbers corresponding to
symmetric stretching, bending, and anfisymmetri¢ stretching vibration
mades, respectively.

Not only enhanced, but also retwrded oxygen diffusivity
has been measwred om several occasions. Heck and
co-workers™ reported that under oxidizing conditions at

1100 °C oxygen diffusion is retarded, and this retardation is

found to be larger for steam than for dry oxidation. The
abserved difference was taken as evidence that oxygen dif-
fuses via a vacancy dominant mechanism.

A variation in oxygen diffusivity was also repofted by
Shimura and co-workers.”’ From SIMS measurements on
carbon-free and carbon-doped Cz silicon annealed at 750 °C,
where precipitation is small, a good correspondence with the
expected profile was obtained. On the cther hand, results for
annealing at 1000 °C show a strong retardation of oxygen
diffusion, and a much sironger retardation in heavily carbon-
doped samples. This additional retardation can be related pri-
marily t© the stoonger oxygen precipitation, resulting in
higher densities of silicon self-interstitials in the near-surface
region. Consequently, this result suggeste that oxygen diffu-
sion is retarded by the presence of silicon self-interstitials
and, in turn, supports & vacancy-dominant diffusion mecha-
nism for oxygen in silicon.’

C. Technigues for oxygen sontent determination in
slifcon

IR spectroscopy, with grating or with Fourier transform
infrared (FT1IR) spectrometers, is widely accepted and used
as a nondestructive techoique for routine measurements of
interstitial oxygen concentration in silicon. It should be
pointed out that IR spectroscopy is the only technique that
can discriminate between inferstitially dissolved oxygen and
oxygen in complexes or precipitates. Other techniques such
as SIMS, CPAA, photon activation analysis, x-ray diffrac-
tion, and gas fusion analysis are used to detect the total oxy-
gen concentration in the bulk. It has also been shown that
low-temperature IR spectroscopy could be used to detect
oxygen in Pz or crucibleless-grown silicon crystals, where
the oxygen concentration can be 3-4 orders of magnitude
less than in Cz crystals.% IR spectroscopy can be emplaoyed
for quantitative analysis after comparison with the resulis
obtained by means of other techninues, a¢ is discassed later,
We briefly describe these techuiques and underline their
main characteristics, relevant for the measurements of oxy-
gen in silicon.

J. Appl. Phys., Vol. 77, Ne. 9, 1 May 1995

1. Infrared spectroscopy

a&. Roowm-femperature measurements. There are three
absorption bands in the mid-IR spectral range cbservable at
room femperature, one at 1205 em™, one af 13107 oY, and
the third one at 515 om ™. Hrostowski and Kaiser™ origi-
nafly assigned these bands o symmetric and antisymmetric
strefching and bending vibrations of the triatomic Si-O-Si
“defect molecnle,” respectively (see Fig. 13). The 1107
cm™! is the strongest and has been used for many years to
measure the concentration of interstitial oxygen in sificon.
This band is broad (~30 cm™Y) at room temperature amd
splits into a nomber of features at low termuperatuwres: The
assigoment 10 an antisymmetrie vibration (», in Fig. 13) is
well established. ™™ The assignment of the 515 cm ™' band is
much more uncertain, Bosomworth ef al® have left this
band unassigned and suggested that it is due either to 2 sym-
metric motion or tw impurity-induced lattice absorption. The
fact that this band looses intensity more quickly than the
band at 1107 em™ upon OXygen precipitation heat
teeatments, " a5 observed by measuring stress-induced
IR dichroism, offers a variety of possible interpretations;
however, Stavola®® showed that such a band is due to SYIg-
meiric. vibrations of inferstitial oxygen.

The transmittance T, Le., the ratio of the transmitted to
the incident Hght intensity, depends on the wavelength . For
acourate measurements the influence of multiple reflections
on the wafer susfaces has to be taken into acoount. This is
particularly important when both surfaces are polished. At
normal incidence on a plane-parallel plate with polished sur-
faces the transmittance 7' is given bygz

(1 ""R)?? - ad
T= T pr =1 (11)

where R is the reflectivity which is related to the refractive

. index n {when extinction coefficient ~0) by

R ‘--_—~-~-) . : » {12

For silicon #2:3.42 in the wavelength range from 5 to 50
pm, e, R=0.3.

From Eq. (11) the absorption coefficient « can be de-
rived,

R N[ )]
Lo V2 )

(13}
The absorption coefficient measured at 1107 em™ is the sum
of thres contributions due b interstitial oxygen o, free car-
riers ape, and multiphopos laftice absorption ¢ . Thus,

a=antapet oy, (14)

For iatfice absorption at 1107 cm™' the valve a;=0.85
e " can be used.™ This value was measured dizectly at the
National Institute of Standards and Technology from the
spectrum of a 4.7-mm-thick polished FZ silicon crystal. Nev-
ertheless, the caleulation of the absorption coefficient « is
not much affected by this value, For example, a change of
10% in this parameter would result in a change of 8,25% in
the calonlated value of the absorption coefficient.

Appl. Phys. Rev.: -Borghest ef al. 4179
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The terro deseribing the fres-cartier absorption ape de-
pends on the resistivity of the analyzed sample. It is well
known that free-carder absorption can be neglected for con-
centrations below 10% atoms/eny’. Above that value, how-
ever, the absorption cocfficient increases drastically.™ For
highly doped silicon with resistivities in the range of m{d cm
the free-carrier absorption becomes high enough fo hide
other copiributions. Schomann and Graff®* stidied samples
with different resistivities and they found that the sum of
absorption coefficients o, +ape at 1107 cm™ can be given
as a function of the free-cartier concentration x {in wh
atomsfem’),

a=0.825e57 (em™hy, . - {15)

with 1=x=20,

The problem of free-carrier absorption in a highly doped
suaterial has been circumvented by Tsuya ef al®® by high-
flux electron irradiation, which results in trapping of the free
carriers. Oates and Lin™ have proposed a “short baseline
technique” which takes into account the effects of the free
carsiers for the measurements of interstitial oxygen in
heavily doped silicon. Recently, Borghesi er al¥” have dis-
cussed an alternative method which uses a curved baseline. It
was shown that their technique, which gives results eguiva-
lent fo those of Jates and Lin, requires a simpler analytical
procedure and is guite suitsble for computerised routine
easUrements. o ,

In order to obtain interstitial Drygen concentration €,
{in atorasfom’) the absorption coefficient g (in cm™ ) has to
be multiplied by the calibration constant y (in atoms/cm?),

o= Xtk (16}

The exact determination of the calibration constant has been
a matier of long studies and interlsboratory round-rebin ex-
periments: A wide range of values differing up to a factor of
2.5 is reported. A recent worldwide interlaboratory calibra-
tion yields the IOC-88 standard,” :

¥={3.14%0.09)x 10" atomsfen. {1

This calibration factor is in close agreement with the JEIDA
value of 3.03X 107 atoms/on® (izuki e a.%%). On the other
hand, it deviates a lot from the value of the ASTM F 121-83

and the DIN 50°438/1 standards of 245X 10'7 atoms/em® and’

the old ASTM F 121-79 standard of 4.81X10". atoms/cm’
used previously. A full compilation of all reported calibration
factors is given by Baghdadi er al” The optimum wafer
thickness that results in the best acouracy for oy is given by
d=1/ay, Therefore, a slice with thickness of 2 mm is rec-
omemended for measurement of €, in Cz silicon. Commer-
cially produced wafers are much thinner {typically of the
order of 700 um for wafers of 150 mun in dlameter): This
causes a lower accuracy of the measurements of oxygen con-
tent. An additiopal difficelty with measurements of standard
waters is their backside roughness that resulis in the loss of
intensity due to light scattering. This effect can reduce the
transmittance of wafers when both surfaces are rough by
approgimately 40% with respect fo that of double-side-
polished wafers and By only few pércent with respect to
single-side-polished wafers.

4130 Jd. Apph. Phys., Vol 77, No. 9, 1 May 1805
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FIG. 4. Absosption coefficient of the antisymametdic vibration mode of
81-0-8i molecule at different temperanues (from Ref. 88).

Schomann and GrafP* discussed the factors influencing
the accuracy of measurements of oxygen content in silicon.
They showed that the highest error comes from surface
roughness which is bmportant alke in single-side~polished
wafers, Both the sample temperature during measuwrement
and the free-carrier absorption are also important, while the
thickness variations, spectral resolution, and instrumental es-
rors are less significant.

Usually, for the determination of oxygen content, FZ
oxygen--and carbon-frée silicon wafers are used as reference
samples. Optimum measurement conditions require the same
dopinig level, backside polishing, and precisely deterrained
thickness both of the ankrown and the reference wafer. Re-
cently, a new method o determine precisely the G; concen-
tration in single-side-polished wafers was proposed.” The
method is based on IR transmission measursments per-
formed with p-polarized Hght impinging on the sample at the
Brewster, angle. In this case the 1107 con™! absorption band
is easily distingoishable from the contribution due fo light
seattering st the backside surface from the difference be-
tween absorbance spectra of single-side- and double-side-
polished wafers. This is due to the Jack of multiple reflec-
tons Tor messwrements with p-polarized gt at the
Brewster angle on sipgle-side-polished wafers.

b. Low-temperature measurements.  Under progressive
cooling from room temperature, the 1107 cm™* band gets
distorted and shifts toward higher energies, as shown in ¥Fig,

Appl. Phys, Rev.. Borghesi ef al.
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14, At 77 K there are theee bands at 11214, 11275, and at
1135.8 cm ™! and the most intense one is centered at 1127.5
em™ with a full width at half-maxbmum (FWHM) of about 5
cm™. In this case, the ratio a0 (77 KV o300 K) is
2.5620.02, therefore the calibration factors found for room-
temperature measironments are no more valid. New calibra-
tion constant values wers proposed by Pajot’ to obtain the
O concentration {in atoms/cm™) at 77 K,

Cos™ X171 X¥1127.5 5 (18)
wherse
77 &= 1120.1%10Y atoms/em®, {19}

@975 16 the absorption coefficient (in cm™?) of the 1127.5
cm”! band measured with a resolution equal or better than
e 1o avoid instrumiental distorsion.

At Hguid-heliom temperature the bands at 11214 and
1127.5 cm™ disappear” The 11358 cm™' line shifts to
1136.4 em™} getting sharp and prominent with two weaker

" satellites at 1134.5 and 11327 cm™ !, due to the silicon iso-
topes with mass 25 and 30 (see Ref. 22). The FWHM of the
11364 cm™ is only 0.6 em ™! and, as the integrated intensity
of the band is nearly the same at room temperature and at 8
K, the maximum absorption coefficient rises strongly so that
13548 B} oy 107(300 K}~30, This fact allows one o detect
this band even in FZ silicon at 8 K,

Low-femperature measuremenis can also be usedio
measure oxygen absorpiion in very thin Cz samples: The
limit of the sample thickxess for bbserving O, is caleulated to
be abowt 0.2 g for 8 K transmission measurements. For
thicker Cz silicon sampies the buge increase of the O; ab-
sorption band at 8 K leads to a saturation of the 11364 om™!
band preventing accurate measurements, In this case, roon-
femperature measurenments are more favorable. The detection
Hmit for the O, concentration reachable with the Hquid-He
temperature measurements, for a -cm-thick silicon sample,
with a veasomable integration time, is about 3x10%
atoms/em®.

