WO 98/ 26459
RCT/ US97/ SEM CONDUCTOR HAVI NG LARGE VghiNEef
OF | NTERI\)ééjgi‘%f:“sﬁANGE ORDER MATERI AL P ‘ﬁfg | ELD OF

THE | NVENTI ON This invention relates to sem conductors in general.
In particular, the invention relates to a seniconductor materi-al having a

vol ume fraction ofSEWﬁ@NP&ﬁ'&QB *I'%M@lﬁ &MBHQH!ME ERACTIONstal lite sizes

10-50 Angstrons) of uf A > BOERMAL. per cent age
required to forma percol atlon path Wlthln the rraterlal
BACKGROUND OF THE | NVENTI ON Wthin a relatively brief tine,

sem conductor materials have FEKD OPFTHE WVENTIONreation of a w de range
of optical and el ectronic devices which have played a major role in the

shapi ng of OUVTMBGA\FEntnEHQeIa'fE@fH séthiceRAuUIERNH Jetlerale ?@ﬁioﬂﬁ? thebeen felt
fromthe battlefield to the playground and fromthe kitchen t'o the cosnps.

| the ealeln MIARETe & S RBAAYSLOmALGTHINALAGa VBRmld Fhiifh By e use of

single crys materi a ese necessity, highly

d d I
0 2 B e TGO R T I Ok 05 8
stoichionetry restricted the ositional range, and hence physi cal
proper t i eSubhotipgisgding, f‘%V%‘BmecEﬁfggﬁt?SF requifachiq fard a perclgtion Aath aithin o

crystalline devices were expensive, difficult to fabricate and limted in

t hei r profhe materal. VWi | e conventional w sdomat the tine dictated
t hat sem conductor behavi or could only be manifested in highly .ordered
materials, it was recognized by S. R Ovshi nsky that the requirenments of

periodicity could be overcone and that
BACKGROUND OF THE INVENTION

Within a relatively brief time, semiconductor materials have made possible
the creation of a wide range of optical and electronic devices which have played a
major role in the shaping of our world. The impact of semicanductor devices has
been felt from the battiefield to the playground and from the kitchen to the cosmos.
In the earliest stages, semiconductor_ technology was limited by the use of single
crystalline materials. These materials were, of necessity, highly pure and
possessed a morphology with extremely regular and long-range periodicity. The
dual and interdependent constraints of periodicity and stoichiometry restricted the
compaositional range, and hence physical properties of crystatline semiconductor
materials. As a result single crystalline devices were expensive, difficult to
fabricate and limited in their properties.

While conventional wisdom at the time dictated that semiconductor behavior
could only be manifested in highly ordered materials, it was recognized by S. R.

Ovshinsky that the requirements of periodicity could be overcome and that



WO 9826459 - L
Pcr/US97123128 sem conduct or behavior is manifested by various disorderéd
mat eri al WO9R645Hi s regard, see "Reversible Electrical RFYVEMTAZ2Phenonena
and Disordered Structures” by Stanford R Ovshinsky; Physical Review
Letters, vol. 21, No. 20, - Nov. 11, 1968, 1450 (C) and "Sinple Band Model

f or Anor semisorgiuctar dredavior isymanifested 'byarints disorderedohatarialsl IfFthiszsche and
S. R Ovshinsky; Physical Review Letters, vol. 22, No. 20, May 19, 1969,

1065 (C) .regarsipsde'Reversible Electrioat SW;tchagamteabrrm énd Bisbaddtedf | ong-range
periodicity. In disordered seniconductors the constraints of periodicity

and st oi el iRREEY b SRarif6RPREOvamifisis muysieaukéwewts.étﬁer@%s 20N, Rbe to place
atons in three dinensional configurations previously proh| bited by the
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tailored over a wi de range red. sem conductors may be
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cost, and as a result many énes of new sem conductor devices have becone
COMMET Ci eﬁﬂajaq!tel@?fﬁ%b)é a 'ﬂPK pf longyaRas Periodieitys olingdiserderashsenaicandudiers thee
generally equivalent to their crystalline counterparts while a second

gr oup nancdrestraingspf perigdigityoqred stoichianhetrty smenremoved archasaadsult, itis now
crystalline materials. As a result of the foregoing, disordered

sem condusdssiblentd piacel storna e thregelimensiondl configarations pravictdiyoprohibitgd eyt
nunber of devices manufactured therefromare in significant commerci al

use. For @%asMite cohstalits oF GPstaiiAé AvabHaALC THAY! & Whol Aew spé@tﬂ&r’nrtﬁ"
manuf act ured from anor phous” silicon and ger mani um based al | oys. Such
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~ has been made available. By choice of appropriate material compositions, the
properties of disordered semiconductors may be custom tailored over a wide range
of values. Disordered semiconductors may be deposited by thin film techniques
over relatively large areas and at low cost, and as a result many types of new
semiconductor devices have become commercially feasible. A first group of
disordered semiconductors are generally equivalent to their crystalline counterparts
while é second group manifest physical properties that cannot be achieved with
crystalline materials.
'As a resuit of the foregoing, disordered semiconductor materiais have come
to be widely accepted and a great number of devices manufactured therefrom are
in sighificant commercial us.-e. For example, large area photovoltaic devices are

routinely manufactured from amorphous silicon and germanium-based alloys. Such

materials and devices are disclosed, for example, in U.S. Pat. Nos. 4,226,898 and
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I nteractions between constituent atonms or nolecules in contrast to. the
restrict eddisplaysr cameras anfh thef likeat ley this: tegard see sk8dPaty No. 4,788,594 pfie

| attice. In the present invention, the advantages of crystalline and

armor phous @wshinsky e al. Disondéred centicoralictarrmatedials ive ales been wspdlim cat i ons
in which periodicity is essenti al to the physics. Periodicity can be
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spatial pattern, such as being graded or nonsequential throughout the
material . B the pregeng inysation.{bp advantages ef C&Stéhf&ﬁuﬁgd @marpleus properties
orbitals and isol ated configurations, anisotropic effects not permtted
in any pri @anthgeombinedifor thasedayides and ppplicatiens in which perioditity $sessential
procedures provide varying geonetrical environnents for the sane at om
or a vari etty toé physios., Pedodicity cahdseplatedrin amanoopldows miatrix thesughutheoundi ng
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utilization of the present invention. The material can include spatially repeating

compositional units, atoms, groups of atoms or layers without the overall bulk

inhibition of crystalline periodicity.

