. 456789: ; e3e/ 4f / ITTUW\ 1] n6f6l fTf<g.-,, Z 6.J U N 2002 METHOD AND APPARATUS .
FOR HEAT- TREATI NG AN SO SUBSTRATE AND METHOD OF PREPARI NG AN SO SUBSTR@ EY.
BY USI NG THE SAME 5 BACKGROUND OF THE | NVENTI ON Field of the InvenipolWNEBlls 3
invention relates to a nethod and an apparatus for heat-treating an SO

substrate and also to a nethod of preparipg_an SO sub [ ng the
10 sanme. More particularly, the present invention rel ai’m&mmﬁmmmﬁrod and
an apparatus for heat-treating an SO subsrate having m and
also to a nethod of preparing an SO substrate by using t h&%%#e. Rel ated
Background Art 15 In the technological field of silicon type sem conductor

devi ces and i nt egratelopi ARDI APPARAT@S]EORHENT -TREAISORY ehesdiave been
made to date on devices having a sem conductor on insulator (SO) structure
produced by utilizi NGUBSTRAJIE: ANTy METHGENDE OPREPARINCOAKI §0If or med on a
filminsul ator because such devices provide a reduced parasitic

capaci tance, an inproved r eSURSTRATRBY N$SINGQITHE | SAMBNd an easy device

i sol ation, which can lead to a high speed/| ow voltage operation of
transistors, a | ow power consunption rate, 25 an enhanced degree of
adaptability to integration and a siﬁ&nificant reduction in the nunber of

manuf actr i ngPREEPROVNE| BEi AHEENYENFEOYh of the wel | - produci ng -2

steps. Known %ubiéra%es hayi ng_an SO structure (SO substrates) include
SOS (silicon ohes3pBhi FBE 2nEERE{CP002 substrates, those prepared by

oxi dizing the surface of 5 an.Sl sinagle _crystal s{rate, formng a w ndow
to expose part of ’?]HéssfngﬁBEfL at 563%5%63% | 7 rr{'gesczlla!‘%&ataélrdglanepi taxial growth

by using that,gfea, a5 Se6 §8 fcgﬁ:%ét%gsia’iﬁg!s%zcrs)(ﬁsaérafqé ”&r@ a&iﬁé on the
Si Oz surface, 0se prepare By using a~Si single crystal substrate
to a method of preparing an SOI substrate by using the
10 same. More particularly, the present invention relates
to a method and an apparatus for heat-treating an SOI
subsrate having a silicon film, and also to a method of
preparing an SOl substrate by using the same.
Related Background Art
15 In the technological field of silicon type
semiconductor devices and integrated circuits, a large
number of researches have been made to date on devices
having a semiconductor on insulator (SOI) structure
produced by utilizing a single crystal semiconductor
20 film formed on a film insulator because such devices
provide a reduced parasitic capacitance, an improved
resistance against radiation and an easy device
isolation, which can lead to a high speed/low voltage
operation of transistors, a low power consumption rate,
25 an enhanced degree of adaptability to integration and a

significant reduction in the number of manufacturing

steps including elimination of the well-producing
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10 itself as active layer and formng a silicon oxide filmthereunder,
those prepared by using a substrate having a dielectrically isolated S
single crystal region on a thick poly-crystalline Si |ayer and surf?ggggmz
by a V-shaped groove and SO substrates prepared by means of 15 dielectric
i solation involving oxidation of porous Si, which is referred to as FIPOS
(full isolation by porous silicon). Recently, the SIMOX (separation by

i npl ant ed oxygen) technol ogy and t he wafer bonding technol ogy 20 seemto be
in the main streamof the technological field of producing SO structures.
The SI MOX tecHiRR®gy was reported for the first tine in 1978 (K lzum, M

Dok d H Ariyogshi, Elect lett. 14 (19 t id
mot hod of {or mi ng SR GREDEE SFPP CBRVBUPaR P B2 oS AR (G Toxygen i ons

into a silican bstr e t- i Lty at high
Iterrper af:Jrle. Susss?téat‘%ég g’?ﬁf‘;ﬁgggq}%gp%&&goﬁh{ %gbpggﬁﬁc))l ggy :o?ovi des, on
the other hand,,a ¥afdet ytﬂésée,;;?a{;gysa b9' okRiaRni Ag ene afirhechorded

wafers in the process of producing an SO “structure. (BPSA) This is one

of the mpst i€; RS Ocgpsesriybahi ukhbseeatrol ifé_b}inﬂﬁ? A withidean texi de film
is formed on the surface of one or both of a pair of wafers, which are

bonded t oget h8fposdl est| ¥YheOne shbtheavef and tBails ztihgnaedanergni ndi ng
and polishing. (PA The plasna assisted chem cal etching (PACE) process

was devel opedap o #9d DVgrblieh UBy f asihyy thhtf Bremt hisclkreds tof farnS@ | ayer
obtai ned by polishing. Wth 15 this technique, the filmthickness is
measur ed at tshiousamglse ofxrysgal yfilémséelaydrrdt phbtrhedSaPasemifHgePoi nts on t he
waf er. Then, a plasma source having a dianeter of several mllineters is
driven to scarhase pi¢paredabycaninggar 8ieSéBOlespoHEtAd FYPERE G m 20

thickness to vary the etching rate as a function of ,E_he filmthi ctkrless
di stri B& i on idREIhregCEigctaygg and forming a silicon oxide film

thereunder, those prepared by using a substrate having
a dielectrically isolated Si single crystal region on a
thick poly-crystalline Si layer and surrounded by a
V-shaped groove and SOI substrates prepared by means of

15 dielectric isolation involving oxidation of porous Si,
which is referred to as FIPOS (full isolation by porous
silicon).