To determuine the conversion factor for measurements at
temperatures near Hquid He some difficulties rise, due 1o the
sharpness of the 11364 co™ ! band. In fact, only by measur-
ing the band profile with an instrumental resolution eight
times lower than the FWHM of the band can it be reasonably
inferred that the measured profile is free of instrumental dis-
tortion. In this case, the maximaun absorption costficient is
independent of the instrumental resohution and proportional
to the integrated intensity. When the above conditions sire not
fulfilied, the maximum absorption coefficient measured de-
creases with the ratio between the FWHM of the band and
the instrumental resolution, sirongly depending on the latter.
Then, for comparative measuremends the spectral resolution
used must be specified,

Since it is very difficult to measure the profile of the
11364 cox”} band with the appropriste instrumental resolu-
tion, Pajot®™ proposed a conversion coefficient to determine
the O; concentration from liguid-He measurements, which
takes into account Awy,, the observed FWHM of the 11364
con”™! band. The proposed calibration coefficient to obtain
€, in atomsfom” is

J. Appl, Phys., Yol. 77, No. 9, 1 May 1908

TABLE IV. Conversion factors x for the determination of interstitial oxygen
concentration Ty, {in atomsfom’; from [R-absorption rueasusements at dif-
ferent temperatures.

Band position X . ¥
e (167 atomsfem® (X Ref.
1107 3.14:00.09 300 a3
1127.5 IREGR 77 92
11364 0.1420.02A 0wy, $ 32
1136 0.169° 4 100
515 [ ¢ 300 {60

*With 1 emF resclution.

¥s g=14E0.2%X10" Aw,, atomsicre?, 20}
It should be pointed out that the measurements of this band
at low temperatures are very sensitive to the temperature of
the sample and to the resolution of the insttnment; therefore,
the exact calibration strongly depends on the experimental
conditions. .

Recently Wagner'™ discussed the influence of the
sample temperature on the absorption coefficient; fur a reso-
fution of 1 em ™! he gave the calibration factor to determine
the ; concentration in atoms/ent’, for temperatures close to
4K, t0be '

¥=1.69% 10! atoms/em®. {21}

Low-temperature measurements of inferstitial oxygen con-
centration are of patticular importance if oxygen precipitates
exist within the bulk, giving rise to the broad band close to
1167 em™! at room temperature, which significantly hides
the real signal, In fact, measurements at low femperabire
have no influence on this broad band but strongly enbance
the interstitial oxygen absorption band, 50 that precise mea-
surements are possibie.

Another approach is based on using the 515 cm ™! band,
which has no underlying precipitate response, as a measure
of interstitial oxygen concentration. The calibration factor for
this band is'®

¥515=1X 10" siomsfem®, (22)

which is temperature independent. This cosfficient gives O,
in atomsfony” with @ in em ™', The 515 cm ™! band, however,
is much weaker than the 1107 cm™' band end disappears
much more quickly, so that # can be used only for samples
with very high concentration of interstitial oxygen.

In silicon samples stressed along the (110} divections, the
interstitial oxygen atoms are preferentially simated along the
{111} directions, where lattice stress is minimized. By redue-
ing the temperature while maintaining the stress, the prefer-
ential orientation can be frozen in. The temperature depen-
dence of the reduction rate of the resulting dichroism of the
1107 e absorption band?™*%® yiclds information on the
hop frequency of the interstitial atoms. Table IV summarizes
the y values for differsnt teraperatures for the 1107 and 513
et absorption bands.

Appl. Phys. Rew.: Borghest et al 4184
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FEG. 15, Oxygen evolution from a silicon sample vs time. The first peak
evidences surface contamination, the second one sucface oxide, and the third
ane bulk axygen {from Ref. 104).

2. Gag fusion analysis

Gas fusion analysis (GFA} is a well established method
in metatlurgy for the analysis of several gases {e.g., 0Xygen,
nitrogen, and Ei}'dre%es}) in solids. In the case of silicon, the
samples are heated {o above the mehing peint (up to 1500
1700 °C} in = special graphite crocible where the dissolved
oxygen reacts with the carbon, producing CO. The developed
CO gas is carrded by Sowing helium through a CoO bed
heated at 400 °C where the reaction is completed, so that CO
is converted into CO,. The amount of thic gas is subse-
quently detected by IR-absorption measureraents, with a sen-
sitivity about four times higher for the CO, thao for the CO
gas. Before reaching the samples the high-purity He carrier
gas is purified by drying agents and by c{p@sam o Cu furn-
ings at 600 °C to remove the oxygen traces.”

A different procedure is also possible where the CO as
is extracted into a vacoum system (*varuum fusion analysis)
and then analtyzed,

Baker, in 1970,' used GFA as a comparative tool in the
guantifative deterraination of oxygen in silicon by IR spec-
troscopy (see Sec, HLC 1), Later on it was used to a limited
estent. % GFA has been developed primarily for measur-
ing the onygen content in heavily dopsed silicon, sigee it is
sitable for any type or concentration of the doping material,
while other methods (e.g., IR spectroscopy) are not suitable
for heavily doped samples. The GFA method detects the
whole ogygen content, hence, it canoot distinguis}z between
interstitial and precipitated oxygen.

Prior to the measurement the samples are degreased,
eiched to remove the contaminated area close 1o the sueface
{typically in C? 4 etchant), then rinsed in de-ionized water,
and etched in HF {40%) to remove any surface oxide, Fi-
nally, they are rinsed again and dried at 100 °C at 3 pressure
lower than 5 Torr.

A typical GFA spectruimn, '™ 6., my gen signal plotted vs
time, is Hustrated in Fig. 15, The theee partially separated
peaks indicate three sources of oxygen evolution from the
sample. The first peak, occurring after about 15 s, is made up
of various easily Hberated oxygen-containing species from
surface contaminants. The second and third ones are due
primarily to surface oxide and bulk oxyges, respectively, al-
though they may have other components. These two peaks
can be well separated from each other by appropriate pro-
gram of power inpuis. The third peak is due primarily to bulk

4182 J. Appl Phys., Vol 77, Na. 8, 1 May 1985
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FYG. 16, Comrelation of GFA. relative oxygen concentration results wi;h'{a‘,)
FTIR data and (B} SIMS data {from Ref. 105). The continuous Hne repre-
sents the linear regression results.

oxygen but it coold also be affected by the axidation at the
surface, Shaw and co-workers'® demonstrated that such i in-
fluence could be of the order of 10% of the typical oxygen
fevel in Cz silicon. Such an effect is tentatively attributed to
a very stable surface or neacsurface onide. Nonoxidized
samples show exceiient correlation between SIMS and GFA
INSasuremenis,

The GFA technique needs c,ahbratton which is ubnaﬂy
performed in iwo steps. For precalibration measurements
standard stecl samples are used. Basic elements of the second
step are’ standard gas mixtures and silicon shices cut from
selected ingot positions aad measured with FTIR. The bulk
oxygen content of the silicon sample s calculated in pgfy or
atoms/co®. The comrelation factor to convert pglg io
atomsfom® is 0.877X10Y. The detcctwn kirnit for a typical
instrument can be <iX 10“ momwcrn with a reproducibil-
ity of <{:2% for 5-10 ;zgfg and :3%--4% for 2-3 pgfg.

Figure . 16 shows the correlation of GFA rosults with
FIIR [Fig. 16{a)] and SIMS [Fiz. 16(b}] data in the range
from 0 to 12 ugl/g. Correlation factors of 0.997 and 0.994 are
found with FTIR and SIMS, respectively.'®”

3. sewn&aw»im mass spectromeiry

SIMS bas become a very versatile analytical technique
in the semiconductor industry aimed at bulk impurity mea-
suramments,- Determination of oxygen B silicon samples by
SIMS is possible independently of dopiog type and concen-
tration. Generally, the primary ion beam used to bombard the
sarmple surface is constimited by a noble gas; however, the
secondary ion vield can be increased through the use of oxy-
gen or cesium primary ion beams. Electropositive gas such
as cesium can enbance negative secondary ion yield of elec-
tronegative. species. ' *1Y Williams ef of.'% showed the fea-
sibility of using Cs” bombardment combined ‘with the detec-
tion of negative secondary ions in a depth profiling mode. It

Appl. Phys, Rev.: Borghesi ef al,
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FIG, 17, Regression straight-fine fit for oxygen concentration measured by
FYIR and SIMS in highly doped silicon samples. The lowest point corre-
sponds to undoped FZ silicon (from Ref, 97),

has been demonsirated that 2 high sensitivity can be obtained
in the detection of oxygen in silicon, Typically, 10 mA/ca’
of primary current density is used, which yieid*; an mygen
background limit corresponding to 1X10Y7 atoms/om® as
calibrated using ion-implanted samples. Usually SIMS ia-
struments nse lower current density, implying a worse back-
ground firoit for oxygen detection. In fact, the detection Hmit
for oxygen in sificon is controlled by the balance established
between the adsorption rate of oxygen from the residual gas
of the vacuum syster and the rate of sample erosion during
gputiering with primary ion beany, Thus, ultra high-vacuum
{UHV) conditions are necessary in order to obtain reliable
results, A further increase in sensitivity is possible using a
very high sputter rate. Wittmaack' demonstrated the impor-
tance of highly focused primary ion beam and UHY condi-
tions in determining the background levels of oxygen in sili-
con. Moreover, the background level can be further lowered
by vsing a secondary lon optics designed to preferentially
extract iong from the central area of the rastered crater.
Bleiler er al'%® developed a methodology for accurate

and reproducible measurements of oxygen in heavily doped
sificon wafers. Prior io measuremenis the sariples wers.

baked for approximately 30 min at 100 °C to remove ad-
sorbed water. A proper vacuum system and a Hquid-nitrogen-
cooled shrond surrcunds the sample holder ensuring about
23107 Torr pressure during the analysis. Another factor
influencing the detection lmit can be the natural abundasce
of different oxygen isompes While for 0 resolution Humit
i 1X10'7 atomsferd®, for %0, in- diffused from H, ¥5 or
B0, ambients, a detection limit approximately 500 times
better can be obtainad.

In addition, it is well known that the SIMS secondary
ion vield varies guite drastically for different elements and
for the same slement in different materials (matrix eﬂ.’ect},mg
To obtain quantitative SIMS data is thos not straightforward,
and a careful calibration for an accwrate comparison with
other techniques is essential. Calibration of the oxygen yield
by means of a knows oxygen-ion implantation profile results
in an accuracy of about 30%, while the depth scale calibrated
with a profile measurement of the sputier crater gives an
accuracy of about 10%. The precision of the method is :2%
on a routine basis."’

The comparison between SIMS analysis and FTIR trans-
mission measorements performed by Borghesi eral™ is

J. Appl. Phys., Yol 77, No. 9, 1 May 1958

given in Fig. 17. The figure shows Oppgp ve Ogpye Straight-
Hne fits. The correlation between the two sets of data is sat-
isfactory, as indicated by the high value of the linsar corre-
fation coefficient {0.97} and by the low standard deviation
{0.37X10" atomsfen®) of the fits.

4, Other methods

Tn CPAA # silicon crystal doped with 80 is irradiated
with a 4.6 MeV proton beam or with o particles of 18-23
MeV, to produce the nuclear reactions 6459

B0(p,n) PF {23}
or
$0(He,p) 1°F, (24)

respectively. Both reactions produce the unstable fuorine
isotepe '®F, which decays into '*C with half-fifetime of
109.7 min by emitting a £ particle,

" Oxygen content depth profiling is possible by repeated
measurements afier sequential etching of the surface layer.