Also, individual atoms or groups of atoms in various configurations can be
provided, which can be combined with other atoms or groups of atoms and be
disbursed throughout the material. As stated, the individual atoms or groups of
atoms, in these materials need not be in a regular pattern, but can have a varying
spatial pattern, such as being graded or nonsequential throughout the material. By
the proper choice of atoms or groups of atoms, their orbitals and isolated
configurations, anisoiropic effects not permitted in any prior type of material can be
produced.

These procedures provide varying geometrical environments for the same

atom or a variety of atoms, so that these atoms can bond with other surrounding
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chemi cal environnents which can be distributed and | ocated throughout the
mat eri al atdmé rediserdrit zbogiationrconfiguratidns Be welleasaumisual nosbgraditg or porti on
of a material can have entirely different | ocal envi ronnments from ot her
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been avoided in the prior art, to achieve benefits which _have not been
exhi bi t ecenvifopmeots fiemathen pertians The Nprving, eleckieria states Eesulfing frem the

repeat ed t hroughout the material in a periodic manner as in the _
conposi t ivanalé spatial patterns whichwre formed and thevasiqusrchemical rawviroementsecause
of the above-descri bed effects the specific types of disorder and their
ar r angemagiich @an bepddsigriedpsan eerrefietted in mamyeparametsrs aseas typelafdidngity hi s

I nventi on cannot -be 'thought of as truly anorphous materials as typically

produced Jyst4tB8 dp'ch@hgébt stateif thb @enefdyegambf b Seffiéehdubtol except thathisn
pl acenent of atons. e placenment of atons and orbitals of a specific

type thatdé%g}s%if hRés Egﬁgé@ﬁhﬁmyt%éﬁ%g | ocal environnent or with one

anot her endi ng upon their “spaci t hr oughout an anor phous materi al
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have rel aﬁw'a er}lsé Iughszing the very concept of irregularity, inhqmogeniety, "disorder" or 4

localized order which have been avoided in the prior art, to achieve benefits which
have not been exhibited in prior materiais. The local environments negd not be
repeated throughout the material in a periodic manner as in the compositionally
modulated :materials of the prior art. Further, because of the above-described
effects the specific types of disorder and their arrangement in a spatial pattern, the
materials as described by this invention cannot be thought of as truly amorphous
materials as typically produced by the prior art since the material is more than a
random placement of atoms. The placement of atoms and orbitals of a specific
type that can either interact with their local environment or with one another
depending upon their spacing throughout an amorphous material and an
amorphous matrix can be achieved. The composite material appears to be

homogeneous, but the positions of the orbitals of the atoms can have relationships '
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whil e crystalline silicon has a band gap of 1.1 eV. is al so |rrportant

to note thgisorderggstasnouill depend sRomdheir nmrahcpiameaadmaé@hemmow

t he correspondi ng crystalline material has an indirect band gap and as a
resul t, theaobeiafféctedbyvarious metheds afprephcationsi Farcexample, ianaeduilibrivn y
hi gher than that of crystalline silicon at or near t he band edge. It

shoul d al sendrmufastide tduhinidues char proeidecd locahbrdes addidrimorphioloby differedibped
anor phous silicon is several orders of magnitude |ower than that of

crystal |'i ngropi tHat YehievedGfith Equifibritin $6chhidubt ahb%svweswsf;mhﬁaﬁg"d the

properties of silicon 5
physical properties of the material. In most instances, an amorphous
semiconductor wili have a lower electrical conductivity than the corresponding
crystalline material and in many instances, the band gap energy, optical absorption
coefficient and electronic activation energy of corresponding amorphous and
crystalline materials will differ. For example, it has been found that amorphous
silicon materials typically have a band gap of approximately 1.6-1.8 eV while
crystalline silicon has a band gap of 1.1 eV. It is also important to note that
amorphous silicon materials have a direct band gap while the corresponding
crystaliine material has an in&irect band gap and as a result, the optical absorption
of amorphous silicon is significantly highe.r than that of crystalline silicon at or near
the band edge. It should also be noted that the dark electrical conductivity of

undoped amorphous silicon is several orders of magnitude lower than that of

crystalline silicon. It can thus be seen that the various physical properties of silicon
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sem conductor materials. : The principle of the present

I nvention resides in the ability to control the | ocal _ order of a
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crystalline state. The npbst inportant and interesting area of th _
present i nventTherprinsipieof thsi presgntdoventiondasidag inethe @@‘“&!dﬂtﬁpﬁtm'ﬂhe locad al
order of a sem -conductor material to produce a material which has
val uabl e grdepef 4 isemi-ctfductoringfesiabfromf thahcarrespendingdoarcompletaly or t he
crystalline states. The various properties of anorphous and

crysgal | i fifiofphbli§ pRase mroughlvaficustther local orgapitatiorisipeluding Mtermediatelevi ces.
The high nmobility of carriers in crystalline silicon is | mport ant

in high S&«agptﬁ@\é‘tﬁw&é e fdcarsrded is'dd Pé?:e‘tiﬂ\‘i‘%fﬂ @Hobt&‘{ﬁét tﬁé b4l

absor pt I on anor pnous silicon 1s 1 dea ovol tai c devices since
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siliconis 20 I deal for a photovoltaic device; however, the fairly w de
bandOgap diffeeard fionveisher the amorpBeys eothedwrgtalioe stalesit it to address the

| onger wavel ength portions of the solar spectrum The use of
narrower band Tl vaniouss piopertiesod taenarphousand otystallinensiticon confer different ces

I ncreases the portion of the useable |ight spectrum and the high
conduct i VbﬁVanthgéﬂﬂmnmldusthevmd IThvechigh nwbility ot eanriees indér$tatiinersilicendg h i n
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crystalline

important in high speed semiconductor circuits while the high level of optical
absorption of ambrphous' silicon is ideal for photovoltaic devices since complete

15 light absorption may be accomplished by relatively thin Iayefs of material, making
for a lightweight, low cost device. In some instances, one property of a given
morphology and local order of semiconducto'r may be ideal for a particular purpose
whereas the value of another property of that same material may not be so well
suited. For example, the aforenoted high opticai absdfption of amorphous silicon is