Recently, the SIMOX (separation by implanted

oxygen) technology and the wafer bonding technology

20 seem to be in the main stream of the technological
field of producing SOI structures. The SIMOX
technology was reported for the first time in 1978 (K.
Izumi, M. Doken and H. Ariyoshi, Electron. Lett. 14
(1978) p.593). It provides a method of forming a

25 buried silicon oxide film by implanting oxygen ions
into a silicon substrate and subsequently heat-treating

it at high temperature.




variations in the filmthickness. (C eave,Process using Hydrogen |on

| npl ant ation) A novel technique for producing a bonded SO 25 substrate was
recently reported by M Bruel in Electronics Letters, 31 (1995) pg%ZQ@qm@p
al so di scl osed in Japanese Patent Applitaion Lai d-Open No _ 4 26 U
N 2002 5-211128 and U. S. Patent No. 5,374,564. Wth this process, an
oxi di zed wafer that has been inplanted with ions of a light el enment such as
hydrogen or an inert gas elenent over the entire surface thereof is bonded
5 to anot her wafer_and subsequentl heaé—treated. Then, the fer is

cl eaved during thé“H%aWag?Ea RBALNGt TERENGIREN PFANHIIES i SHs e been

i npl anted. As t he ed. ahove t r ange_ of

resul t | ayer | oca e proj.ection
i npl ant ed i or%tq?esr f‘?%’ﬁ‘gf e?rga%ﬁf:g P%eECSFHE’?‘q\k}&Fe&QFg %W@é‘%rf’%o
structure. (Epitaxi ayer. Transf J nese R t ...2608 and U. S
Pat ent No. 5, W%%s%?%%’ésaﬁnegéél Pgﬁge‘?%c rﬁ?%%%df‘%gn& eaﬁla%lynlg an SO
substrate by’égfﬁggq%éing a single crystal layer 15 on a porous |ayer onto
anot her substrate. Is technique is also referred to as "ELTRAN
(registeyed tepsieppe) " (T. Yonehara, K. Sakakguchi, N. Sato, Appl. Phys.
Lett. 64 (1994), p.2108). As discussed above, in the field of SO 20
substrates, snoothimgsthe 6AH0BrSUhtameskr bdeded padcesisesilthaad et ching,
ion inplantati on and subsequent heat treatnent and form ng an SO | ayer of
silicon fil muihi fed qgpobbshiingoncantiaticon byider tliym drp\Aampdabram at ons
diffused into the single crystal |ayer are the 25 major problens that have
to be sol ved Hemmshorfacei ofr ome ohebuithhefand padit ade weffetrtse géatiecloxi de
filmand the carrier nobility of MOSFET in order to inprove -5 26 JUN
2002 the per farerdrerded togetbart yp8ubsafiuenddat oerngewifcdhe Wakersari ous
t echni ques have been proposed to solve these problens for each of the above
| i st ed et hodsS fidtiRePaPy ngr el i8ghaPAaPes iSHiRPt-h t he cl eave process

usi ng hydr oge(q:;{é)éﬁ)

The plasma assisted chemical etching (PACE)
process was developed to improve the uniformity of film
thickness of an SOI layer obtained by polishing. With

15 this technique, the film thickness is measured at
thousands of highly densely distributed measuring
points on the wafer. Then, a plasma source having a
diameter of several millimeters is driven to scan the
film at a scanning rate corresponding to the film

20 thickness to vary the etching rate as a function of the
film thickness distribution and thereby reduce the
variations in the film thickness.

(Cleave Process using Hydrogen Ion Implantation)

A novel technique for producing a bonded SOI

25 substrate was recently reported by M. Bruel in
Electronics Letters, 31 (1995) p.1201 and also

disclosed in Japanese Patent Application Laid-Open No.



i npl antation, the surface of the wafer separated along the ion projection
range shows a root-nean-square of surface roughness (Rrns) of | 0Onmand the
surface | ayer has damages caused by ion inplantation. Such a wa rqh S
snoot hed to renove the | ayer danmaged by 4on inplantation by pol Ehl gmk
removing the surface layer to a small extent, using a technique referred to
as "touch polishing® (M Bruel, et al., Proc. 1995 IEEE Int. SO Conf.
(1995) p.178). 15 In the case of the PACE techni que, the surface roughness

up to 10.66nm (as peak-to-valley value) is detected by peans of an atom c
force mecr oséoéélll%e@if@t &P -af é‘?cbl a'-:éfn%l”e'h:tqﬁdng "ﬁ)’r% eSR1S such rough
surface is then snoothed to O. 62nn1 qga 20 e ég t.to, %E
ori gi nal sur PEBECESug e SX1d? &Jol§ % ﬁcﬁ ?Q& %2 ¥FPace
only to a sli, ht ext ent Nhtloublan o] and D. P.
Mat hur , Procl P§oRT IEE%#%E# é;§%Q§£ﬁs uqh; g d%%%egv%§ﬁ5?h£3§ﬁé
technlque is used, the surface.25 eyt hne baH; to

val | ey produf&d Sl eMrD er?d’e(f:fqi e € cl‘r%eng prr%%:ceégs |sr$%fm)ve ?‘é&

removing { he SULLAGR LAYRIEY N QB iR iy RS flererby . 2 “ndb 2002

t he surface roug ness or nm As a resulf of this polishing

process, the uni farddt % fcféaJa& M GKNRS Stk 1980 aglesh Bie Pt 09BUBRE=5NM) i N

average. Thus, when touch polish or kiss polish, as it is 5 often call ed,

is used to paleg%h tdee wHAIdrR G N IBadd re&l | Dbl @xtedt , Adeasvefate,
roughness may be renoved but, at the sane tinme, the filmthickness wll be

reduced to ceheeqaseid M otegiatiaddie whd @roigoiofor i tangdiekness. Wiile the
polishing operation is term nated 10 generally by controlling the duration
of the oper atimplanitied sicmsknewcransfertead ¢thrﬁh%mwt%%¥H@ag?ﬁetPs
constant, the extent of polishing varies within the sane surface of a

waf er , 1&nongprivduser feac &Q ofstivydeiegt waf ers and from batch to batch
dependlng on 15 the polishing solution, the tenperature of the surface

t abl e durlng(EDéq@§M&ﬂnﬁﬂ¥QHnﬁ%ﬁqﬁﬁﬁ%&m how much the enmery cloth is worn

dh t di ff |t to Kk h
Constant T evel . parbanses Rt LS gl dn S rhe B o P BarBRI Ty 20
pol i shed mor & al.qngJd e oyl alndeld IRt 1401 Aol ble EbriripResaghle Lo

reduce the bardd c¢onde boron 1s diffused across the entire depth

of the SO '%%?%o&oéﬂﬂé¥f%éa€H&<¥%Eﬁgﬁé§§iﬂﬁla single crystal layer

15 on a porous layer onto another substrate. This
technique is also referred to as "ELTRAN (registered
tradename)" (T. Yonehara, K. Sakakguchi, N. Sato, Appl.
Phys. Lett. 64 (1994), p.2108).