The presence of the surface native oxide Jayer interferes
with the signal of the oxygen in silicon. Therefore, cars bas
to be taken in completely removing this oxide and the oxy-
gen adsorbed during the measurement (this is usually per-
formed by the in sifu sputtering with 2 beam of argon ions).
With reaction {24) this problem could be overcome by using
highly “®O-enriched oxides as diffusion sources and by stoh-
ing back this oxide before the measurements, so that a native
oxide with the pormal low 0 abamdance is formed. The
detection Hmit of CPAA is 1X10" atoms/em® and the aceu-
racy about 20%.

The total oxygen content in silicon can also be measured
by activation with high-enerfgy photons, generated by bom-
bardment of a tungsien target with 30 MeV electrons with a
maximam of bremsstrabiung in the range of about 20 MeV.
This technique is known as photon activation analysis
(PAA). The mentioned energy range yields a giant resonance
for the noclear reaction!®

B0 y.n) O, ‘ (25)

with half-lifetime of 2.03 min. During the irradiation the
sample rotates, in order to be homogeneously activated. Af-
ter irradiation the samples are eiched with the solution nitric
acidfhydrofinoric acid (1:1) ib order to remove the activated
surface oxide and to eliminate background problems. GFA
(see Sec. M C12) is then performed with iron as a metallic
bath, The sample is completely disselved at 2000 °C under
helium gas flux. The sample cﬁiiectmn efficiency is about
130%

’E?xe determination of the activated oxygen is based on
the anmihilation radiation, generated by BY radiation of
503, w hich reacte with an elestron under emission of two y
rays of 511 keV, that are firther measured with two detectors
in colncidence to determine oxygen decay curve and content.

Figure 18 shows a comparison of oxygen concentrations
determined by PAA versus absorption coefficient of IR oxy-
gen band at 1107 cm ™. The accuracy of the method is typi-
cally better than %15% and the detection limit is 5X10%V
atomsfem”.

Appl. Phys, Rev.: Borghesi of al 4183
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FIG. 138, Least-mean-squares fit of oxvgm concentration data obtained by
IR spectroscopy and PAA (from Refl mz)

Two indirect methods of measwring a:rxy?e:ax in sificon
also exist: .

{1} determination of the lattice dilatation due o interstitial
oxygen atoms by x~ray diffraction analysis:

{2} spreading resistance profiling of thermal donors, whose
concentration is considerad proportional o a power of
starting interstitial Oxvg n concentration.

Takano sad Maki¥ quamiﬁcé the lattice dilatation. due to
the presence of interstitial oxvgen atoms wiihin the silicon
fattice, considering the value of oxygen concentration as de-
termined using IR-absorbance mweasurements. By stepwise
rexaoval of siticon from the surface they obtained dilatation
wrofiles that were subsequently converted in oxygen diffu-
sion profile. The sensitivity Umit of this method is 1x10Y
atomsfent®, on the basis of the determination of the diffusivi-
ties and solubilities only for a temperature range from 1100
o 1200 °C. Nevertheless, these measurements are in excel-

lent agreement with those obtained by meaus of other meth-

ods.

The thermal donor profiling by spreading resistance
measwremenis refies on the formation of thermal donors ads-
ing from oxygen related complexes. The rate of formation is
proporiional to the starting oxygen concentration to the third
or. fourth power. Thus, the gradient of oxygen concentration
is converted in gradisat of thermal donor concentration;
however, such a correlation would reguire the comprehen-
sion of donor formation process, wmc?z hras not vet been
achisved.

. THERMODYNAMICS AND KINETICS OF
PRECIPITATE FORMATION

A. Nucleation

The first stage of oxygen precipitation in silicon is nucle-
ation, 2 process leading to the formation of aggregates of 3
few O atoms, the so-called nuclei or precipitate embryos,
within the silicon latfice. Once formed, precipitation nuclei
can either further grow and form oxide precipitates or dis-
solve, depending on the characteristics of silicon crystals and

4184 4. Apph Phys., Vol. 77, No. 9, 1 May 1985

on the thermal treatments pedformed. The fundamental pa-
rameter for nucleation {and, therefore, precipitation) is the
degree of supersaturation of the solid solotion constituted by
thc 8i crystal {solvent) and the interstitial oxygen (solute),

., the ratic between the conceniration of oxygen present in
thea Si orystal. O, and its solubility Jmit CF (which is 2
function of temperature).

Nucleation can occur at crystal lattice sites where fow
interstitial oxygen atoms are close 1o each other {homoge-
neous nucleation ™17, or at lattice defects (heterogeneons
nucleation™ %) Both processes lead to the formation of
nuclel having different distributions and size.

In this subsection & general discussion about nucleation
theory and related experimental results is reported, describ-
ing both homogeneous and heterogencous processes. More-
over, some mncleation models’ are ilinstrated and the
mechanisms of nucleus dissolution, occurring during partica-
lar thermal treatrents of silicon wafers, are described.!™

1. Homogeneous strain-free nucleation

A very important parameter in the theory of nucleation is
the critical radius r,, distinguishing the nuclei which upon
thermal treatment grow farther (r> .} from those which are
going to dissplve {r<Cr.). It depeads on several characteris-
tics of the silicon crystal such as, for exarpple, self-interstitial
and vacancy concentrations, impurity type and content, elas-
tic properties, and temperature 411

As a first step a theory for strain-free nudcat ion is ilus-
trated, Le., a theory that describes nucleation by completely
neglecting the strain energy related 5. the structural differ-
ence between silicon and the oxide composing the nuclei.
Under this assumption, the free energy AG required to form
2 spherical nucleus with radius r iz given by the sum of two
contributions: The particle-ratrix - interface energy and the
chemical energy of supersaturation. The st term is positive
since energy is needed to increase the nucleus surface, while
the second one is negative since chemical energy of super-
saturation decreases when sclie atoms {oxygen} are re-
moved from. the solution and incorporated into the nucleus.
The total free energy AG is therefore

AG=4ary—twriAd,, {26}

where vy is the interface enexgy per unit area and AG ) is the
volume free energy, related to the variation of the chemical
energy of supersaturation per unit volume after oxygen atora’
removing from the solution. AG, can be written as

ks?  Cox
P 27
AG, =t @7

where kg is the Bolizmann constant, T i the absoluie tem-~
perature, and v p is the particle volume per oxygen atom (Le.,
volume per oxygen atom in the silicon oxide S0, compos-
ing the nuclei). '

. The critical radius is defined as the value r=r_ for
wﬁrm,h d{AGY=0 (equilibrium); in the case of strain-free
nucleation it can be derived from Eq. (26),

T T T{Co /€2

.

(28
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FIG. 19. Temperature dependence of the critical radius a5 deterined mrn
Ea. (28). Tg is the temperature at which the actual €, should eqnai ok
{from Ref. 113).

When the nucleus radius r is smaller than r, the volume free
encrgy is lower than the sueface free energy and, therefore,
the nucleus dissolves. On the contrary, when r>r, the sur-
face free energy is the smallec term in Bg. (26) ami a pre-
cipitate can grow. From. the expression of r, i is clear that
high femperatores and high oxygen concenirations enhance
precipitate growth, reducibg the nuclens critical radivs, On
the other hand, low temperatures correspond to low CF,
which also csuses r, o decrease. These trends lead to a
monotonically increasing function r (7). Figure 19 reports
the plot of r {7} as deduced from Eq. (28), considering
y=410 erglen?, wp=37.66 A% and Cy=11x10"
" atoms/om®. T in the figure is the temperatiure at which the
actual vatue C,, should equal CF.
In the classical theory of nucleation'™® the mumber ¥ of
nuclel of radius 7 per unit volume follows a Bolizmann dis-
tributon,

kgi

where ¢ is the oumber of nucleation sites per vnit vohume,
The nucleation rate J,=N/t, where ¢ is the time, is given by

Jom-ﬁﬂ‘r C(D/d)Zn(rr), (30}

{ 7
N(r)=c c*(pf\ - é?)‘ : _ {25}

where £ is oxygen diffusion coefficient, d is the so-called
atomic jump distance of oxygen, and Z is the Zeldovich fac-
tor (Z==10"%, cogresponding to the fraction of oxygen at-
oms which are included in the precipitate nuclei hmmediately
after pucleation. The pucleation rate dependence on the in-
terstitial oxygen content and on the femperature as deduced
from 2 best it of experdmental data'® with Bq. (30) is se-
ported in Figs. 20(a) and 20{b) respectively.’®

In Fig. 20{(a) the experimental data fit very well with the
calculated line, while in Fig. 20(b) the agreement is less sat~
isfactory, probably because of the neglected dependence of Z
on the temperature. Figore 20{(c) reports the functicn J(77)
for different interstitial oxygen contents and shows that for

J. Apgl. Phys., Yol. 77, No. 9, 1 May 1995
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FIG. 20. Dependence of the nucleation rate on (a} the oxygen content and
(b} the temperatre. Open circles indicate the experimental data, solid
circles show the detectability Hmit for two temperatures, and the lines are
the best fit (from Ref. 115}, (¢} Dependence of the nucleation rate J on the
temperatwe for erystals with different interstitial oxygen content {indicated
in 107 stomsiom® units).

typical Cz wafers (C,,=7-10x10"7 atoms/cm®) the opti-
mun temperature range for nucleation is from 630 to 850 °C,

All the relations derived up to this point disregard the
possible time dependence of the thermodynamic state of the
solid solution. A nonsteady-state theory of nucleation can be
used to describe the process occurring after a sudden cooling

Appl. Phys. Rev.: Borghesi ef al. 4188
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FIG. 21. Time dependence of the nucleation rate J. The value of the induc-
tien: tinse 7™ is indicated.

of the 8i crystal, where a supersaturation state suddenly de-
velops. Such a theory can be particularly interesting for the
comparison with experimental results regarding precipitation
rate, being more adequate to the real process. In the
nonsteady-state the nucleation rate is

J{y=dy exp( _"i’;) 4 31

where Jy is the steady-state nucleation rate of Eg. (30} and
7 is called the pucleation tiume {or induction time). Figure
21, which reports the plot of J{#), shows that the nucleation
rate reaches its steady-state value J; as ¢ approaches infinity
{+* is also explicitly indicated). The nucleation time can be
writien as

¥ e (32)

where n=3mr N is the number. of oxygen atoms in the
nucleus (¥ is the atomic concentiation in the precipitates)
and f the frequency of atom sticking to a critical aacleus. 7*
decreases with increasing the temperature, as shown in Fig.
22,%% which reports v*(7) for different C,, values {indi-
cated in units of 10" stoms/ow®) obtained by using the same
best-fit parameters as in Fig. 20. Higher temperature, as al-
ready pointed out and shown in Fig. 19, leads to smaller r,
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FIG, 22, Temperature dependence of induction tme. Each cuxve is Iabeled
by the Cq, value in 107 atomsicm® units {from Ref, 113),
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FIG. 23. Precipitste density i a2 sample with initial C,,=8.8x10"7
atoms/om” annealed for 10 b at 1000 °C as 2 function of the duration of the
nucleation annealing at 750 °C {from Ref, 129},

values and, therefore, to a 7% decrease. Moreover, at high
temperatures the oxygen atomic diffusivity is high and also f
increases, leading in turn o low 7%,

7% can be obtained both from By, (31) and experimen-
tally from s:ix:e increase of precipitate density with time. The
two evaluations Jead to 7¥=1 h and F=10° h
respectively,'™ but this discrepancy can be ascribed to the
fact that probably uot all the oxygen atoms reaching a
pucleus remain there.