20 ideal for a photovbltaic device; however, the fairly wide band gap of amorphous
silicon does not permit it to addresé the longer wavel_éngth portions of the solar
spectrum. The use of narrower band gap crystalline material in photovoltaic

devices increases the portion of the useable light spectrum and the high

conductivity, high mobility and long minority carrier diffusion length in crystalline

SUBSTITUTE SHEET (RULE 26)
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and 10 ordering of the clusters allowed themto adjust their band
structure tand Bepasisjve.el ax K vector selection rules. Ovshinsky et

al had found that various physical properties of sem conduct or
materi gl s are deRrevusty Ovshinsky; phal. pyduted rhatesblsowkieh indhgded clusters oft hose
materials are conprised of ordered clusters. This selection rule relaxation

- occurred besw tyﬂi@auy&saweeh azléﬂa 50l @fgstrorAt {irBidnidtet.| Beedl). s heatent No.
I nternedi ate order materla s whi ch was high enough to form
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of the criti t he substanti a
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relatively . ant for di nt t s of ma Lals. There exi st
1D 2°D anROR HerkdH %H;me and amSrayie rmseéfo B Tt | dihe $Thalk B8 A
clusters necessary to reach the thresho | ue, and these nodels
are delfendenrdasing ¢idhe K-'éitﬁéeréfa"PWGdth@rfécﬁdﬂMéh@f ganqt@tructure to theretyargiex,

in a 1-D nodel (which nay be anal ogi zed to the flow of charge carrier

t hrough a t K vector eslection rnuigs.n@vshiasity etnal had folnd thatsvarious physigal prepedies be
100% 7

. of semiconductor materials are decoupled from morphology and local order when

those materials are comprised of ordered clusters. This selection rule relaxation
occurred because the materials inciuded a volume fraction of the intermediate
15 order materials which was high enough to form percolation pathways within the
material.
The onset of the critical threshold value for the substantial change in the
physical properties of materials in the ordered cluster state depends upon
the size, shape and orientation of the particular clusters. However, it is relatively
20 constant for different types of materiais. There exist 1-D, 2-D and 3-D modeis
which predict the volume fraction of clusters necessary to reach the threshold
value, and these models are dependent on the shape of the ordered clusters. For
example, in a 1-D model (which may be analogized to the flow of charge carrier

through a thin wire) the volume fractions of clusters in the matrix must be 100%

SUBSTITUTE SHEET (RULE 26)
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(whi ch nmawyolesnessewed as substantially conically Fonusdreiessters

ext endi ng through the thickness of the matri x) the volunme fraction
must be about 45%to reach the threshold val ue, and finally the 3-D
model (b fhadfPineRfirashBIEVEIE IR 1A LA el \whilgh Fidy o vl & s S N a
sea of \rlrma?(riig?( nater{éaér) t he vol une f r'aco'éﬁl ox need o’ﬁ% e about 16-19%to
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10 vol une percent for filanmentary clusters. The instant

i nvent or Jingly hend madsh(whien may:ke vigwed; ascsubstantiali, sphesicghalusters

percent of the internediate range order material (i.e. the ordered

cl usber s)ina $aa ofawnatrix material) ghe yelume:fracticnchegdonly deraliouh 46<9%td | v
decoupled) differ frommaterials with no i nt ermedi ate range order
mat eri al .reatie e theeésholdivaluer e particularly useful in the 15 f or m of
thin filns used in devices such as: photovoltaic devices, thin-filmdi odes,

t hi n-fil m tranyiepdfors the iRiterias ARicRised dhidCclaimed in U.S, Patent No. 5,103,284 :
SUMVARY OF THE | NVENTI ON The instant inventors have produced

hi gh qual hdys é&qa§§ti {Bl!lﬁvﬁfugﬁ ?Jra]rtcgir\i n%ﬁﬂférm%@iat% réﬂgregée?pgﬁh%iérf&l fdincl uding a

vol unme percent of regions I at e range (I RO
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prepared by PECVD using differi ng amount s of hydrogen dilution to
8 The instant inventors have now found that materials including any volume

percent of the intermediate range order material (i.e. the ordered clusters) will have

properties which (while not necessarily decoupled) différ from materials with no

intermediate range order material. These materials are particularly useful in the
15 form of thin films used in devices such as: photovoitaic devices, thin-ﬁlm diodes,

thin-film transistors, photoreceptors, etc.

SUMMARY OF THE INVENTION
The instant inventors have produced high quality non-single-crystal silicon
20 alloy materiat including a volume percent of regions of intermediate range order
(IRO) silicon alloy material up to, but not including the volume percentage required
to form a percolation path within the material. The remainder of the material being
either amorphous or a mixture of amorphous and microcrystailine materials. The

materials were prepared by PECVD using differing amounts of hydrogen dilution to

SUBSTITUTE SHEET (RULE 26)
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material . WO 98/26459 The silicon alloy material additi oR&TPT MR} des
hydr ogen and/ or a hal ogen, such as fluorine. The material is
preferably in the formof a thin film which is useful in devices

such as phgiredeed Materiiay comtainind difesng aruntsstDIRO neatdrials .
phot or eceptors. _ 1 _ _ BRI EF DESCRI PTI ON OF THE
DRAW NGS The silicon &lldyUh8telial Sdditiordig Mohaed ﬁg{drbgéﬁ BB hAbged, on
m crograph (TEM of a reference silicon materral produced using no
hydr ogen di iong <1 i Fi d ' - a