As discussed above, in the field of SOI

20 substrates, smoothing the rough surface produced as a
result of etching, ion implantation and subsequent heat
treatment and forming an SOI layer of silicon film with
a low boron concentration by partly removing boron
atoms diffused into the single crystal layer are the

25 major problems that have to be solved somehow to
improve the withstand voltage of the gate oxide film

and the carrier mobility of MOSFET in order to improve



| evel . The surface roughness of the SO |ayer of a 25 wafer prepared by the
SI MOX t echni que using oxygen ion inplantation is greater than that of the
bulk normally by a digit. S. Nakashima and K. lzum (J. Mater. Re§5~JN ﬁ 6
JUN 200Z (1990) Vol. 5, No. 9, p.1918) veposrted that the surface rouék#lgs
wi th innunerable recesses having a dianeter of tens of several nanoneters
can be elimnated by heat-treating the surface at 1260C (in a nitrogen 5

at nrosphere) for 2 hours or at 1300C (in an argon atnosphere containing
oxygen by 0.5% for 4 hours. They also reported that the surface roughness
wi || not changeebyeafbeabntecatnenliabnl I¥yPE. sdoviepeduation sierimescal |y

i npossible to use a quartz tube for a heat 10 treatnent conducted at

t enper at ure hrigher vamhougobechniguesshaver heemlPropsissdarfce. sdd ti onal |y,
a process using such hégh tenperature nmakes the introducing of slip lines

serious as t hERQ®E® ePraPremenferseach1gfwtbr ahevexydatadnsiedheds oPr

techni que, there nay arise a 5rob|en1that boron atons contained in the
cl ean room adPePRAY PG hBOL FPREETBFSEhe substrate and inplanted into the

f inth ' f inplanti I, -inpl ant at i dth
bor on atbrs t hat | 20k FavEPSCHLPRC! BEPRE-Ha bl ePSrEoRE Ch t cnper at ur o

heat treatnent ocess. for rning.the oxygen contained _in.th fer by ion
i npl antati on %@é%@%.%?f?%0n£§§ia%9F3§8r°§a%% eWE%FFU§§ RS téﬁé? ire

silicon |ayer ! ar . pr.eb ot rogduced 25
in a bonded SF as% st$g§i6%§§€%?%ﬁhg?éﬁgbg%n?afﬁgg %ﬁg%he %F§§%<$§0n1 The
inventors of 4herPE&SEBhighRdE8! { RPmBH0BES&BninN and? thel Nrdie Byddapanese
Pat ent Applications Laid-Open Nos. 5-218053 and 5-217821 a techni'que for
snoot hi ng t henhssIrdategeé eauSEN Bibsbhaifplynheatich.ealSuet id wafeér

hydr ogen- cont ai ni ng at nosphere. 5 The surface of an SO substrate that may
carry udiidul atisnsmadtieedtbe estwdvagtheoteysradamagede biys impugher than the
polished surface of a commercially available silicon wafer can be snoot hed
by hydrogen aimebintrtionabyepelishiggoandnsegoydngaithisl sufadse 10
polished surface of such a commercially available silicon wafer. At the
sane tine, theaYRF ofP conedattaekxbaNbf BRENG Agltechryjarsl r&ifigysd 9 m can

be reduced by anpealing the substrate having a single _crystal silicon film
formed on an ??Eﬂﬁ%ﬂ?ﬁ 99}%§h1ng" (M. Bruel], et al., Proc. 1995 IEEE

Int. SOI Conf. (1995) p.178).

15 In the case of the PACE technique, the surface
roughness up to 10.66nm (as peak-to-valley value) is
detected by means of an atomic force microscope
immediately after the plasma etching process. Such
rough surface is then smoothed to 0.62nm, or the level

20 equivalent to the original surface roughness, by touch
polishing for removing the surface only to a slight
extent (T. Feng, M. Matloubian, G. J. Gardopee, and D.
P. Mathur, Proc. 1994 IEEE Int. SOI Conf. (1994) p.77).

When the BESOI technique is used, the surface

25 roughness of about 5 to 7nm peak to valley produced at

the end of the etching process is removed only by

removing the surface layer by three to five times of



15 hydrogen at nosphere and externally diffusing boron into the gas phase.
Wiile the rate of diffusion of boron is relatively high in silicog, &hmzs
low in a natural ly oxidized silicon oxidg layer that is typicall@ 4 on
the surface of the substrate during a heat treatnent 20 process conducted
in an oxygen or inert gas atnosphere so that boron will remain and be
confined within the silicon | ayer. However, the silicon oxide filmforned
on the surface of the SO |ayer and operating as diffusion barrier can be
renoved and ajhe pAsSfdte 2SudhisSsUSHt by 0208tb0800M . OXhdeal rkudir ioFy t he
process can be effectively suppressed by annealing the substrate in a
reduci ng at masylenm lighioed | procaés) ntig un2f6rnlibdly2667filyg _ hydrogen so
that, as a result, the external diffusion of boron is encouraged and, if
boron i s contdiimdthess tie degradedGy | @y@d5nn a=Hhgh tonseeragei.on | evel
the inmpurity concentration of the entire SO |ayer can be 5 reduced to a

| evel that is feasibls fulrenievdueh fpdlishat ponkbgst haliskt epmali tdilsf usi on of
boron (N. Sato and T. Yoneharauaggpl. Phys. Lett. 65 (1994) p.1924). Thus,
a heat breat ®ften wal g oberieht e nPPgiabd BhaosSpréreei enavhitghpy
effective way for externally diffusing boron contained in the silicon |ayer
and snoot hi nG M & FHERREE ¢ Hehe oTUSFReE nECRIPBARF KABY ePBefFBRVEE r oughness.