The nucieation rate has been deduced by Inone and
co-workers'™ 10 slow down, reaching a saturation value, as
the duration of the pucleation annealing increases. Figure 23
shows the precipitate density as & function of nucleation an-
neaking time for samples annealed at 750 °C {nucleation) and
then for 10 h at 1000 °C {precipitation). The precipitate den-
sity has been measured’™ by the surface etching technique -
{see Sec. [V A) afier the second annealing. The authors pro-
pase an explanation for the described saturation. It can take
place when the diffusion layers sumrounding each nucleas
overlap, so that further oxygen diffusion leads to the growth
of the existing puclei more ikely than to the creation of new
ones. The diffusion layer has been assumed as spherical, with
radivs \@E, where D is the diffusion coefficient of oxygen
in silicon and ¢ is the pucleation time. Saturation occurs
when the average distance between two adjacent nucled is of
the order of \ﬁi The following relation between the num-
ber density of puclei iV and «J’Dz is therefore assumed

N~ =)~ = D1 (33)

Then the time ¢, when saturation begins and the saturation
number density of nuclei N, can be deterndned,

te= (3w )T (34)
and '
N‘S-—»:ﬁ"s( %,TI.,DEI'Z)'“Z/S_ ‘ (35}

This model for the saturation in nucleation is well confirmed
by the good agreement between experimental and calculated
N{¢) values, shown in Fig, 24 for various annealing tempera-
tares, for a silicon crystal with €, =11x10" atoms/om’.

‘Appl, Phys. Rev. Borghes! et al
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FIG. 24. Bxperimental data of the density of nuclei as a function of atneal-
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TEG °C {open squares); $00 °C {(open trfangles); and 850 °C {open ciicles),
The lines are the N{¢} functions calonlated for different temperatures ac-
cording to Bg. (35) {from Ref. 129).

Homogencous oucleation has been reported™™'% s re-
sponsible for a phenomenon called time lag in precipitate
growth, which is considered the expecimental evidence of the
time dependence of Bq. (31). Thne lag consists in a “delay”
of precipitation detected in samples subjected to 2 short high-
teyaperature preagnealing {e.g., 5 min at 1200 °C) before the
precipitation treatment {several howss at low temperature).
Considering Hg. (31) {or looking at Fig. 21}, time lag can
simply be related to the initial transieiit Az=3—4+%, when
J{z) is still noticeably different from the steady-state value
Jo. Some authors'? disagree, considering time lag a piece of
evidence for heterogeneous nucleation (see Sec. 11 A 3).

Figure 2517 reports experimental data regarding thoe lag
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P

FiG. 25. Time dependence of precipitate density during anneat 2t 800 °C for
two samples subjected to preanneal at 1260 °C for 5 min. The upper curve
refers to a slowly cooled sample, the lower one to a quenched sample {from
Ref. 115).

J. Agpl. Phys,, Vol 77, No. 8, 1 May 1895

in precipitation, is., the precipitate density detected in sifi-
con wafers subjected to different thermal treatments, which
is directly related to the initial concentration of nuclel, The
precipitate density in the sample subjected to a short prean-
nealing dnd then quesched s initially very low, abrupily in-
creasing after about 70 h. This initial delay has been related
1o the nucleation time.

2. Homogenesous nuclealion with sirain

The assumption of nucleation as a strain-free process
imposes a serious limit for the theory outlined in Sec.
HIA L, even if it resulls in qualiiatively good agreersent
with experimental data and partially includes (implicitly) the
fattice strain wheao considering the interface energy v Mote
adequate modeis have been proposed! #1630 45 arntic-
itly take into account the straln-¢nergy contribution to the
total free-energy vadation AG. Indeed, the difference be-
tween the volwue per Si atom in the precipitate Vp and in the
silieon erystal Vi (volume misfit) causes an increase of pre-
cipitate strain energy durng growth (in particulsr for the
case of Si0, in Si, Vp>> V). Absorption of ay vacancies
from the bulk of silicon andfor emdssion of n; self-interstitial
atoros release part of this atrain, %' Consideration of this
iast contribution leads us to include intrinsic point defects in
the nucleation process, although the ferm bomogeneous
pucleation is still used to distinguish this case from that
which involves extrinsic defect contribution or intringic de-
fects.as the main constiteents of the nuclei. .

On the basis of these arguments about strain, it is clear
that Hq. (26) has to be modified. According to Hu ™ it is
useful to describe the volume variation of a precipitate, when
its radius » increases by dr, in terms of elastic properties of
sificon. When a few Si atoms are included in a precipitate
nuclews, they leave z cavity in the bulk of the silicon. Such a
cavity can be described as a sphere of radins ry to compare
with the growing patticle. At the same thne the growing
' particle bas a different radius r=(1+ &ry, where & is the
linear misfit between Si and Si0, lattices {§~0.3 for Si0,).
To reach a comunon radius rp (the actual nucleus radius) the
cavity must be expanded, while the nuclens muost be com-
pressed. The final radius rp falls between rg and », Le.,
re=rg{1+ e}, where 0<le<{8 Considering the shear modu-
us of silicon x and the bulk compressibility of SiO, X and
agsuming « &KL, the strain ¢ compressing the precipitate is

o

a .
R S Tl 5}
T {YApBK (36)
The final radios rp can also be written as
{1+e) .
rpEy '("i’};“é\":; . {37 )

Then, AG of a SiD, spherical precipitate, considering an
increase dr of the radius r, 18

Y

Y L xrkp¥] Zy Cy Crm\?

i §4 )0 [ R S g e |

AL {-gi + &4 &) v, i\ n;l;: CT ny ln cx in ox |
1 .

+ Ry 5;&56?}4%’? dr, (38)
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where n; and ny are the numbers of interstitials and vacao-

cies emitied and absorbed, respectively, C; and Cy are the

conceniration of interstitials and vacancies, respectively, and
C} und CF are the solubility Bimits of these defects in sifi-
con. The term (6pderddarr dr=(6u8€)dV is the change
in the total elastic energy of a spherical nocleus related to a
volume vadation dV.

From Bq. (38) a more complete expression for the eriti~
cal radius 7, that also considers sirain energy is obtained,

(148 xkyT | Cop | €\ CFYH]™
o] (LI G €[ CT
V» CEACE] \Ci) |

Besides the strain-related contribution, this expression also
illustrates the role of interstitial Si atorus and vacancies in
strain relief. It is important to note that in the case of strain-
free nucleation, Le., = 8=0, Bq. {39} is identical to Bq. (28).

Fquation (39} can be rewritten in 2 useful form using the
following expressions for €, CX, C;, CF, Cy, and
c¥:

Ty .
Cy=cy exp( “"jf) {40a)
\ ?:
and
-3
Y=oy exp] — 527:; R {400)

where oy is a constant and ¥=I, V, ox. Ty is the character-
istic temperature derived from the heat of sclution
Hy=kzTy and 7% is the temperature at which the actual X
content should be soluble (T7° = T in Fig. 19). By substi-
tuting Egs. (40) in Ba. (3%9) we obtain

O v “

where

n V"TV n IT{‘\i

Gudevp
Tor  Tox

f
E= {1+~ e)i\ i+ Ky T

0y ';”D"\ }

and

[ﬁ},Ty;P
A= {1+ 8~e) 1'%‘1 T Tg-
Y o}: F o%:

In intrinsic therreal equilibrium condigions (7= T1=TY}, the

critical radius becomes

2yvp T3
T PT (42)
where
Sudevp
L7z 1 e B g2} rome smmmmmnccanone.
e WegTo

Bauation (42) relates the critical radins ,, to the temperature
at which the actval interstitial oxygen content should be
soluble 74", This is very interesting because the initial oxy-
gen concentration is usually a known parameter and can be
controlled.

4188 J. Appl. Phys., Vol, 77, No. 8, 1 May 1985

Anoiher interesting mode! for homogeneons pucleation
involves thermal donors, considered as aggregates of several
oxygen atoms.'” Assuming that only ope type of thermal
donors dosvdnates carrier increase during thermal donor for-
mation and considering the results of the classical nucleation
theory about the concentration of nuclei and the nucleation
rate [see Hgs. (29) and (30}], the dominant thermal doners
are deduced to act a8 nuclel for oxygen precipitation in Cz
silicon above 600 °C. This result allows due to predict the
nucleation rate dependence on initial oxygen conceniration,
aonealing temperature, and casrier concentration, which are
found to well reproduce the experimental findings, Neverthe-
less, in Ref. 132 the anthors underline that there is also some
experimental evidence of heferogeneous pucleation which
they believe to simultaneously occur and compete with ho-
mogeneous pucleation.

Other pucieation models including intrinsic point defecis”
as active elements have been proposed’ >1%1% and are fllus-
trated in the following subsection as heterogencous nucle-
atfon models.

3. Heterogeneous nucieation

Nucleation of oxide precipitates can occor on lattice de-
fects, mainly substitutional carbon atoms, carbon-oxygen
complexes, and point defects. A clear description of the
mechanisms involved in this phenomenon is not yet avail-
able, but some geseral trends have  been
svidenced o135 oo the analysis of a lot of experi-
mental data.

Regarding the inffuence ot carbon, several phenomena
arhancing oxygen nucleation dnd precipitation are widely
accepted to occur. First of all, in Crich samples the variation
of interstitial oxygen concentration, usually related to pre-
cipitation, has been shown {0 increase. Al the same time,
substititional carbon concentration, measured through the IR
absorption of Si— bonds, decreases. Probably, oxygen ag-
gregating on carbon atoms during precipiate pucleation
makes C undetectable, due to the variation of the vibrational
properties of Si—C—S1 bonds.

Carbon atoms_in the silicon lattice can form SiC par-
ticles, which produce a volurme contraction of about 50%.
Therefore, C presence can cause the formation of free vol-
uime in the silicon crystal, available for nuclei and precipi-
tates, Moreover, this free volume leads to a €, decrease and,
therefore, also to a 7, decrease [see Bq. (39)1

Besides single C atoms, carbon-oxygen compiexes have
also been proposed to act as heferogensous nuclel for exygen
precipitation in Cz silicon,” ¥ The same experimental
data reported in sapport of the assumption of nucleation re-
lated to substitutional T atoms might also lead to the hypoth-
esis of a significant role of C-O complexes. The variation of
IR-absorption bands related to C-O complexes has been con-
nected to changes in the interstitial-oxygen peak doe to pre-
cipitation. Therefore, C-O complexes are deduced to be in-
voived in precipitation as the most probable nuclei. On the
basis of these findings heterogensous nucleation is indicated
as predominant at low ternperatures, while the homogeaecus
raechanism predominates at higher temperatures. In Fig. 26
the IR spectra of samples annealed at 900 °C for different

Appl. Phys. Rev.: Borghesi et all
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FIG. 26. IR wansmdssion spectra of Cxz silicon samples heated at 900 °C for
various times in Ny, showing the Crelated absorption bands {(from Refl
122}

times are repﬁz'te:d.m The absorption bands present in the
spectrum of the as-received sample related to C-O complexes
decrease with the interstitial-oxygen band as the annealing
time is increased and precipitation takes place, After 110 h
annealing, the Intensity of all these bands is below the detec-
tion Hmits.