%,,E:&: ég’%glu.égré%. <The material ll% t/:&‘fél‘aab?y 'h%ﬂgt@:ﬂ? gr‘% th n?‘h@é s

reference h 0 ITTcon a pro usi ng | ow

hydrogen dil ution;, . Figures.3 and 4 a riaght-field and
dark-fiel d dssfdl ‘"rdéé’lf@étﬁ"\‘f@li?,PW°“a°’tg'° gev'ce%glmﬂ&aeﬁvﬁam 18%on al | oy
mat eri al according to the instant invention produced usi ng high
hydr ogbn di Phetpeaceptors Figure 5 is a (magnification: 3.63
mllion x) bright-field TEM of the hydr ogenated silicon all oy
material of figures 3 and 4, specifically illustrating that t he

material of the instant invention contains |IRO material;
Figure 6 is a (rmagnifi cat i BRIEFDESCRIRTIOMOF) THEIDRAWINGSd TEM of a
hydrogenated silicon alloy material according to the instant invention

produced by 20 rigufFF\®aUsright-fiieRdtralBniyslon ersttrdhl micradrap®TEM) of a
Figure 7 is a (magnification: 3.52 mllion x) bright-field TEM a

hydr ogenat e e Qi ' ' | il ant i nventi on
o oduced by e1erero8 Sick fefal fioAted GERG oy drgbet ik
9

10 Figure 2 is a bright-field TEM of & Retdrehtd hyaFdehatdd LifcarPanoy

material produced using low hydrogen dilution;

Figures 3 and 4 are bright-field and dark-field TEMs, respectively, of a
hydrogenated silicon alioy material according to the instant invention produced
using high hydrogen dilution;

15 Figure 5 is a {magnification: 3.63 million x) bright-field TEM of the
hydrogenated silicon alloy material of figures 3 and 4, specifically illustrating that
the material of the instant invention contains IRO material;

Figure 6 is a (magnificatioﬁ: 2.64 million x) bright-field TEM of a
hydrogenated silicon alloy material according to the instant invention produced by

20 PECVD using medium hydrogen dilution; and

Figure 7 is a (maghiﬁcation: 3.52 million x) bright-field TEM a
hydrogenated silicon alloy material according to the instant invention produced by

PECVD using high hydrogen dilution.
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WD 98/ 26459 :
PCT1US97/ 23128 DETAI LED DESCRI PTI ON OF THE

| NVENTI ONO 98/26459 The exi stence of internedi ate ranBEr/g$adas2g| RO

mat eri al has been known since at |east 1981. See for exanple a paper
co-aut hored by one of the instant inventors, S. R Ovshinsky,
entitled "THE NATURE SETANEDRDESCRIETRONIGF THE INVERDEBN N S| . F: H. (P) ALLOY
SYSTEMS', Tsu et al., Journal De Physi que Col | oque C4, No. 10, 42,

pp. C4-269- 72Tn%&%i@{ceJo?ﬁﬁtenﬁ@&iaié‘fdr@@_torbéwcf?g?h%tbﬁéiehas been kRGWH

I nvestigating t eposition of silicon mater s by plasma enhanced

Cren ol sinee atledRNR | SRSt RBmipie e YBher 608LMHoRd B 3nb3rihe Rilfary Or POSh

(M e ntly f I nvﬁstlgated eposition using high
SRR RS AR RS e TR 8 WRRRETE e

HYDROGEN DI LUTI ON', Y. t al . JMater] h Soci et
Symibs i 0ARDEEIBSHELT (UL D% 5YSIENE: 3 2t abodaumal e Prysias  ybrocen

DI LUTI ON EFFECTS ON a-Si: H AND a- Si Ge: H MATERI ALS . PROPERTI ES AND
SOLAR CEIColloBme GAVANCEO, 4R.ppt CA1269-12:1Qqtekari 188dl Thesinstantiniyestoss baven
Anor phous Sem conductors (I CAS 16), Septenber 1995. The

| nst ant ipeemrinvesticating theodepasitioh ofhsiliconamaterialyrbyhpldsmacenhanted chemital i ng
CVD deposition of silicon results in materials having volune fractions of

i nt er medi dpRr dapastion (RECVDRFPomaisiane|Si,HEh and mytirstieni (P NOres rdbevitly al o
found that these materials, while not having the decoupl ed

properti gﬁggfnaw %J&‘t‘i&étbtahﬁp%itibh %s;n%lfhign h?drﬁjo%n Rdtidrt saé ’foﬂ%%éoper ties

whi ch ar hanced over ose material s whi cl _ ave no |
e 55t 2! STARILTY STVPIES O HYBROGERIEPAMARSHERA shicoraa.oycer (1RO
o ver o380 b CEEESRAPEREN R T progEN DRTTAESVaRl ofaP) Hikils' ©
10 Research Society Symposium Proceedings, Vol. 336, pp. 687-92, 1994; and
"HYDROGEN DILUTION EFFECTS ON a-Si:H AND a-SiGe:H MATERIALS
PROPERTIES AND SOLAR CELL PERFORMANCE", Xu et al., International
15 Conference on Amorphous Semiconductors (ICAS:.16), September 1995.
The instant inventors have now found that very high hydregen dilution during
CVD deposition 6f silicon results in materials having volume fractions of -
intermediate range order (lR(_)) material. The instant inventors have also found that
these materials, while not having the decoupled properties of the materials of the
20 5,103,284 patent, have properties which are enhanced over those materials which

have no IRO material.

As used herein, an intermediate range order (IRO) material shall be defined
as a material having atomic aggregations of very short range periodicity, and
comprised of a plurality of highly ordered, relatively smali atomic aggregations,

25

10
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WO 98sf 459 ' PCr1US97t 23128 0
typi‘eal Iy extending no nore than 50 atomic di ameters. The {4‘? | Jjensi ons
of t "WORBEat i ons in these materials will depend upg’?ﬁ‘ A i cul ar
sem conduct or material in question, but typically they are in the
range of 10-to 80 angstrons and preferabl y about 30-50 angstrons. The
| RO neg er i aypicdlyvextending inodnore thaariD aadt diameters. d€he @xadtadimegsibnsof an

oal "o ohe bptaaaiphE s Bl shend aon o ARriclr SRl
| ong range magak) |nad1£bsttnbﬁrﬁitqyﬁcaﬂyaihby¢a?e I Aitge 10 eec éﬁgét?drhs BAd

state do not becone the determ nat'ive factor of the materi al properties.