A heat t t toi hyd -contaj ning, 15 at h , hi ghl

ef foct i ve f o el | HIF ¥Ry Sl ¢ AF £ by rERHSKBPSERELELNER t echni que.
Th b I t h h t hed
cati ofactor: PPy REAT R Y apEeRE A g BAPESFn S0 BF E108 °

hydrogen-contcﬂ]i@m@.m regfee-u?@ %@@g%&a@goxﬂsS!eg?ﬂ]ggg%eﬁy means

of hydrogen, the rate of uction | m t hi ckness w

0.08nmi gl N.  enkheDGy WY dbdSrdliCihd OMEE dBatiH8 bat enaf obeéaﬁ%bao by

pol i shing. However, when annealing a bulk wafer in place of an S

substrate by izb iemankradwihytiogetha®, ref athey epylhsgingatemef iseduct i on of
10 to 100nmmin. in the filmthickness is reported by in H M Gllois et
al., J. Am GemnmhdrSgc.the/ extéht® adfpZppshingovati®84yiphpid94Be It Wi ll be
appreciated that the uniformty of filmthickness is apt to be degraded in
a sanme waf er samef sy fane oy wakesurdners e dsfftaeas @fifers when the

rate of film_thickness reduction and 5 the etching rate are not controlled
properly. different wafers and from batch to batch depending on

15 the polishing solution, the temperature of the surface
table during the polishing operation and how much the
emery cloth is worn and hence it is very difficult to
keep the extent of polishing to a constant level.
Particularly, it is known that the wafer is normally

20 polished more along the outer periphery.

Additionally, it is impossible to reduce the boron
concentration if boron is diffused across the entire
depth of the S0I layer to show a high concentration
level. The surface roughness of the SOI layer of a

25 wafer prepared by the SIMOX technique using oxygen ion
implantation is greater than that of the bulk normally

by a digit. S. Nakashima and K. Izumi (J. Mater. Res.



Thus, it is highly inportant to precisely control the filmthickness for
each wafer and anong different wafers because noticeable variations in the
filmthickness of the SO |ayer can significantly affect the 10 pqqugmnmfe
of the devices produced as final productg particularly in ternms of the
characteristics including the threshold voltage of SO -MJS transi stor of
fully depleted type. There are requirenents to be net by an SO 15
substrate other than the uniformty of filmthickness. The filmthickness
of the SO |ayer varies depending on the characteristics of the

semni conduct or( X#0 LeVeb. be, pNoduBedpb¥9l8ilngephetsd thalistbhat esurfare t he

vi ewpoi nt of designing SO substrates, it is 20 preferred that the film

t hi ckness of ndOIs®@ss$ aykkhoinnneesgbleubsceasesdbeyingt af [di@metier by heat
treatment. SUVMARY OF THE | NVENTION Thus, it is an object of the present

i nvention to 25 A% e seVeraddrananghesppsrat e rdimieatad &3ting an SO

substrate adgpt ed to suppressing wi.th ease ;ggo%t?hi ng and al ways uniformy
snoot hi ng t hd'®AF TR thejurfacg 3EN13882Ca (pPuPamF OF s ubst r at es,

|1 t h f j SO b A [ h t hod
and" Suclt an DPUERIRTS ArEChct DBHEE: Obf SEnd pPeCentn RUCAECHR i 10 5
id t L f tet L bstrat
apt o 1o ot My anire, SORERFhtRe By DSR bk, BTSH09ARR A hehiR Ca Tn the

film while Taidy A dotisrton! ehat! ¥ng! shEEBLENEHRRSRe A% Ml Indts a
met hod of preparing an SO substrate by using such 10 a method and such an
apparat us. StdHdng10byes REL&ECtr8hthbRtPAESENEOFBYENHOQRVIEY, it is
practically impossible to use a quartz tube for a heat
10 treatment conducted at temperature higher than 1200°C
in terms of thermal resistance. Additionally, a
process using such high temperature makes the
introducing of slip lines serious as the wafer size
inreases.
15 With the oxygen implantation technique, there may
arise a problem that boron atoms contained in the clean
room adhere to the surface of the substrate and
implanted into the wafer in the operation of implanting
oxygen ions (Co-implantation) and the boron atoms that
20 have adhered to the wafer before the high temperature
heat treatment process for turning the oxygen contained
in the wafer by ion implantation into a silicon oxide
layer can be diffused into the entire silicon layer by
the heat treatment. A similar problem may be produced
25 in a bonded S0OI substrate by boron atoms contained in

the clean room.

The inventors of the present invention proposed in



to provide a nethod and an apparatus for heat-treat an SO substrate
adapted to reducing the variations in the performance anong the deyisC
produced by using the SO 15 substrate, as well as to a nethod of Zﬁe‘ﬁ@‘r@%g
an SO substrate by using such a nethod &8nd such an apparatus. A further
obj ect of the present invention is to provide a nethod and an apparatus for
heat-treating an SO substrate at |ow cost adapted to obtaining a 20
desired filmthickness and a surface condition substantially free from
surface defects, as well as to a method of preparing an SO substrate by
usi ng such aJmpehedearRhtarch Zpp labpsrons . LatdoPpeéngNos.- ah-2a5pe68 of the
present invention, 25 there is provided a nethod for heat-treating an SO
substrat e ha@ndg Sa Zi18%orp sigchrriau fey ssmecbhingptiee: surfagg of? 6
JUN2U~2 heat-treating the SO substrate in a hydrogen-containing reducing
at nosphere, @t F:espitffade 3 hepsr¥erating al st BR e di sposed opposite to

a pl ane conph%sigg’a naterial_coggrise of a non-oxidized 5 silicon as a
mai n conpone Y WOPFTT FFEFRHEM Ed"WRRE e separating them According to

anot her _aspect of .the present inventdon, there j royvi ded an_et ching
appar at as for car rrfirlllengsqgﬁftsaqeheo eat é[&(;a%u}osn rarrJ\Ce h@&é}t 1'83%\0%%¥5¥ng to still

anot heraspegt 1o o6 Sl 1Nl nd L Scd s PLRY | Hslouhi gh compri ses

a reaction furnace having an i nner surface ‘conprising non-oxidized silicon

and adapt ed tg,gPRlAIth AN I SHOAIHA] S @PehdEWYE Ca t b1 AL Pr essure.
15 According to"a further aspect of the present

available silicon wafer can be smoothed by hydrogen
annealing to a level of smoothness comparable to the