Intrinsic point defects, in particular vacancy clusters
formed in the silicon crystal during growth and including
also solute atoms, have been assumed 1o be possible
muclei’ P (modified homogeneous pucleation). One of
the main arguments supporting this hypothesis is the role of
the clusters in releasing the volame misfit associated with
precipitate growth. At high temperatures these cepters can
also dissolve, due 10 the seif-interstitial generation in the Si
crystal. This phenomenon has been indicated'™ as respon-
sible for the above-mentioned time lag in precipitation, in-
stead of the explanation based on the homogenecus model
for mcleation. Moreover, the hypothesis that clusters of va-
cancies can be part of the nuclel is supported by the experi-
mental data about precipitation reduction in samples troated
in oxidizing ambient,™* where vacancy clusters are
known to annihilate. On the basis of the hypothesiz of het-
erogeneous nucleation occwrring al vacancy-solute  atom
clusters, Ravi'?? suggested two possible models for nucle-
atien, which can also explain the Si crystal faceting observed
on the sample surface after precipitation. The first one pos-
twlates a direct nucleation of Si0, at vacancy clusters. The
second one is a multistep mechanisin, involving stacking
faulis. Indeed, exirinsic stacking faulis can nucleate at va-
cancy clusters during beat treatments, then becoming aucle-
ation sites for SiO, precipitates during further annealing. The
mentioned faceting of the Si crystal surface arises from the
inhibition of oxidation at the precipitale sites.

Other possible centers for heterogeneous nucleation have
been indicated in the so-calied swid defects, ™! whose na-
ture is not clear, but in any case related to the condensation
of self-interstitials. High concentrations of these defects re-

J. Appl. Phys., Vol 77, No. §, 1 May 1985
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FIG. 27. X-ray topography (left-hand side) of a longitudinal section of a
quenched sificon crystal pulled st | mm/min and annealed at 1000 °C for 16
h. Repion A contains swird defects, while reglon B s defect free. Interstitial
oxygen concentyation vs annealing time at 1000 °C {right-hand side) mea-
sured at crystal axis in regions A and B {from Ref. 120).

duce precipitation, while silicon crystal doping can enhance
the process. Indeed, doping reduces swirt-defect concentra-
tion, thus preventing thelr deirimental effect on precipitation.
Figure 27 (lefi-hand side} shows the x~ray topography of a
longitudinal section of an undoped Si ingot annealed at
1000 °C for 16 h.'**® Region A is rich in swicl defects, while
region B is defect free. In Fig. 27 (right-hand side} the
inferstitial-oxygen concentration at different stages of the an-
nealing is also reported.”® In region B the decrease of O
concentration, connected with precipitation, is much more
evident, confirming the retardation role of swirl defects.

Om the other hand, self-interstitials seem to help precipi-
tation, of oxygen, acting as auclei, when the oxygen super-
saturation ratio 5 {C,,/CE) is smaller than 5. ¥ s is in~
creased thelr influence decreases and becomes negligible for
s=20. Also the mentioned retardation of precipitation in
samples treated in oxidizing ambients has been related!h114
to . the decreased selfinterstitial concentration in such
saroples.

Retardation of precipitation, experimentally observed us-
ing IR spectroscopy in samples subjected to prolonged
nucleation treatments {2-16 L), has also been related™® to
the possible dissolution of the nuclel, described by an inter-
esting model, According 1o that modsl, dissolution iakes
place at the onset stage of the precipitate-growth annealing,
due to the large supersaturation of silicon self-interstitials.
Tndeed, this increases r, and a large fraction of nuclel dis-
solve, because the reaction

{(1+3)Si+20,=5i0,+ y7 {43)

is driven fo the left-hand side. The generation of self-
interstitials, also taking place at the initial stage of the
growth annealing, is cssentially due to the need of an accom-
modation volume for the precipifates {remember that

To complete this overview on heterogencous nucleation
it is worth mentioning the findings of Wada e af.,'* who

Appl. Phys, Rav.: Borghesi st al, 4188

Downloaded 21 Apr 2008 to 146.186.232.16. Redistribution subject to AlP license or copyright; see hitp:/ijap.aip.orglapicopyrightjsp

SIONYX1403000026.0052

SAMSUNG EX. 1002 - 2517/4148



deduced nucleation in as-grown silicon crystals to be hetero-
gencous from the characleristic nucleation temperatiue ob-
served (1000-1250 °C), which is higher than those predicted
for the homogeneous process. Moreover, they related pre-
cipitation to thermal fluctuations in the crystal during
growth, causing the formation of the heterogencous nucle-
ation centers. :

4, Nurleation in as-grown crysials

Oxygen precipitation in as-grown silicon crystals is 2
very important process, being characteristic of the starting
conditions for fucther precipitation. Several exzperimental
worksH I EIBIILE goay with this subject and some models
for nucleation in these samples have been proposed.

In the framework of a growth model for precipitates in
AS-ErOwWn crystals,'™ essentially developed using the concept
of critical radius, nucleation is assumed to be homogeneous
and to proceed at the same rate as during nucleation anneal-
ing (about 10" nucleifom® s at 750 °00.1° It takes place dur-
ing the crystal cooling after heating cutoff, which is faster
{sbout 100°C/M) than crystal seed-end cooling during
growth.

Another mechanisrs of nucleation Jeading fo the forma-
tion of precipitates in as-grown silicon crystals has been
proposed'®® on the basis of TEM observation and orystal
vooling measurements. From the experimental results about
precipitate shape, dimensions, apd density in as-grown sili-
con saraples the anthors dedoce that nucleation cccurs via an
heterogeneous mechanism, af temperatures from 1250 to
1000 °C during crystal cooling,

An interesting nucleation model including both homoge-
neous and heterogeneous. processes has been recently
developed™™ on the basis of experireniat findings on par-
ticular samples, After halting the crystal growth for well-
specified time intervals, therefore annealing the growth part
of the crystal, the authors studied oxygen precipitation in

as-grown samples. Precipitate density was found higher in -

the regions where the temperamire during pulling halt was
below 800 °C or above 1200 °C and this inhomogeneity of
precipitate distribution was related to a different nocleation
rate. Regarding the frst regions, nuclel are asspmed o be
homogeneous, while the nuclel responsible for the bigh-
temperature precipitation are assumed to be heterogeneous,
probably clusters of point defects, because at such high tem-
peraturs (31200 °C) C¥, was higher than C,,. Moreover,
when the temperature durdng the halt of pulling is high the
density of heterogensons nuclel depends on C content in the
sificon crystal. On the basis of these experimental findings,

nucleation is deduced to proceed as follows, First, some no-

clei are formed at 72> 1200 °C, remaining essentially inac-
tive (unless the orystal is annealed at low teroperature, as
during cooling). Then, between 1100 and 900 °C the nucled
can incorporate C atoms and, finally, below 800 °C they be-
corae active a$ centers for precipitation (at this stage nucle-
ation is heterogeneous).

Recently, Puzanov and Bidenzan' proposed that the
formation of oxygen precipitation nuclel during crystal
growth proceeds through the following stages, which depend
on the crystal growth regime:

4180 J. Appl. Phys,, Vol 77, No. 9, 1 May 1885

{1} recombination of intrinsic point defects near the
crystal-melt interface, which determinates the type and con-
centration of surviving point defects in the growing crystal;

(ify redistabution of intrinsic point defects, their an-
pealing at the crystal lateral surface and smoothing of con-
centration profile {diffusion stage);

{iif} agglomeration of impurities and intrinsic point de-
fects:

{a) vacapcy regime: A-defect (V-0 complex) nucleation as
a result of vacancy-oxygen interaction;

{b} intcrstitial regime: B-defect generation as a result of
coaggregation of self-interstitiale and carbon stoms;

{iv) growth and tansformation of agglomerates in-
volving consuwmption of intrinsic point defects:

{a) vacancy regime: transformation of A-defect nuclel and
reduction in vacancy concentration;

{6} interstitial vegime: transformation of some B-defects
into A-defects; reduction in self-interstitial concentea-
tion;

{v}

{a) vacancy regime: formation of secondary  (low-
temperature) nuclel;

{b} interstitial regiroe: trausformation of residual B-defects
into centers of oxygen precipitation.

In this model each stage may depend not only upon its
conditions, but also upon the results of ali previous stages.
Vacancy or interstifial regimes depend on the type and con~
centration of intrinsic point defects remaining in the crystal
after recombination, depending on the ratio §=V/G,, where
Gy is the longhudinal temperatare gradient near the interface
and V' is the growth rate. For §&<f=3.3X 19~3
co?s ' K7! the remaining defects are self-interstitials and
for &> £, they are vacancies. As a mle, crystals produced
commercially are grown in the vacancy regime.

B. Precipltation

{Oxygen precipitation in silicon is a phenomenon of ag-
gregation of oxygen atorns, nommally uniformely distributed
within the Si crystal. As a consequence, smadl pagticles of
Si0,, 1=x=2, form within the silicon crystal. Nowadays it
is widely accepted that precipitation is driven, in a wide tem-
perature range, by the diffusion kinetics.

In 1958 Ham proposed'®® a general theory to explain the
kinstics of precipifation in a supersaturated solution by con-
sidering the phenomenon as diffusion limited. The validity of
this model has been checked by different authors and experd-
mentally confirmed. In patticular, Patrick ez al using a
combination of TEM and IR measurerments, showed that the
growth of precipitates at aboot 1000 °C in a dislocation-free
matrix fits very well the Ham kinetics. Wada et &L,m,m on
the basis of TEM observation, extended the validity of the
model to the temperaiwre range from 750 to 1050 °C. A de-
tailed analysis and more extended experimental results were
reported for the temperatare range from 630 to 1050 °C us-
ing different technigues (see Sec. TV} such as chemical eich-
ing, optical scattering, cold neuiron scattefing, and infeared

Appl. Phys. Rev.: Borghesi ot ai.
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absorption by Newman et o and by Binns ef & Oxy-
gen precipitation below 650 °C follows a kinetics that no
longer agrees with Ham’s theory since a neghigible fraction
of atoms is involved in the oxide precipitates.®®

The statting hvpotheses to develop Ham p;eugltdtwn
model are as follows.

{1} The silicon lattice is defect free (ie., without any ex-
tended defects such as dislocations, besides pnczpymtwn
auclei).

{2) The ‘initial interstitial oxygen concentration O
{atoms/om™) in the as-grown crystal is uniform.

{3) The concentration of muclel N (cm ) remains constang
durdng the heat treatment. This means that nucleation
already occurred in as-grown material, in practice during
crystal growth.

{4} Tn the silicon lattice spherical precipitate nuclei having
the same radiug 7 much smaller than their distances are
present.

{3) The precipitates {osygen sinks) are made of 2 form nf
sifica with oxygen concentration Cp. The oxyges con-
centration in the silicon matrix ramediately adjacent to
the precipitates ' is the eguilibrivin solubility limit
¥ (see Sec. I B 3} at the considered teraperature (after
an infinite time). The variation of €' during precipitate
growth is neglected,

Assuming the particles are arranged in a simple cubic
lattice and dividing the lattice into equivalent syrumetrical
cubic cells, each one centered at one precipitate nocleus, no
oxygen flux is expected to cross the cubic cell boundaries if
the distribution of nuclet is vniform.

It is worth noting that the assumption of spatiafly uni-
form distribution is not necessary, provided any crystal inho-
mogeneities are absent. In fact, oxygen atoms follow three-
dimensional random walks and only a small probability of
sticking to growing particles exists, due to the presence of
oxygen concentration gradient only close to the precipitate,
as is shown later.

The oxygen concentration profile Co (.2} 25 2 function
of the distance r from the center of the precipitate and time ¢
fulfills the Pick equation,

353,‘(7‘,;)

=DVAC,(r1), (44}

whera D is the oxygen diffusion coefficient, which is as-
sumed to be iddependent of ime, oxygen concentration, and
position (see Sec. I B 4). This equation has to fulfill two
boundary conditions:

3} At the precipitate/mateix interface (r==ry) the oxygen
conceniration is equal to €'

1o solute fux can cross the cell boundary, due 1o synr-
metry.