In the prefamblvrmb@ut 2050 angstomsd The IRGdnatsdalshpavesa ae@ocﬁdtma lagal

flexible t icity. 10 _

Sanpl es wer‘%% QgS"B% fro;{r? éﬁd’)@ rggél%r‘lég%% 9 %ﬂsﬁgﬂﬁﬁﬁﬁ%ﬁgbf hydr ogen
dilutign to pr odnaee mmoanawnalscwaaomengs drdp‘agateagbmmwstmméactmmuﬂtl al .
The osition paraneters of the sanples_are given in Table

TABLE 1 becommg long range order; @nd tngrefcgg, lattige constants of the crystalhne

Eﬁg\?\/‘ e# 0§t§t’e‘8§% é&@ﬁe&&%@ tH@ééte%%%é&%?é%épéﬁtg%gréétegﬁgé‘pfb}%ﬁxe"é Inthe [err]
(scem * IRO mdgteritisythedmmd) lengihs 3@ anggles are magh me® flexitde tharoin2  49. 2

49. 2 0 , tt) .5, . 5 5 5 5 1.8 1.4
1.5 2 materﬁé%gggﬁvl\ﬁrﬁyq]" eeaeﬂ?%'c"? (Al see)

0.25 10.55 0.8 Sémé!es were pre&&nm bePEENVD ustﬂ%lﬁfﬁén%o&ﬁg ofl@@rogbﬁo 150
300 300 300 Pressure 1.5 1

1.35 1.35 dliut@g to _pgoduce matend?s centgining differing amounts,/gf (R matefizio The 11

i crooryst , CoPgOnpatlet dine spmpid dre glen i Tabig 1. YOIV g

Factor (i n|t|al) 0. 72 TABLE 1. 68 0. 65 0.55
Fill Factor o7 LL(TGQ_’W BOD[ LL [ LL | LL lermanl. R
0.61 E 53?5“91'9# 1208PezB51 90 Proddi2o1 | 1223 |B013 | 8035 18014) 555,

15. 4 4 b yert-hrtkmess A 2064

4200 % 20&@3&%? 0.4 359t 0.8anPl28 | B2 | 8357 A3 ¢19.55qi%ht esztlﬁe
rll_25 .

Plowrate gy AN E N R B A PR C A B

PcT/ Usvr/ 23 RF Power (watt) | 5 WP d thelebarke & Vard ety & | nb@hddsd dy Znhilch
the materi a{f@&ﬂostﬂﬁé patespnt

D

20 (Alsec) i 0251055|08| 1.4
Dep. Tef,'(‘:pe’at”'e 150 | 150| 150 | 150 | 150 | 150 | 300 | 300 {200 300
Dep. Pressure
(Torr) 1515|1515 |15 1.5 |1.35|1.35 [|1.35| .6
25 Volume % IRO | 9-11 11% 2-4 |12-14/15-17|18-20|8-10| 56 | 34| ©
Volume % - :
| microcryst o | 0 | 1-3 |20-22/50-52|37-38| 6-7 | © o] o
Fill Factor (inial) | 0.72 0.68 0.65(0.55
Fill Factor
30 (degraded) 0.67 0.61 0.55| 0.46
Degradation (%) | 6.0 1.3 15.4] 16.4
i-layer Thicknes )
¥ ( A; S 12000 4200 4200} 4200

“Except sample RF §3§7 which indicates the flow rate of mono-silane isiﬁ‘).
35 :
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i nvention may be prepared (i.e. thin filmdeposition techniques such as

| aser abl ation, sputtering, chem cal vapor deposition, plasna ‘
deposi t | W0 9826458sses, and . evapor ation processes) PERUSAIZBIZBref erred
is plasma enhanced chem cal vapor 5 deposition (PECVD). The instant RF
PECVD nmethod is normal in nobst respects . except that the tenperature

is controlledyp@ thBre Bdd Qaiéty &f mutheds b Welch the \tRatérials of the ﬁl’éﬁht For
exanpl e the hydrogen to disilane ratio is typically greater than about

98:1 and; \?er{%ﬁf p}ﬁsu %br%fa?@&@e ttﬂﬁ'ﬁhﬁ?f?gbsiﬂgn %ecfhnlques such as las eThe cri t ' cal

el enent any de cess i s contr crys si ze

: ig?ﬁet"mﬁa‘?’%nt S5t A +m*°% ts%?gsd&ﬁ%lﬂ&?ﬁ%?@%@@&f8&@&5%&%%8%'%?@?3 | ar ge

nunber of nucl ei vvi erl al haV| a l.arger vol une
fraction %PPFQGPMS??Séﬁsl e b PrataiTed 18 Plasmiagaliafice thaminl YBRRY ant

pl asma deposition process, a forward reaction takes pl ace I n which
t he r ectﬂﬁp@ﬁltlgadpéﬁé/@)esm igptaph BFi REQ¥RIpihodds ﬂB"’??'éF dnestgespastsi | i con
15 deposit. This process al so includes a reverse reaction wherein the
hi gh except thahthentemperatureis ¢ondroigd and dbe hydroigen dilutiomtenel/isdeppsi t ed
silicon to etch away that silicon and regenerate the gaseous

speci es. HGROFol eRamph el ydeodemtot disianefratidi¢s typically gredter thanabelt t he
forward and reverse reactions. Addition of high concentrations of

et chant ”@é?rdn%hs(dre@radlw feistthan @BBEC9Y:YP the etching process and thereby
sl ows the rate of” deposition and enhances IRO material growth. In

addi ti on t O, Ofpd &ﬁfc‘égglem t of any %p&ﬁﬁor{ BroRe8s theonbl @F&?f\@ﬁlf&?ﬁé' es

such as fluorine my process to sinmi y noderate

dquﬁ' ti Ofch agggzsgp éhemm)atenal in the m%@?h'eﬁ:na'té'?é@% 6r'agr BQ@(#?{Y&{ &% ffle iy ut i on of

t he react Crea |on of the

Ilgt ermedi at eerraﬁﬁ?fc‘g%rﬁ%ergg airly. ngdg%gwa, Bn a very large number of nuclei will