10 polished surface of such a commercially available
silicon wafer. At the same time, the boron
concentration of the single crystal silicon film can be
reduced by annealing the substrate having a single
crystal silicon film formed on an insulator in a

15 hydrogen atmosphere and externally diffusing boron into
the gas phase. While the rate of diffusion of boron is
relatively high in silicon, it is low in a naturally
oxidized silicon oxide layer that is typically formed
on the surface of the substrate during a heat treatment

20 process conducted in an oxygen or inert gas atmosphere
so that boron will remain and be confined within the
silicon layer. However, the silicon oxide film formed
on the surface of the SOI layer and operating as
diffusion barrier can be removed and any possible

25 subsequent formation of oxide film during the process
can be effectively suppressed by annealing the

substrate in a reducing atmosphere typically containing



I nvetion, there is provided a nmethod of preparing an SO substrate, which
conprises a steps of: snoothing a surface of the SO substrate by the heat
treatment nethod in above. 20 According to a further aspect of the pﬁqmﬁg@z
i nvention, there is provided a nethod of greparing an SO substrate hav

a silicon film which conprises steps of: bonding a second article and a
first article 25 containing a separation |ayer for defining a separating
position; transferring the silicon filmonto the second - is - ? 6 JUN
2002 article by separating the bonded first and second articles at the

| ayer defi ni nydihegaerpse athay, pasi &i oasudtr, athengxi&ephaie ddfifugsderof
non-silicon oxide opposite to the silicon filmtransferred onto the 5
second articlaf drirdratsterarunggedeanil i d6nbpirbm iis gohgaiogdn-deont ai ni ng
reduci ng atnosphere. According to a further aspect of the present

i nvention, tHérRe ertire$Rbdlavest iedaohighepaprragtantionsdevednsttig e
having a silicon film which conprises steps of bondingpa first article and

a second art idMRHTI R RPRERAtHAEL OB Of nEDE| PBELZRt PELelPYEM FRE Bhded
first agd segﬁgf ar%jcles £ a_ to | eave_a 15 iglicon fLLn1on_the second
article? arr HED B ahel FBRT ok AT SPPPEBNSsAPTalBVdffosite to an
;Jﬂpg' ihShed S%Jb@fcé’éiéﬁebii Jcrkgé’”ex‘l%é{l}xaﬁngi@‘%%'i&keé%i B bRe (%I 1con film
ydr ogen-contal hrng reduci hg at fosphere.
Sato and T. Yonehara, Appl. Phys. Lett. 65 (1994)
p.1924).
Thus, a heat treatment in a hydrogen-containing
10 atmosphere is a highly effective way for externally
diffusing boron contained in the silicon layer and
smoothing the surface thereof showing a remarkable
degree of roughness.
A heat treatment in a hydrogen-containing
15 atmosphere is also highly effective for preparing an
SOI substrate by means of the SIMOX technique. The
above paper also reports that the surface roughness can
be smoothed satisfactorily by heat treatment conducted
at or below 1200°C in a hydrogen-containing atmosphere.
20 When annealing an SOI substrate by means of
hydrogen, the rate of reduction of the film thickness
will be 0.08nm/min. at 1150°C, which is much lower than
the rate of reduction by polishing. However, when
annealing a bulk wafer in place of an SOI substrate by
25 emans of hydrogen, a relatively high rate of reduction

of 10 to 100nm/min. in the film thickness is reported

by in B. M. Gallois et al., J. Am. Ceram. Soc., 77



HRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a schematic cross sectional

vi ew of an enbodi nent of heat treatnent apparatus according to the
invention. 25 FIG 2 is a graph show ng the dependency of the«ﬁcﬁﬁmgunﬂm?
on the material of the counter-surface- F0G- 3 is a graph show ng the
etching rate when - 14 z s ~u~ zooZ the materials of the oppositely

di sposed surfaces are Si and SiQz. FIG 4 is a graph showing the rate of
renoving Si atons when the materials of the oppositely disposed 5 surfaces
are Si and Si02. FIG 5 is a schematic cross sectional view of another
embodi ment of( 1R24) tpra2dht appavat hsbaceppapagatedt featn¥bation. FIG 6
is a schematic cross sectional view of a 10 still another enbodi nent of
heat treat meMPigfFRitusChcEbt i Hyleknens ifveRti 8A, PeheRPR§I&IpArn& pal
area thereof. FIG 7 is a schematic¢ cross sectional vi.ew of air of

count er - sur f 0% JFRAFE LT REEHR PR sBMeRSWERG ﬁuigaﬁﬁﬁeoﬁfdé%fgﬁﬁ€ﬁ%nt t hat
b df t h f the | tion. FIG 8 i h t.i

cectional vi AR5 I CONRIERES aF(TEr® SRACAPEStnFeruetTpRoEnT «

constityting eﬁ%”beeéch%‘g?‘t’%%@e anol her« g 051 20435 L8pag ENt that can be

used for the purpose
Thus, it is highly important to precisely control

the film thickness for each wafer and among different
wafers because noticeable variations in the film
thickness of the S80I layer can significantly affect the
10 performance of the devices produced as final products
particularly in terms of the characteristics including
the threshold voltage of SOI-MOS transistor of fully
depleted type.
There are requirements to be met by an SOI
15 substrate other than the uniformity of film thickness.
The film thickness of the SOI layer varies
depending on the characteristics of the semiconductor
device to be produced by using the SOOI substrate. From
the viewpoint of designing SOI substrates, it is
20 preferred that the film thickness of the S0I layer of

the SOI substrate does not fluctuate by heat treatment.