We note that, taking into account the .1be)vc mentioned
boundary conditions, it is sufficient to solve the Fick equa-
tion only for a single cubic cell.

(i)

To fnd the solution of Bg. (44} we frst consider spheri-
cal precipitates with the valne », of precipitate radivs con-

J. appl. Phys,, Vol. 77, No. 9, 1 May 1895
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FIG. 28, flusuation indicting the solutions of ulA{(R—rg¥l=A\R.

stant and equal to ite final value ro{o) {steady-siate value,
ie., the value after infinite annealing time) and then we study
the general case of increasing precipitate radivs. Finally, the
case of disk-shaped ;‘mcipn‘diﬁs wzth increasing thickness is
considered.

1. Spherical precipitates with fixed radius

In order to solve the Fick equation in this case, it is
useful to expand C,,(r, 1)~ C' in terms of the eigenfunctions
of the eguation

V2 (r)+ A lifr(r)=0, (45)
obtaining

Colmt)=C'= 2, a, (Y (r). (46)

: n={

To satisfy the boundary condition (i), #,{rg) has to be zero
Y. Then, substituting Eq. (46) into Bg. (44) and considedag
Eq. {45), we obiain

da{r) A
(;; = Dhig,(1). 47
Therefore, a,(2) can be written a3
aft)=A, exp{—Dr2)=4, exp% - -;_w), {48}
. 1 L2

where A, are normalining constants and 7,= /DAL, From
Egs, {46} and {47) the solution of Eg. {44) expressed as

Colr, 53— C' follows, -
Cox(! 1’} }1 A 6‘3{?& - 7) yn(r) (493
n=(

Now using the Wigner—Seitz approximation we can re-
place the cubic cell surrounding each particle by a spheri-
cally symmetric region of equal volume with radius R satis-
fying the relation

SwRIN=1, {50
where N {cm ™) is the average number of precipifates per
pnit volume, which has been assumed to be constant during

annealing. Therefore, Eq. {49) in spherical polar coordinates
is

Appl. Phys, Rev.: Borghssi ef al. 4181
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FIG. 29, Plot of interstitial oxygen concentration in the vicinity of an oxide
precipitate of radius ry as deduced From Ba. (58

Colrat) = C' 5 2y Ay =

smiﬁ)\ e rg”f“g { )
— exp| = )
ne={

4

punt B (51)
LT, e
The boundary  condition (H) can be writien as
{HC (1)~ C YOr} . p=0, Le., from Bq. (51) as

tan{ A (B~ rg) 1=, B, {(52)

The coefficients N, have the dirhensions of a reciproeal
fength and can have infinite positive values {see Fig. 28).

The first solution of Heq. (52), considering that the pre~
cipitates usually occupy only a small fraction of the whole
spbere with radius & (Le., typically ry/R=0.025), is ap-
proximated as

22 3rg -
(s ‘ {53)
and then
RB
P— 543
Y 5P TM)

where 1/7; is the precipitation rate.

1t is possible to show that after a short initial ransient,
when all the solutions of Hq. (52) are significant, Ay gives the
most important contribution to the variations of C (7,4,
Therefore, after a tme interval }aim 7y a pseudosteady state
is reached. In that case, from By. {51), the concentration of
oxygen remmaining in the solution a3 a function of the dis-
tanee » from the precipitate center and of the annealing time
can be considered equal o

o i rn\ f( £ }
Calr)=C'=Agho| 1~ eapl = =), (35)

0/
where 44k Is a constant with the dimension of a concentra-

tion, equal to sbout Oy~ C’, This eguation Jeads to interest-
ing considerations. P*;.xmg the anneshing time ¢ the spatial

oxygen concentration profile can be obtained. In this case, as -

shown ia Fig. 292, the oxygen concentration remaining in the

* solution is slwost constant in the whole sphere of radius R
{R==40ry}, except for a ceniral spherical region with radius
of sbout 5 ro. At a given distance fron the precipitate, oxy-
gen conceniration decays expopentally o the squilibrivm
valoe C7 with a time copstant 7 given by Eq. (54).

The spatial average of oxygen concentration remaining
in the solution '}, , usually measured by IR absorption, veri-
fies this relation,

4182

4. Appl. Phys,, Vol 77, No. 8, 1 May 1868

'l’lm(f)wC"

(- .

=exp ). o (56}

whmh allows one fo detmmm the value of ¢’ from t}*e
intensity of the 1107 cm™! absorption band, which is propos-
tional to C,(7). -For long annealing time (1—c0), with
Cez 7, Ba. (36) becomes

B () =C". . : (57)

P

Taking into account that the total orygen confent is con-
served, we have

$R* [ Cy C o)1= §argl Cp Cul8) ], {58)
From this equation and considering Hq. (50), we obtain
Co= Cpalty = $ar3N[ Co~ Cp ] (59)
Since for P ¢ W00, Ba. (58) gives
R (CpmCr)
o i Oy )
Then, substituting this expression into Eq.v(S_li;) we can write
73D\ Cp—

From Eus. (61) and “*"0) the precipitate density N can be
deduced,

(60}

61

__________________ 31:‘;_ . (62}

A comparison between Ham's thedretical predictions and
experimental data has been reported in Refs. 143 and 144
The authors studied a;siecatmﬁ»fme Cz silicon samples, an-
nealed for a very long time, with interstitial ORYEEn CORCen~
tration Co=7£0.7% ‘1017 atoms/em’, as determined by TR-
absorption measuremends. Oxide precipitates were assumed
io be cosstituted by $i0, with oxygen concéntration
Cp=4.6X 107 atoms/om’.

The direct measurement of C’ s not atways possible,
since it requires samples annealed for a very long time, nec-
essary for oxygen to reach the equilibrium concentration
value. Farithermore, duration of the suitable annealing de-
pends on the temperature. For example, afier 850 °C anneal-
ing the value of C’ was not yet reached after 800 h heating.
For lower temperatures (below 750 °C), even 2000 h were
A0t emough to reach the equilibrivm concentyation value.
This problem can be overcome by measuring at different
times the amount of oxygen C,(f) remaining in the solution
after the annealing time 7, and extrapolating the value of
(=) which is equal to €7 according to Eq. (57).

Figure 30 {crosses) reporis € (2} sormalized to the ini-
tial oxygen coucentration €y after differsut annealing times
at 850 °C. The figure clearly shows that, after an initial tran-
sient {about 50-100 b} where a rapid reduction of éxygen in
the solution occurs, the O concentration slowly decreases,
thus approaching the equilibrium vaiue €7, Once 7 is'de-
termined, the value of %, can also be easily deduced, taking
inlo account - Eq. {56},  from the plot of
[C 8~ O Ty~ C’Y as a function of time after the initial

Appl. Phys. Rev.: Borghest #f all
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FIG. 30. TR absorption at 1307 em™! normalized to initial oxygen concen-
wration £,{83/Cy {crosses) and [, 40— C (= C') {tdangles) for dif
ferent annealing times (from Ref. 144), .

transient {see triangles in Fig. 30). The values of 7, obtained
by Newman ef al'® are reported for different tepiperatures
i Fig. 31. From the values of 7, the precipitate density N
can then be caleulated via Eq. (62} using a known value for
the diffusion coefficient £, A comparison between the values
of N caloulsted in -this. way {open circles) using
D=0.07 exp{—2.44/kT} {where kT is in eV, as proposed
by Mikkelsen™ %) and those obtained from etch-pit {crosses)
and SANS measurements {open squares) axe reporied in Fig.
32. The very good agreement among the N values obtained
with different experimental techoigues {(counsidering - also
their uncertainty) gives an important coufirmation of the va~
lidity of the diffusion-limited kinetic mode! used to derive
Fag. {(62). : ‘
The radius of precipitates rq can be deduced from Ha.
{59} using the obtained N values, Figure 33 shows rg as a
function of the annealing temperature after 2 long heating
time. Furthermore, the 8gure reporis for comparison the a-
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FIG. 32. Density of procipitiles as # function of abnealing temperstute, as
determined by stch-pit eiunis {crosses), kinetic model {circles), and SANS
resulis (squares) {(from Ref. 41).°

dias of precipitates derived for the same samples by different
techniques, such as neuiron scaftering, efch-pit measure-
ments, and optical scattering {see Sec. IV). It is interesting to
undertiog that the agreement among the values of r; obtained
by different techniges is remarkably good.

In alternative to celeulating of N from the kinetic data
using 7 taken from Ref, 54, one can use the experimental N
values obtained from etch-pit measurements together with
the kinetic data to obtain the diffusion cosfficient D, The
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FIG. 33. Temperature dependence of precipitate radivs derived from IR data
FIG. 31, Time constant 75 as 4 function of annealing temperature (from Ref, and kinetic model {ciroles), SANS {Crosses), etch-pit density {squaves), and
143). optical scattesing (+). The solid line represents the bast fit {from Ref. 145).
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value for D obtained in such a way, for temperatures down to

630°C, is
D=0,02 exp(~ 7. 420k, {63}

where kT is measured in eV, A comparison betwsen the val-
ues of I obtained from the kinetic data and those reported in
the Hieraturee is shown in Fig. 12. A more complete analysis
of available experimental data over 12 orders of magnitude
has been presented in Ref. 145 (sce Sec. T B 4).

2. Spherical precipitates with inereasing radius

The above-reported analysis which gives important re-
sults on the precipitation mechanism is strongly lmdted by
the bypothesis that the precipitate radius »y is constant dor-
ing annealing and is equal fo the steady-state value. This
Himitation was overcome by ao extension of Ham's theory
taking into acoount the growth of the radius of precipitates as
a function of anneating time."* The analysis can be limited
to spherical particles since for the ellipsoidal ones only mi-
nor differences in the resuits are expected. This allows
Ham’s theory to be applied also to saraples subjected to
long-time heat treatment, whers, as it is well knows, precipi-
tates are ellipsoidal. The assumptions for this more general
model are:

(iy  The precipitates foroy and grow as identical spheres
with rp<€R, arranged in a simple cubic latice, and

(i}  the concentration of precipitates N and the diffusion
coefficient of oxygen D remain constant with the an-
nealing tme.

Following the same procedure as in Sec. HI B 1, the solution
of By. (44) for growing precipitate radins is given hy the
relation*?