F %-rrg S?Zlé%%ﬁgpta material ga\gﬂg éggt‘getfﬂg{unp%;ra&mnl of lﬁrbt Pr\ra?erxa?\{herelcr)\u nlgo that

example, in the instant plasma deposition process, a forward re_action takes place
in which the precursor gas species di_silane is decomposed to yield a solid silicon
15 deposit. This process also includes a reverse reaction wherein the high
concentration of hydrogen reacts with the newly depogited silicon to etch away that
silicon and regenerate the gaseous species. Deposition rate is a function of the
balance of the forward and reverse reactions. Addition of high concentrations of
etchant material (i.e. hydrogen), speeds up the etchiné process and thereby slows
20 the rate of deposition and enhances IRO material growth. In addition to, or instead
of the foregoing, other etchant species such as fluorine may be added to the
process to similarly moderate deposition rates.
While increasihg the hydrogen dilution of the reacting gaseous mixture

increases the volume fraction of the intermediate range order in the deposited

12
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~ .beyond a certain hydrogen dilution Ievel ~an increase in the hydrogen

dllutlon I é% 6459 causes mcroc.rystaIIIne. material s toppfudepafigt €d i n
ever incre ol urme fraction. This in turn can lead to a

reduction in the volune fraction of the RO 5 material. The instant

I nventors have also seen that this dilution |limt is tenpe
sensi t i ve. MAtefal; the "t‘ﬂ@"HW’E'E“PB?IhFYQTfQU"é‘ttth them is ﬁﬂ'@"t‘@ﬁﬁ@rﬁf e 'Bat 500

[err] C seens to be mych lower than the limt at about 150 [err]C.
Ther ef or e beyent] asensin hscdfogere dilution levelhaaringreaselin thei hydrogencdiutiontievele
tenperature and ot her deposition paraneters which effect the
deposi t i oncaases midnecrystaliine matedaisdo by dépiSitedtieeverl increasing valdme
deposited nmaterial can be controll ed. VWil e fluorine

functions gacéh eTRIRAAtUMPERT iedl th@ rEYlREG i ﬂfey@diahesﬁazenbﬁ of the IRO and
hence all ow for the preparation of the RO material of the present

| nventg on, material THe 'fistink ﬁﬁfeﬁt&g hfaI/HOJIédIEeﬁi(fh"ag%Q%ﬁg{Hhshrhﬁ Ii&lﬂfj) diatuife

si npl e et ch Fluorine is super en an suc

ef fects not at ain b SOQEN Or ot her
hal oge?\s i V%Ieggéﬁs ﬁhe Q@I@E‘MI 392 ggt?#ﬁeteggggatyg éféabd s 5’?8\; de a
diff t, d I d t I d t t th

ize " b5 My GHATAN g BNt FtboubAEP B THeEeloEn 51 SRR SRR al
Fluorine also reacts with devi ant nor phol ogi cal and el ectri cal

states as thygyoganedifulipRetie; substiate tanepgrature and other depasition pasa@etarsng t he
bul k electrical properties of the material. 20 Ther ef ore when
used i n depaiich ieffact theutepiositiopirates the velunie fragiiont cfiRO oiaterial in the t he
deposition of the material of the present invention, in the plasma or vapor
st at e10 deposiiéd wedtérigicanrbe bentsalledace of the I RO material, in the bulk
of the RO material and at the interfaces between the IRO materi al

and the renmai ndeyhid filidndinetiond as lah @ttRanht material to Med&RRLEYSiaR grdvith
reduci ng the density of defect states in the gap of the material.

13
beTr Bo7/ 2 ARG fittine preparation of ine IRQ material of the present Inventions 1+ i

general ly ppf &3l & fllithe' éxtdfd beyond its role as a simple etchant. Fluorine is a

superhalogen and as such exerts effects not attainable by the use of and amount

15 of hydrogen or other ﬁangens in the deposition atmosphere. Fluorine acts to
provide a different, and improved, local order in the material and to confrol the size
and morphology of the intermediate range order material. Fluorine also reacts with
deviant morphological and électrical states as they are formed in the material
thereby moderating the bulk electrical properties of the material.

20 Therefore when used in deposition, fluorine plays several important roles in
the deposition of the material of the present invention, in the plasma or vapor state
as well as on the surface of the IRO material, in the bulk of the IRO material and at
the interfaces between the IRO material and the remainder of the material. It also

is beneficial in reducing the density of defect states in the gap of the material.

13
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noder ated, for exanple by dilution with hydrogen. Turni ng now -
to characterization of the sanple materials, Figure.1l is_a I
(magni f | WAIBEA593 63 million x) bright-field transm ssi ofCHPRIEER

m crograph (TEM of 5 a silicon material (Sanple # RF 5357) produced by
PECVD at a substrate tenperature of 300 [err] C using no hydrogen

di | ut i on.Flgonine is eenysactive etehast material andiicisganapailyi prefesahle dbat it bat t he
material is purely anmorphous with no signs of any i nternmedi ate or

| ong r angaodéerdésd, for éxamplé by rdilation ththydrdgeman dat a present ed

herein below). 10 . Figure 2 is a (magnification: 3.63 mllion x)

bright-field Tighhiag row to charactBibtieticsfahe damld materitlis, BigurBtesial (Sanpl e #
8014) produced by PECVD at a '~ substrate tenperature of 300 [err]C

using | O‘Q(tnﬁ%’giﬁﬁ&ﬁﬂn:dé.b?frﬁiﬂl Plxg'bgpil\ﬁé?%‘séfl yié%fon'elﬁctron' aégggfgpﬁr(?ﬁm% it is

clear th e nmateria anor phous, exhi bi t
i ' pp=Yol Ei 3 and 4

ometir o Pt MR SRR AR 595 okt pu pECyp ot SuBHESS 7, 20 T
tively, of ted Sili |l terial le # 8013

or oduced prseyes af 300 6 EeRadie rarmier ali ofrosbe RRUSRAE gh hyd ogen

dilution. Froma perusal of the mcrograph it is clear that the materi al

cont ai ns Wéaragraph it is clegrthafthe Ipaterialis pyrRly Aperehous With nasionsefranvous”

material. It should be noted that 20 at this magnification the I RO

mat er i al sintermegiateor dengrange order (a fact born atit dpyrthe Rammam dataepreséntedt i on:

3.63 mllion x) bright-field TEM of the hydr ogenated silicon all oy
mat eri al bérein belowy. 3 and 4. From a perusal of this - mcrograph it

is clear that the material contains mcrocrystalline, anorphous and

I][?O1Elateri al . figard R guinaghificatior? 3dEmillion hﬁbﬁ@ﬂfﬂéwTENﬁoﬂlﬁ\N&r | eft cor\r/l\g
(0] t he

?fé/T }2 gégg-l%%rggenated silicon grllg)é P:g%r_ial (Sample # 8014) produced by PECVD at a
substrate temperature of-SOO °C using jow hydrogen dilution. From a perusal of
the micrograph it is clear that the material, while still mpétly amorphous, does
exhibit some signs- of intermediate range order.