SUMMARY OF THE INVENTION
Thus, it is an object of the present invention to
25 provide a method and an apparatus for heat-treating an
SOI substrate adapted to suppressing with ease the

etching and always uniformly smoothing the surfaces of



invention. FIG 9 is a schematic cross sectional view of a still another
enbodi nent of heat treatnent apparatus according to the invention, show ng
a principal area 25 thereof. FIG 10 is a schematic cross sectionglé JYJN?WZO]C
still another enbodi ment of heat treatndit -apparat us ~ 6 JUN 20 -

FIG 11 is a flow chart for a node of carrying out a nethod of preparing a
sem conductor article by using a heat treatnent nethod according to the
invention. FIG 12 is a flow chart for another node of 5 carrying out a
met hod of preparing_a sem conductor article by using an etching nethod
accor di ng t o3t Réuratdiei Gf sulegratss, BB wakl anid 1P @Ehematic

il lustrations of a nmethod of preparing a sem conductor 10 article by using
a heat treat RERPAFAPH0AE GURFHR LY MG FUcth P eFReY e@Bfocess by
ion inplantation. FIGS. 14A, 14B, 14C, 14D and 14F are schematic
i|lustrati on§u8\g B BPREF 33 Syr epar i ng a seni conductor article by using a

heat treat nent nekgg%h%%g%lrbgjier& t‘ﬁf #g,ﬁ Qper,%%%ﬁ?ti x@plg?rggi%p{: axi al |ayer

transfer process. a sche rati on eat treatnent

met hod gecor ghBgs b LRddRENtdd ars ildibdde AIDAUMAGAIdEEhg BRCS, 16A
16B, 16C and 16D are schematic 20 1lldstrations show ng how articles are
arranged forgsdr substrate adapted to efficiently reducing
impurities such as boron contained in the film, while
maintaining the uniformity of film thickness, as well
as a method of preparing an SOl substrate by using such
10 a method and such an apparatus.
Still another object of the present invention is
to provide a method and an apparatus for heat-treat an
SOI substrate adapted to reducing the variations in the
performance among the devices produced by using the SOI
15 substrate, as well as to a method of preparing an SOI
substrate by using such a method and such an apparatus.
A further object of the present invention is to
provide a method and an apparatus for heat-treating an
SOI substrate at low cost adapted to obtaining a
20 desired film thickness and a surface condition
substantially free from surface defects, as well as to
a method of preparing an SOI substrate by using such a
method and such an apparatus.
According to an aspect of the present invention,
25 there is provided a method for heat-treating an SOI
substrate having a silicon surface comprising a step

of:



heat treatnment operation for the purpose of the invention. FIG 17 is a
graph illustrating the |ocation dependency of the filmthickness reduction
in the 25 furnace in a heat treatnent process according to the inX%q@hgmm
? 6 JUN 2QQZ - 16 DESCRI PTION OF THE PREFERRED EMBODI MENTS FI G [
schematic cross sectional view of an enbodi nent of heat treatnent apparatus
according to the invention. 5 This heat treatnent apparatus conprises a
reaction furnace 1 operating as heat treatnent chanber and adapted to
contain a sem conductor article (SO substrate) Wand get evacuated and a
heater 2 for heatihepthereatiny ethe aBdlt bebgasatentai sed in the 10 furnace
1. It is connected to a hydrogen gas source 5 by way of at |least a valve 6
and al so to &vdndgarstcourmpiBiny pejuoingt ateasphareal véth kaeping
counter-surface constituting nenber 3 that has a plane surface of a

mat eri al continiSRE b atie eon 13 steteodigpasedr Pppppaltei fgr @i ent a.s
arranged at the side of the surface of the article Wto be treated with a
pr edet er ni ne®1FA® ASNRTITING Y ThkeEbet weeRPTIReR| €f 2, nRpmerddiFegknot es

a support nenher, for supporting both the artjcle Wand the cqunter-surface
20 consPi t ut il HbErS B M FRRPPREAT At opePRERBHCERLRAESL hi <

enbodi nent p%g%q%dscé n& enng aaéhglgscri bed below. Firstly, an article W

eparat ﬁ . . . .
and an count er-surface const It | ng nmenber 3 are placed in the reaction

According to another aspect of the present
invention, there is provided an etching apparatus for
carrying out the heat treatment method.

10 According to still another aspect of the present
invention, there is provided which comprises a reaction
furnace having an inner surface comprising non-oxidized
silicon and adapted to contain an SOI substrate and
reduce the internal pressure.

15 According to a further aspect of the present
invetion, there is provided a method of preparing an
SOI substrate, which comprises a steps of:

smoothing a surface of the SO0I substrate by the
heat treatment method in above.

20 According to a further aspect of the present
invention, there is provided a method of preparing an
SOI substrate having a silicon film, which comprises
steps of:

bonding a second article and a first article

25 contalining a separation layer for defining a separating
position;

transferring the silicon film onto the second



25 furnace 1 with a predeterm ned gap AS interposed therebetween and the

i nside of the furnace is evacuated by the exhaust punp 8 to reduce the

i nternal pressure. - I~ - 26 JUN 2002,Fhen, they are heated byﬁqmmzmp
heater 2. Thereafter, hydrogen gas is introduced into the furnace fromthe
gas source 5. The inside of the furnace and the article Ware held to a
predeterm ned 5 tenperature |evel by controlling the heat generation of the
heater 2. Then, as a result, silicon a.s annealed fromthe surface (to be
treated) of tdetociéche ¥épdhetanyi ehe bORHedubstkkat ahaV\skeond@ heat -treated
10 by a nmethod according to the invention may be an SO wafer of any of the
above descri bettigpes ptephaeetapgrudefdnanultkeSsepatatipge pasddily;means
of a CZ process, an epitaxial Si wafer having an epitaxially grown |ayer or
an Si wafer obtai nedrdygingati phanebabkfageSpfwabnrshyigpaneoxdfiea hydr ogen
anneal ing process or a vitreous silica substrate having a silicon film In
particul ar, ieppespteftpabhy ahlbcpnwhién tharsfasrgdeantgbjtdeted to a
surface treatnment process after polished and is carrying undul ations on the
surface an S®cPE var bichHavang gﬁaEnEBPP§ﬁ@G §D?f§éi169naﬁl$0 ifafer on
the way of preparation using a bondin ‘ﬁrocess or a SIMOX process. Since an
article Wis QééﬁQQ?%ﬁE%EF? bﬂghﬁﬁ?ﬁgé 9:.8HPAPRPAG®at nosphere according to
the 25 invention, the source gas to be fed into the furnace refers to 100%
hydrogen gas, inert gas such as inert gas containing hydrogen by 1 to 99%