.. {’Ezﬁ{z}‘ﬂm(z)+Ijiuzw}—lu{ﬁ}+ 11
Ki=g “x Fa2() 2D + 1 JTad(0) F 10y ¥ 11

. {2!@()4 N 1 - {224{0}#1‘;
/m an’ “““Tw‘*\lg } _\T; oo }3-- ;,
{64}
whete
D ((Cy~CY1+2Z)\
- A A p
f\ E a‘ Cp - (-.1 ] ? \65}
Rl OHCp—C7)
T RGO ©s
p{f} '\é 3/3
= s n v E— {
u(t) ix ! p{@)(i '{"2); ’ . \67>
and
p()=C ()~ C". (68)

The parameter 2, known as the Zeldovich factor, is the frac-
tion of oxygen atoms in the precipitate at =0 {i.e., imme-
distely after nucleation). The value of Z in this case is 0.01
and may be assumed zero without any significant errors.
Equation {64) gives therefore the kinetics of oxygen pre-
cipitation as predicted by the diffusion-limited model. The
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FIG. 34. {a) Imterstitial oxygen conchniration as a function of the reduced
parameter Kt for different temperatures: 550 °C {open circles); 700°C
{closed triangles); 750 “C (+} 800 °C {opea wiangles up); 850 °C {open
triangles down); 900 °C {closed squares); 950 °C {open squares); 1000 °C
{solid circles), and 1050 “C {crosses) {ffom Ref, 41); (b} precipiiated oxygen
concentration as a fonction of Kr.

solid line in  Fig. 34{a) illustrates the quantity
(Cp=CHYH{Cy—~C") as a function of K¢, as obtained from
this equation, while fhe guantity 1—(C,,~CYW(Ce—C"),
giving the concentration of oxygen precipitated, is shown in
Fig. 34(b). The behavior of (C,—C MY(Co—C"y vs Ki
clearly shows two different regions. [n the first one, whers
{(C,~CHW{(Ce—C"y>0.5 (Le., for very short annealing
times}, By. {64) can be approximated by the simple relation

C, o
fc”” = exp(— %), (69)
\X, e

fz])%?ﬂ’c Cl\hﬁ
7 eme) - =
In the second one, where (C,—~CW/{Cy—Cy=0.5 (e,
for long anpealing times), Bq. {64} can be approximated by a
straight Hne,

m - — z“ ’
CQ“‘“‘&T - @Xp(‘ T}ﬁ {\?1)
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TABLE V. Values of the constant X and the oxygen concentration €7 a
determined by & fitting procedure, on the basis of R-sbsorption data on
samples annealed at different temperatures {from Refl 41}

Temperaire & [osd
€0 (17w (10" em™)
850 1.65 0.078
700 2,10 0.110
750 230 (120
200 . 2.80 0.128
850 350 0.142
900 5.00 (.280
50 6.20 3.510
1000 6.50 G710
1050 .80 1640
where
( - r\ 13
72
31} ’b !”] (7 )
Considering that Z==0, from Eqs. (65) and {72} we obtain
! 73
TR {73}

1t is worth noting that Bq. (71}, which gives the long-
time behavior of C,(¢), generalizes Eg, (56), obtained in the
approximation of constant precipitate radius. Indeed, apply-
ing the condition of Eq. {50} to the definition of v [Bq. (72},
the relation r=R%/3Dry is obtained, which is exactly the
quantity 7, defined in Eq. (54). From the analysis performed
on the basis of Ham theory the evolution of the precipiiate
radius r as a function of time can also be deduced,

arfzy C{e)=C! D ‘
T TESET RS 74)
Considering Eq. (71), Eq. (74) becomes
ir(r) Co{t)—C" D :’mz‘
AR ) 5)
dt Cp==C r(r)
and integrating this expression »(z} can be found,
v =7 D{ < _("i‘\ i- I‘“E} -~y
{1} =27 \&. C’! exp( = (76)
For 1<,
[ Co— '
Y o] Qi i , y
(2) 21}[ C,}za 7

Therefore, in the 3axly stages of precipitation the particle
volurme increases as +%

Comparing the experimental reaults with the predictions
of Ham’s theory, Livingston er al*! determined by a fitting
procedure the values of X and €' at different temperatures
from Eq. (64}, the value of initial interstitial oxygen concen-
tration Cy, and the average concentration of oxygen remain-
ing in the solution (7} after different annealing treatinents
when measured by IR absorption. The resulls are reported in
Table V From & and ' the quantity [C (—C'Y
{Cqo— "y cant also be determined as a function of K¢ from
w exp\,ﬁmemaz data. These data [experimental points in Fig.

J. Appl. Phys,, Vol. 77, No. 8, 1 May 1988
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FIG. 38, Time dependence of precipitate radivs for different annealing term-
peratures dexived from Bq. {74} (from Refl 41).

34{a)] for different temperatures are in very good agreerment
with those predicted by the Ham’s theoretical model [solid
line in Fig. 34(a}], thus confinming the validity of the model.
The spread of some data can be related to the ervors affecting
Cyp and C,(¢) measnrements. The broken Hnes in Fig. 34(a)
take info account the uncertainty of about 10% in these con-
centration values.

The knowledge of the values of X and C' allows one o
calcalate the radius of precipitates for different annealing
tirees and temperatures from Bq. (74). As an example, in Fig.
35 the results taken from Ref. 431 for 750, 850, and 950 °C
annealing femperatures are shown. It is possible o see that
the value of r(¢) increases in the early stages of the precipi-
tation process, becoming abmost constant for anpealing times
as Jong as 200--300 b depending on the temperaturs.

The experimental assessment of the diffusion-fimited
model for oxygen precipitation in silicon is very convincing.
Nevertheless, an analysis of the data reported in Fig, 34(n)
reveals that some values of [, ()~ C (T~ C") for Kt
in the range from Q.5 to | 20d for beating temperatures from
750 to 900 °C are Jower than the values predicted by Ham’s
theory. This enhanced precipitation has been explained by a
systernatic decrease of the precipitate concentration N with
increasing anoealing temperatore, whereas Ham's theory as-
sames N o be constant. This reduction, confirmed by SANS
measurements,'*® may be dus 1o the fact that as precipitation

sproceeds some of the smaller particles dissolve while the
larger particles continue fo grow. Another possible explana-
tion comes from the fact that the precipitates can assume
shapes different from the sphere, as confirmed by TEM and

Appl. Phys, Rev.: Borghesi ef al 4185
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FIG. 36, Time dependence of precipitate volume for different annealing
temperatuses as determinad from Ham theory (solid Hnes) and from experi-
mental data (30lid circles). Annealing teraperatures are indicated in °C (from
Ref, 123}

SANS results* and widely accepted, which are not consid-
ered in the model.

Wada ef gl., who studied silicon samples annealed for
different thimes at the winperatores of 750, 850, and 163¢°C
by TEM,"™ found that oxide precipitates grow in two
dimensions with constant thickness of about 40 A. The pre-
cipitate density ranges from 10" om ™ at 750 °C to (0% o3
at 1056 °C. On the bagis of these data and assuming that the
resulis of the diffusion-limited theory of precipitation are
valid also for the actual square-shaped platelet precipitates,
they compared experimental values of the precipitate velume
to the predicted function V{T,#) derived from Eq. {77). Fig-
ure 36 shows the results of Hant's theory (solid Hnes) and
experimental vajues (solid circles). In spite of the good
agreement, the extension of the model to platelet precipitates
has not been justified. Furthermore, the two main assump-
tions made in Refs. 123 and 142, ie., that the thickness of
precipitates remains constant dering growth and that the rate
of volume change of a platelet precipitate is equal to that of
a sphere, have been considered to be incorrect. ™% A model
for the growth of platelets has been developed and is illus~
trated io the following subsection.

& Disk precipitales with varying thickness

The sindy of the growth of platelet-shaped oxvgen pre-
cipliates in silicon is of particular interest, since that shape is
favored when the 5i wafers are heated in the temperature
range of device processing. Here the analysis carried out by
Ha" " by applying the diffusion-limited growth model is
reported.

The author starts from the hypothesis that the thickness
# of the precipitates is not constant during the growth and,
that the dm of the disk iz a perfect sink for the excess oxygen
atoms. In this case the rotal diffusion Hux through the disk
surface giving the rate of volume change is

4198 J. Appl. Phys., Vol. 77, No. 9, 1 May 3995
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FIG. 37. Dependence of the aspect ratio R/hs on normalized disk radius
{from Ref. 147).

Vil BRD[C o) — Cox{g:‘j}"" ;; {"Trzh)* {78)
where R is the radius of the disk, V,, is the precipitate vol-
ume per oxygen atom in it, C (=) and C (8= are oxy-
gen concentrations far from and on the Si/precipitate inter-
face, respectively. Considerog that 3t 2 given volume the
disk is the shape which minimizes the strain energy AG,
(see Fig. 40 in Sec. B3 C) while the interface energy AG., is
wazimized (see Fig. 39 in Sec. HI C), the equilibdum exisis
only for one particular value of the ratio R/A, which may
vary with . This value can be found by minimizing the totad
free encrgy of precipitates, obtaining the following ioplicit
relation between R and Ri%,

{RifsY 79

where L is a constant that in our case is equal to (.89 A and
5 is the laftice displacement per unit thickness of the disk
{about 0.24 for Si0, in silicon). Equation {79) is plotted in
Fig. 37 which reports the aspect ratio B/sh vs R/L, Le., the
variation of the precipitate thickness at different disc radil.
Relation {79} can be writien explicitly if the logarithmic fac-
tor is regarded as a weak power function of R/%. Introducing
the average quantity {R/hs) Eq. (79) can be written as

h=s"WLip}'"mR™, {20}
where
12 In{R/fas)y+1n 64—6
T 27 In(R/ks)Fin 64—5° ®1)
and
p= (R sy T3 (Ribs)y +1n 8- 21 (82

Por precipitates with radius very large with respect to the
thickoess m is about /2.

From Eq. (80} au interesting result of the analysis can be
obtained. Substituting that expression for 2 in the total fice
energy of the platelet precipitates, under the assumption of
precipitates with very large R/% (therefore m=0.5) and in-
tegrating, one obtains

Rmiiiﬂ'&-m)ﬂ.tw?’ {33)
which is exactly the time dependence found in the previous
subsection.

Appl. Phys, Rev.: Borghesi ef al,
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. Precipitate morpholfogy

An Interesting feature of precipitate morphology is its
dependence on the annealing temperature. Three femperature
ranges have been related’ 11418150 ¢ the three typical pre-

cipitate shapes, i.e., the needle, the disk, and the polyhedron.

At low femperatures (about 400650 °C) precipitates
grow as needles! HHSI0 yage of 8 high-pressure Si0,
polimorph, which is coesite. In this temperature range the
strain-energy contribution to the precipitate fotal free energy
dominates, since the stress-relieving processes (which be-
come froportant at higher temperatures) play a minor role.

At intermediate temperatures {about 650~-950 °C} disk-
shaped precipitates are typical®*™¥ (although they can be
formed also by short high-teraperature zunealing). Self-
interstitiad emission and disloeation-Joop formation can par-
tally release the surface strain, therefors making the strain
energy less iroporiant for shape determination. Moreover,
strain energy is further dimindshed by the decreass of pre-
cipitate thickness, with the concomitant increase of swface
energy.

At high teroperatures {above 9350 °C}) strain is completely
released and the precipitates take the shape with minimum
surface energy. 1P Bue 16 the anisotropy of interface
snergy. such a preferential shape is the cotahedron with eight
equivatent {111} faces {surface energy of silicon is minimum
in the {111} planes) instead of the sphere.

Alot of experimental resulis, mainly obtained from TEM
investigations, confizm these trends {see Sec. IV B). In the
following a qualitative description of the factors determining
precipitate morphology is presenied and some interesting
conclusions derived. '

1. Precipiiale free energy

The general features of precipitate morphology can be

justified on the basis of thermodynamics, considering the dif-
ferent contributions to the fotal free energy AG,, associated
with the oxygen precipitation process and thelr dependence
on precipitate shape, annesling time, and temperature. As-
suming the precipitaies to be far apart, ie., neglecting their
possible interactions, and studying precipitate formation in
vegions of the sificon crystal far away from other defects,
AG  can be considered as the volume free energy available
for Si0, formation in the regions far from the growing pre-
cipitates and as*™C '

AGEQE:':AGK“}‘AG‘S'”*‘ AG&, (\84)

where 4Gy is the frec-energy contribution associated with
the phase change at the silicon/precipitate iterface, AG is
the free-energy contribution related to the oxygen transpost,
and AG is the excess free energy. This last term 18 associ-
ated with the creation of interface energy A G, strain energy
AG,, and interstitial-related epergy AG, and can be ex-
pressed as their sum,

Aggxﬁ(;yﬁ'ﬁgg“}‘,&gi. (85}
In the following the various contributions to A, are dis-
cussed in detail.