15 - Figures 3 and 4 are (magniﬁcation: 400 thousand x) bright-field and dark-
field TEMs, respectively, of a hydrogenated silicon alloy material (Sample # 8013)
produced by PECVD at a Substrate temperature of 300 °C using high hydrogen
dilution. From a perusal of the micrograph it is clear that the material contains both
microcrystalline and non-crystalline "amorphous" mateﬁal. it should be noted that

20 at this magnification the IRO materials cannot be seen.

Figure § is a (magnification: 3.63 million x) bright-field TEM of the
hydrogenated silicon alloy material of figures 3 and 4. From a perusal of this

micrograph it is clear that the material contains microcrystalline, amorphous and

IRO material. The IRO material can clearly be seen in the lower left corner of the

14
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Fiegure 6 is a (magnification: 2.64 mil¥iopix) bright-field TEMof a
hydrogenated silicon alloy material: (Sanple # LL1208) -prodt@ggsﬁmﬁEC\/D at
a s‘ﬁﬂgg’#ﬁ%% tenperature of 150 [ert]C using medi um hydrogen

dilution. Froma perusal 5 of this mcrograph it is clear that the
material contains RO material, which can be seen as serpentine
order ed ar 8€rograRrMhe ni cr ogr aph. Figure 7 is a

(magnification: 3.52 mllion x) bright-field TEM a hydr ogenat ed

silicon alloy mhtgure & is(eaShmagnificatinn:1 2.54) milliondx)derighb-fielBETEM cfta a
substrate tenperature of 150 [err]C using high hydrogen dilution. Froma
perusal of hlyﬂlﬂ)genhtédssim:drf diipyaphterial (Samplea¥ LL1208)tgreducEdchy RECMD&Ba NS
m crocrystalline, anorphous and RO material. The serpentine |IRO

material c rtedh tSREBE 150 Mg 8hivef hyd ditlifigh. "Ffon? @' pettisal
In additio%%tbg{rt e e\ﬂé,aélénce of the TEMNE, t‘he isr’\srtogﬁ? iI n\'/entors ha@ég ?Jsed

Raman gcattegrd.ng.: ' Lt b A C

tr anovhr e Of L Inicfoc At % gt Rude e FiERI GRERE R Gmalbel, lricrElh o
thin filmhydrogenated,. silico roduced by PECVD at a substrate
terrperaturesyeﬁf‘ %&)ﬁef&ea% 9%@%6@55’1 'Q:}Bg micrograph. hydrogen rati os. One of
t he sanpl es was deposited _usi ngﬁno nydrogen dilution ) of the silane
(Sanpl e # RF 5357). Tigu8i/higa magniications 3p2 wjlignoxhbrighidield TeM a -
~using differing values of hydrogen dilution of the silane in the deposition
m xture 20hydrogenated siigpn @KOBUmﬁ,!riam@aﬂwlﬁj#smzw)esmuﬁe@bvﬁE.C\FE@fnat he
Raman spectrographs, the inventors have di scovered that as the
hydr ogen di substrate tefmperatse lofind0i°Gousing bigh hydrogen dilution. TRbopealpessal b f r om
the typical "anmorphous” 474 cnjerr] up to about 482.3 cnferr] for

the hitghl y hid micz6graphnit B didarcthaBthbSateldil contaims! ticrodristalihg hdiobhbus ed
sanpl e (8013) shows anot her peak centered around 517 cmferr]. This

addi tional ae@kROSmaterial. The serpentine IRO material can clearly be seen in the centek%f
WO 98/ 26459

PCTuS97/ 231¢8 mﬁ:rogrﬁphat”i butable to the mcrocrystalline inclusions which
are forned In this gh

In addition to the evidence of the TEMs, the instant inventors have used

Raman scattering to characterize the deposited sampies. The silicon transverse

15 optical (TO) Raman spectrograph peaks for four samples of thin film hydrogenated
silicon produced by PECVD at a substrate temperature of 300 C and varying silane
fo hydrogen ratios. One of the samples was deposited using no hydrogen dilution
of the silane (Sample # RF 56357). The other samples are of silicon deposited
using differing values of hydrogen dilution of the silane in the deposition mixture

20 (i.e. Samples 8013, 8035 and 8014 respectively). From the Raman spectrographs,
the inventors have discovered that as the hydrogen dilution of the silane increases,
the TO peak shifts from the typical "amorphous” 474 cm™ up to about 482.3 cm™
for the highly diluted sample (i.e. 8013). Additionally, the highly diluted sample

(8013) shows another peak centered around 517 cm™. This additional peak is

15
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3

tenperature, high dilution sanple. (See the discussion of the TEM

phot om crographs her ei nabove.) The shift o eak fro'fn
474 cm [ WO 98/268% 0 about 482.3 cnierr] appears to be 5 LC&EE?#%?%

her et of ore unrecogni zed feature. This feature appears to indicate the
presence of RO material. That is, the Raman data indicates the presence of
areas of Afripatadit e’ mitrécryétaliifie arictusionsl Wiith tdheforened idithisenigint fr om

m crocrystalline inclusions. It is believed that the RO inclusions are

10- 80 iftiA sAirpid © 38 HEdidcustioh shBeTRM ne chains. 10
A conparitggnr?eg%a%zmﬁ% pleaks fﬂor the high hydrogen dilution sanple (8013)

and the %&%(rq[cp&&gﬁé hglt%'imogggpl e (RF 5357) superinposed and aligned by
n

t he - aser prasma 11 nes to the same graph shows that the TO peak

of the high- drogen-diJ uti ) le 1  Rcl ud

m crocrystall i he ?!E%p?? e i%&ﬁa%iq"(ﬁ?eﬁﬁp%(a%gugm‘gﬁmfsgﬁ%%@é%pi n the
no- hédrogen-di | ution sarpol e (RF 5357). _The con|pari son .15 . . also shows an
addi Bi onalfopenhertofgiunregeanized iaatyre, his, featurg APRSAE 9 iRdicate ths-
hydrogen-dilution sanple (RF 5357). Simlar conparison for the nmedi um and

| ow” presence, of 2 matenial: i dat anfhecRaman sata indicajes thairrasencereft t he 490
cnjerr] peak truly exists. ' Anot her sanple (LL1208) was nade
usi ng hi gareagdf ogderedirhaterials which Bowsmalier than apdisdifferantfromnper at ure (150
[err]C). This material has a TO peak of about 482 cnferr] 20 . and no

i cr ocr y siridrbirystafitiekincliisionfatas believid that ihei IRD reiusionsRibeL80 i al peak.
The sem conductors of the present invention nay be prepared froma | arge

nunber of Aﬁgét?ddw%rfstQMstdwupﬁ Rt BépeAfiid BhdiAsa W de variety of
sem conduct or devices. Wiile the foregoing discussion was