Preferably, — _ 18Aec+r§ir?¢:g't§05’Zf{xz‘?lcﬁ‘{e%‘égfsﬁ?gic?ﬁ%y;%r rﬁ)égh%ge” gas that

is sufficiently free fromTmorsture 1S urnace by way of a

hydrogen ref il ioh S¥Sh eMALYLr PIEP-BYEEEHCE) n8BnbAAb £t BReblIYGH"Sn
at nosphere may show a
10 S0OI substrate having a silicon film, which comprises
steps of:
bonding a first article and a second article;
removing a part of the first article from the
bonded first and second articles so as to leave a
15 silicon film on the second article; arranging a plane
non-oxidized silicon surface opposite to an unpolished

surface of the silicon film; and heat-treating the

silicon film in a hydrogen-containing reducing

atmosphere.
20
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic cross sectional view of an
embodiment of heat treatment apparatus according to the
invention.
25 FIG. 2 is a graph showing the dependency of the

etching rate on the material of the counter-surface.

FIG. 3 is a graph showing the etching rate when



5 dew point not higher than -92C. The oxygen and noisture content of the

at nosphere should be held to a mninmal |evel because any oxygen and

noi sture remaining in the atnosphere can ¥%idize silicon on the suf b albN 260

the article Wto produce a 10 filmcoat as the tenperature is raised and

the produced filmcoat by turn obstructs the surface and al so because

noi sture can give rise to an the silicon filmthickness a. 15 oxidation and

et ching. Thi S ¢ ontroé t.he]r at n%stgrpere SO ag goi ﬁt not igher t han -92C. the

process of snmoOEhITHY SR 12T dudr® oBRRH: BR0Y uRERBREPEdHEAGEF SRS s a

side effect ofSii sénvgwii is desirably to to make it show a dew Wiile the

hydr ogen- cont ai'ning a%m)"’-s'phere may show a pressure | evel higher than, equal

to or |ower than 2 e atymws i G P , +h LS SSUHre| r.ably
T BB, PRSP, chlSxRERSOE] ehBolid B

equal to or |lower than the at iCc pres , ough pressure
level may be a@VAN AGROVSCHO s LV 4 f@gSﬂﬁéa@%égp%mynaig%%h and the

effect of externally diffusing the Inpurities. en an etching 25 furnace

is made &rom fSFhHAdre dhean®V®iol.int of the pressure of the
at nosphere in the furnace is preferably set to 3.9x104Pa, nore preferably

to 6.6x10" - 19 FXd BIN S Zsdltendt Dt derosd peevedhalheibur sace from
being deforned. In view of the above considerations, it is reasonable to
sel ect a pressumotHeavedmbmeiimeont tde daospheatuept esppaeaand | . 3Pa for the
pressure of the 5 atnosphere in the furnace, taking the operation

envi ronnent i Rescgwtigiaiagrattihen. invanoirm. t here is no limt for the flow
rate of hydrogen-containing gas to be used for the purpose of the
invention, the floWIiGat & diss i Reharatie| ovpss gechrtenatavigwusdda The fl ow
rate as_used herein refers to the flow rate of gas Eassi ng through an area
obt ai nedPy s§Btiddcanaihare %%l%ﬁi%atl‘e%egr%? PRRtSBRPBEAFHS or
article fromthe cross sectional area of 15 the furnace tube., |If the gas

5
flowrate i s E5GMGRI (4 1OR LVFENEHBV nyPYRERY AcPT SRCHPBRUBESPr om t he

thereof.

FIG. 7 is a schematic cross sectional view of a

pair of counter-surface constituting members, showing a
15 mode of arrangement that can be used for the purpose of
the invention.

FIG. B8 is a schematic cross sectional view of a
semiconductor article and a counter-surface
constituting member, showing another mode of

20 arrangement that can be used for the purpose of the
invention.

FIG. 9 is a schematic cross sectional view of a
still another embodiment of heat treatment apparatus
according to the invention, showing a principal area

25 thereof.
FIG. 10 is a schematic cross sectional view of

still another embodiment of heat treatment apparatus



surface of the article is raised to reduce the etching suppressing effect.
If, on the other hand, the gas flowrate is too 20 low, the rate of
renmovi ng the reaction product fromthe surface of the articles is?76 JUN200?
remarkably reduced to reduce the effect pf renoving the inpurities such as
boron by externally diffusing themfromthe sem conductor single crystal
| ayer. 25 For the purpose of the invention, the gas flowrate is preferably
10 to 300cc/ mncn2, nore preferably 30 to 150cc/mincne. The gas flow rate
iS a paraneter - 20 26 J UN 2002 for controlling the rate of diffusing
and renoving the re@st ion psodugiofir eAnEHErsHr hamBdkookhealkkaehal ovitdes of
the article. The surface of the article is satisfactorily 5 etched and
snoot hed i n a meditagere £ opiteayp 8 hiyg ah Mesphesadattbenpetatlieebpelhiswng, 200C,
at which the surface may not be snoothed in a nitrogen atnosphere or a
i nert gas atmodmatr ecrdarmenre petipodeactorfiengnventheninvestienperature to
be used for the etching process that has 10 a snoothi ng effect depends on
t he conposition aftf@heldprissartleof ghsrtMbee spethercapig, ofhe tenperature
is found within a range whose lower |limt is preferably not |ower than
300C, mbre prERRvEdly ot @ owetheda@f Sppeparing har sSpRécendbBrForot | ower
than 800C. On the 15 other hand, the upper limt of the tenperature range
i s preferabl PIHotCF dhervising R HEMiRggebirad 8FCSFrAfe8ntondPe preferably
not higher than 1,200C. If the snoothing process proceeds too slowy, a
smoot hed sur FAEEEEP e obt ai ned by using a | onger period of 20 tine for
the heat treatnmente;for {he prrpospsaf fhe,bgventigny, poike the
counter-surface constituting nenber may be nadée of any material so |ong
as the count ar- Iﬁﬁﬁ ries i 1.0l 00, NQAR- OXLA] ilicon
as principalgggﬁﬁﬁgre‘|é§§,6?taﬁgggégéeégbﬁggéﬁkg$8mgfggm?§gﬂPﬁﬁggﬁjany
nat ur ah goxi deyrfiildid Sy aNPMesl, a aeSt WBELEMERY MEtACH! harekanag- exi di zed
silicon such as silicon nitride or