Little iz known about the energy required for the growth
of the 81-8i0; interface. The phase-change free energy AGy

J, Appl. Phys,, Vol. 77, No. 8, 1 May 1985
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FIG, 38, Dependence of energy contribution of () transport on y/R for two
precipitate growth velocities and for short annealing times (from Ref, 150).

can be considered proportional to the rate of silicon oxida-
tion and ouly slightly dependesnt on crystal orientation. AGy
gives in general a small contribution to AG,,,, becauss the
precipitate geowth velocity is small, :

The energy required for oxygen transport to the precipi-
tate surface is a function of the precipifate shape because also
the dependence of C, on the distance from the precipitate
varies with the precipitate shape. AGy can be expressed as 2
function of precipitate shape aspect ratio y/R, where the gene
eral precipitale shape is a spheroid having axes 2R
=2R#2y, and therefore y/R=0 resulis in a digk, y/R=11in
a sphere and y/R=2 in a needle. Figare 38 shows the A
dependence on y/R in the case of two precipitate growih
velocities and for short annealing times. Spherical precipi-
tates clearly dominate, leading to the minimum In AG,. For
long times the AG, coniribution is miniraum for the needle
shape, which is thersfore favored. .- ,

The first contribution to AG, interfacial energy AG,,
depends on the sorface area as well as on the degres of
coherence of the SUSID, interface. Considering a coherent
interface, with free energy per unit area y constant and iso-
tropic, at a fixed particle volume 4G, is minimum for the
sphere, and this maximizes the volume/surface ratio, Never-
theless, since perfect coherence ondy rarely is achieved, the
interfacial free energy is vsually higher with respect to the
ideal case, Por serpicoberent precipitate interfaces vy is modi-
fied as

y=ytg, (86}
\ 1%
i \\ -
b Y
AGy \ T
v \ AX’Z» ///
DISC  SPHERE  NEEDLE
o 1
/R~

PIG. 39, Interfacial energy dependence on y/R for a coberent {1} and for
ag incoherent {¥y) interface (from Ref, 150}
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FIG, 40. Suain energy dependence on y/R {from Ref. 150).

where g depends on the crystal elastic constants and on the
interface degree of coberence, while the AG, dependence on
yiR, Hlustrated in Fig. 39 for both cases, is gualitatively
preserved. o

Interface coherence also influences the sirain cnergy
contribution AG,, ; fopether with the degree of elastic isct-
ropy of silicon and silicon oxide. Given these factors, the
precipitate shape is the only parameter affecting AG. In
Fig. 40 the depéndence of AG . on the aspect ratic y/R is
illusirated and clearly demonstrates that this contribution to
the total free energy favors disk-shaped precipitates.

The last contribution o AGy is the free energy of infer-
stitial point defect formation AG,. In the case of constant

growth velocity, self-Interstitial concentration ) is maxt”

mum close to the precipitate (e at r=rp) and reaches a
constant value for very large distances from the precipitate
{r-—o), The value Cirp) is maximum for diskoidal par-
ticles, lower for needles, and minimuwe for spheres, although
the differences are very small. Thesefore, the AG, follows
the same trend, as shown i Fig. 41 for two values of the

parameter D,r;, where I3, i3 the diffusion coefficient for

self-interstitials and v, their diffusion time. In any case, AG;
is small compared to the other contributions to AG .

2. Influence of annealing temperature and Hime

The analysis of the time dependence of the free-energy
contributions described in the previous subsection gives in-
formation about the most probable precipitate shape during
anunealing, while their teruperature dependence allows one to

\\ DOy <{Dyvgdy

|
@\

SPHERE NEEDLE

(Dﬁ'{}z/——

DISC

0 1
¥R ——

FIG. 41. Drependence of the energy required for self-interstitial creation on
R for two values of Doy (D, 18 the diffusion cosfficient for seif-
interstitials; 7 is the interstitial diffusion me) {from Ref. 150).
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u=tol

FIG. 42, Time depeadence of the different contributions Aje,,
a=K.5, 04, v and their sum Ay, {from Ref, 150}

predict the precipitate shape after a pasticolar annealing. On
this basis a significant comparison with experimental results
can be made, although only qualitative argaments are pro-
posed.

In Fig. 42 the tme dependence of the free energy pe
interstitial O atom Ap, =d{AGH)4C,,, a=K, 8, v, ¢, 1,
tot, is reported. Agpy is proportional fo the growth velocity,

. which reaches a maximum and then slows down for ¢~

when O transpoit is lmited. Moreover, this long-time it
of oxygen transport makes the contribution Agy increase
with time, as shown in the figore. Ay, is inversely propos-
tional to the sphercid axis length R which increases with
time, so that it decreases with increasing time. Finally, 4 g,
tends to saturate for long fimes as seli-interstitials are cre-
ated. From Fig. 42 the shape of oxygen precipitates in the
early stages of precipitation turns out o be the sphere, which
minimizes the dominant contribution Aje,. This conclusion,
confirmed by TEM observations, supports the hypothesis of
the Ham precipitation theory about the shape.of precipitation
puclei,

To study precipitate shapes after long-time treatments,

“ie., in the equilibrium state, the temperatare dependence of

the free energy per intersiitial O atom also has to be ana-
tyzed. The general rend of all Ay, terms is to increase with
decreasing 7, while only 4, shows an opposite behavior,
At low temperatares the growth velocity decreases, conse-
quently the rate of self-interstitial emission decreases as does
Ay, Figure 43 shows all the terns Ap, as fonction of 177
Looking at this figure, at low T' AG; and AG, turn out to be
the most important contributions to the total precipitate free-
energy. From Figs. 38 and 40 AG; appears to give needles,

1

foglap,)

[

YT —

FIG. 43, Temperature dependence of the different contibutions Apg,
a=K,8,a,1,y and their sum A, {from Ref. 150).
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and AG, disks, Nevertheless, the disk shape is related to 2
low stress and coesite, which has been found to compose the
precipitates grown at low temperatures and which is 2 high-
pressure oxide polimorph, cannot be stable, Considering Fig.
38, the sphere should be even more probable thas the needle,
but it should not be favored by AG, for long annealing times
{see Fig. 42}. Thersfore, the needle shape is the ruost Hkely
one for the cossite precipliates, grown at low temperatures.
At intermediate temperatures AG promotes the forroa-
tion of needlelike precipitates. On the other hand, AG, is
minirpum for the disks, while AG,, is high (zee Fig. 39).
MNonetheless, this last contribution can be lowered by a good
coherence of the interface, ackievable along {100} planes by
both cristobalite and amorphous 8i0; . Therefore, amorphous
Si0, disks lying along {100} planes are the most probable
precipitates after intermediate-{emperature annealing.
-Finally, at high temperatures the precipitates are usually
octahedra with {111} and {100} faces. Due to the high oxygen
diffusivity and solubliity limit at ligh T, AGy is very small.
Mareover, stress is almost completely released, Le., AG, is
also small, and interface coheremce is no more critical,
Therefore, AG}. is the only contribution to take into consid-
eration, This contribution is minimum for the spherical shape
when the surface energy ¥ is isoiropic, while a faceting of
the sphere ocours when v is anisotropic {as in the case of
sificon). The planes with minimum surface energy in Si are
the {111} and {100}, therefore, the octahedron resulting from
faceting presents faces along those planes. Thess arguments
are completely in agreement with the experimental findings.

. Phenomenclogy

Oxygen precipitation o dislovation-free single-crystal
siticon can be influenced by many factors, Both crystal chag-
acteristics and annealing treatments performed on the wafers
during device processing are important in determining oxy-
gen precipitation. The main factors fo be cousidered are: in-
terstitial oxygen conceniration, ioterstitial oxygen distribu-
tion, preannealing conditions, annesling temperature,
annealing tiroe, annealicg sequence, annealing ambient, im-
purity and dopant concentration, iropurity and dopant distri-
bution, point defect concentration, extended structural crystal
defects {(dislocations, twins, ete.), and wafer surface condi-
tions.

The ewliest studies of defect geseration during low-
temperature (4501000 °C) annealing of Cz-grown wafers
were based on electrical measurements™ 1% apd R
spectroscopy. 4153 At the beginning the major interest was
devoted to oxygen-related donor states formed upon anneal~
ing. Structural characterization of the lattice defects formed
during single-siep thenmal trestments started to be important
at the end of the 1970s. During the 1980s, a much more
comprehensive study of the oxygen precipitation process oc-
curring upon complex snnealing sequences {such as, for ex-
ample, that simulating complementary metal-oxide-
semicondustor {CMOS) process] was performed by several
authors, 156157

Commercial Cz silicon wafers always undergo a donor
killing treatrent by the manufacturer, and even more cooling
of ingots during the crystal pulling comresponds to a low-
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ternperature treatmert for several hours. All these procedurcs
differ from one manifacturer to another, Therefore, the ther-
mal history of *as-received” wafers can significantly differ
and this explains the large spread in the results of different
studies.

In spite of the mentioned scatfering in the characieriza-
tion results, related fo the high number of parameters infiu-
encing uxygen precipitation, some general wends have been
found and are worth ustrating as 3 “phenomenclogy™ of
oxygen precipitation in silicon, We first consider the effects
of thermal treatments and then the effects of different Impa-
rities and dopants present in the sificon crystals.

1. Thermal history effect

Device producers are extremely concerned about the
amount of precipitated oxvgen and the rate of precipitation
for @ given ramge of initial oxygen concentration.’® % is
often foupd that in wafers cut from the same crystal with
equal initial oxygen concentration and subjected to the same
heat freatment oxygen precipitation can take place in differ-
ent ways. Several anthors have shown' ™! that oxygen pre-
cipitation is significantly affected by the thermal histery of
the sample. The thermal history is generally enderstood as
the iz sitv annealing to which Cz crystals are subjected after
solidification in the crystal puller, varying along the crystal
axis. The temaperature variation along a silicon crystal during
pulling is due to the fact that the seed-end portion of a crystal
spends mote time af a given teruperature than the tang-end
porticn. This variation in thermal history along the grown
crystal  affects the amount of oxygen which
precipitates,' ™% the formation of microdefects,'™ the
minority-cardder  lifetime,'™  and, therefore, the device
yield!® (see Sec. V). Thermal history of the crystal also
depends on the diameter and the length of the ingot, the
shape of the ingot boitom, the pulling rate, the puller type,
the hot-zone configuration, and the time that the ingot re-
mains inside the puller in the course of growth process. An
iflustration of the femperature distribution along the ingot
and in the puller duwring crystal growth is given in Fig. 44 ag
obtained by computer simulation of thermal history by Virzi
and Porrini.'® The thermal history effect is always present:
it is often enhanced by the high oxygen content in the seed~
end portion of the ingot, and is influenced by the high tang-
end impurity conceptrations. As an example, an ingot with a
higher carbon content may show a lower thermal hisfory
dependence with respect to one with lower carbon contént,

ue to the fact that carbon is a possible factor of oxygen
precipitation eshancement.’™ Whether the thermal history
influences oxygen precipitation in the wafers after a subse-
quest thermal teeatment depends also on the initial interstitial
oxygen content Cy, and on the amount of oxygen that pre-
cipitates AC,, during the thermal treatment. In other words,
it depends on the function AT~y vs € for the particular
heat cycle. !5

Io order to reduce the influence of thermal history and
improve the axial homogeneity of oxygen precipitation, sev-
eral different approaches were found and are recommended.
As shown by Fraundorf e al'® the thermal history effect
can be erased to a large extent by 2 high-tenperature anneal-
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