BopiChat | ons, - RenRetsR of BOERD, fekSYor tre figh by HRHHR UMK sdnpieqeonSy! ©

I pl es herein

16 d the no hydrogen dilution sample (RF 5357 SipEhipossiaha(dfighGa §)ine

WO 9812648

PCr 1US971 a?’sle%%lasma lines onto the same graph shows that the TO peak of the high-

hydrogen-dilution sample (8013) includes a mic’roc'rystélline peak at about 517 cm™
~ which is not seen in the no-hydrogen-dilution sample (RF 5357). The comparison
15 alsd shoWs an additional peak at about 490cm™ which is not seen in the no;
| hydrogen-dilution sample (RF 5357). Similar co‘rhpari_son for the medium and low-
hydrogen-dilution samples respectively indicate that _the 490 cm™ peak truly exists.
Another sample (LL1208) was made using high hydrogen dilution and low
‘substrate temperature (150 °C). This material has a TO peak of about 482 cm™
20 and no microcrystalline peak. The Raman clearly indicates an IRO material peak. -
The semiconductors of the present invention may be prepared from a large
number of materials and they are applicable to a wide variety of semiconductor
devices. While the foregoing discussion was primarily concerned with silicon alloy

devices for photovbltaic applications, it will be appreciated that the principles herein

16
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.disclosed may be sinmilarly extended to othér types of devices, such as:

thin-film di odes, thin-filmtransistors, phot or eceptRifysofisizg and

ot her mat QW2459%,ch as: al l'oys of silicon with germanium carbon,
oxygen, etc. and doped silicon. The . foregoi ng draw ngs, discussion
and description are not neant to be limtations upon 5 the practice of

t he presendis¢losehmayrbebsimilatly extandetdaothardypes of devices, tsuehfast thindilng
clains, including all equivalents, which define the scope of the invention.
17 diodes, thin-film transistors, photoreceptors, etc. and other materials, such as:

alioys of silicon with ger'ménium, carbon, oxygen, etc. and doped silicon. The

foregoing drawings, discussion and description are not meant to be limitations upon

5 the practice of the present invention but illustrations thereof. It is the following

claims, including all equivalents, which define the scope of the invention.

17

SUBSTITUTE SHEET (RULE 26)



PCT/ US97123128 WD 98/ 2659 W Caim 1. A high quality
non-si ngl e-crystal silicon alloy materl al—conpri.si ng: n3 I ons of
i nt er reAWQ98264¥nge or der mat erm,‘ ? to but not incl udi ﬁ&Tf"ﬁg ol une

percentage required to forma " ﬂm& within the material.; and
t he remai nder of the materi al phous or a mxture of

armrphouéNarQ:lalm crocrystalline materi aI S. ~ The silicon alloy
material of claiml, wherein said silicon all oy mat eri al addi tional |y

i ncl udes 1at | éabighcm@lityfnqw@lnglgeﬁwstatisilicdmaltwenaterial ca@nprisingthe silicon
alloy material of claim2, wherein said halogen is fluorine. ~ 4. = The
silicon all oy regibes n&lntermedlaierradge ofdsrenaterali up to butynotedcetuding thes in the
formof a thin film The silicon alloy material of claim4,

wher ei n Saluiné pefcentdds ¢ uiréa% mhata breolatitrPpath MAHIP H haténa«ﬂeuhae 6.

The silicon alloy material -of claim wherein said thin filmis

ted t
;T‘Corp%‘g‘ ed Ittééo Eérg ggr engtngrrﬁh@%s} bapgrean& 5&18!‘ nq%a?-aonﬁs&wee&fep or.

re| n sald 1 nternedi ate
2Nge 0T AghorphbGd BAB tnRFRnARAIRTE Mdtéridis. !t o S-

2. The silicon alloy material of claim 1, wherein said silicon alloy material

additionally includes at least one of hydrogen and a halogén.
3. The silicon alloy material of claim 2, wherein said halogen is fluorine.

4, The silicon alloy material of claim 1, wherein said alioy material is in the

form of a thin film.

5. The silicon alloy material of claim 4, wherein said thin fiim is incorporated

into a photovoltaic device.

6. The silicon alloy material of claim 5, wherein said thin film is incorporated

into one of a diode, a transistor, or a photoreceptor.

7. The silicon alloy material of claim 4, wherein s?id intermediate range order

regions are serpentine clusters.
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WD-98/6459 8.  The silicon alloy:mat&rial of claiml, wherein said

regi.ons of internediate range order sil icon alloy natepd sAhB81281 t her
1-D and wWep822648% une percentage . ranges from8'to less than 100 % 2-D
and their volune percentage ranges from8 to less than 45 % or 3-D and

their volu I . 0 The
silicon alTloy ma'? {I@?ﬁa{l@fﬁ'ﬁ?&ﬁﬁ%ﬁﬁéﬁg n@glrédnggd reg%n%%’?f mterﬁ%"t%ce"ralteal al so
|1ngl udes atanlgeeagrtdergg |con aﬂoy maélténarparec aeEthP 1 Wang )§I¥eqr volume percentage

ranges from 8 to less ihar'i 100 %; 2-D and their volume percentage ranges from 8
to less than 45 %,; or 3-D and their volume percentage ranges from 8 to less than

19 %.

9. The silicon alloy material of claim 1, wherein said silicon alloy material also

includes at least one of germanium, carbon and oxygen.

I
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