the invention and a cleave process by ion implantation.

FIGS. 14A, 14B, 14C, 14D and 14F are schematic
illustrations of a method of preparing a semiconductor
article by using a heat treatment method according to

15 the invention and an epitaxial layer transfer process.

FIG. 15 is a schematic illustration of a heat
treatment method according to the invention, showing
its smoothing effect.

FIGS. 16A, 16B, 1l6C and 16D are schematic

20 illustrations showing how articles are arranged for a
heat treatment operation for the purpose of the
invention.

FIG. 17 is a graph illustrating the location
dependency of the film thickness reduction in the

25 furnace in a heat treatment process according to the

invention.



- 21 ? 6 JUN 2002 silicon carbide on the surface or vitreous quartz wafer
havi ng a surface on which a filmof non-oxidized silicon such as @’J ﬁ’iZ!MZm
SiCis formed. A wafer having a structure sane as the article to be E
heat-treated nay preferably be used far fde counter-surface constituting
menber 3 if the counter-surface carries silicon oxide filmthereon. The
counter-surface should be plane and held in parallel wth the surface to be
treated. As for size 10 and shape, the counter-surface preferably has a
size equal to or greater than that of the surface to be treated of the
article WanthESCRIGTION QFMTHE RREFERREDfEMB@DEMENTSe W The
counter-surface constituting nenber 3 may 15 preferably be part of the
support nenber 9, Fil§i.cA rey & \guhend yidecrwoss ayecVibhelt ndedi stfadee, or the
gap AS, separating the counter-surface and the article may vary as a
function of eR®odiimesdn ofuerte eatnent rPpgFRENRJFCEPTERRISEM ddeduct or
article, it is 20 preferably not greater than 20nm nore preferably not
greater thaniP®®RtiC8-achi eve an effect of suppressing the etching due to
the interaction of the oppositely disposed surfaces, when the semi.conductor
articl eghas a di afbds h&%t‘ﬁeqlﬁ‘ﬁpﬁmrﬁ‘ﬁoﬁw{ﬁﬁeﬁi §t AFREE 28 et ween
t he oppositely _disposed surfaces has no lower, limt,, it | ref erably not
smal | er thanf¥§§ﬁcﬁb§eﬂ&%§(ﬁ%ﬂﬂyfﬁm)e%ﬁmﬁf%ﬁt ré% Chimgéiuﬁpgooz - 22 A
surface snoothi rqce r vhehy S a f the

sem conduct or%BS?%F?l g%vﬁﬁagﬁsat reat e%%‘ﬁ%?%?o%fﬁétﬁgogurface of the
article i s coabirddd) o L gd@idfuLeddeahd | Mnédedés 2 poeferably
renoved by etching, using dilute hydrofluoric acid in order to nmake the
surface snoohBaREnR @RS arlidflle @Ardnd e $dd i coOMesiiéacensgnet hed in this
way is highly suited for preparing sem conductor devices. 10 Thus,
accordiaog tofukeacevanti at, is tdunnhdsfed ayera aydnogen t faskaeasckess t han
450nm or a particularly thin and uniform SO |ayer having a thickness

bet ween 20nnbandags@dmadand-aes tpraodielere Vi talitalisd fieuanyexthwat t he

obt ai ned surface is smoothed and will 15 show, for exanple, an Rrns val ue

of at | east REYfMP 8 by way of at least a valve 7
A counter-surface constituting member 3 that has a
plane surface of a material containing non-oxidized
15 silicon 4 as principal ingredient is arranged at the
side of the surface of the article W to be treated with
a predetermined gap AS interposed therebetween. In
FIG. 1, numeral 9 denotes a support member for
supporting both the article W and the counter-surface
20 constituting member 3.
The heat treatment operation using this embodiment
proceeds in a manner as described below.
Firstly, an article W and an counter-surface
constituting member 3 are placed in the reaction
25 furnace 1 with a predetermined gap AS interposed

therebetween and the inside of the furnace is evacuated

by the exhaust pump 8 to reduce the internal pressure.



greater than 0.4nm preferably not greater than 0.2nm nore preferably not
greater than 0.15nm in a |lum square area. Hydrogen contai ning gas nay be
introduced into the 20 furnace in any appyopri ate manner as wl | Yt?je UN 2007
descri bed hereinafter and the present invention is not limted to t})1e
arrangenment of FIG 1 in ternms of the way of introducing gas into the
furnace. As for the material of the reaction furnace 1, the 25 reaction
furnace is preferably made of a material consisting of non-oxidized silicon
parti cul arly T@n t hehdwnere shesdte@® 6y Bheaheatkocated close to the article
23 2 ~ ,IUN Z~-A2 W For exanple, the use of an SiC reaction tube is

pref erabl e. For tHéhguesbser pfhydeoganegésohs thtrbdated 2nmey the a

resi stance heater, a high frequency heater or a 5 | anp. Now, sone of the
findi ngs thatfurnace efire the gressourcavent i hewinkige aés&hiebed bel ow

(Fi ndings on the Dependency of the Etching Rate on the Mterial of the
Count er - Sur f feenaae BRd | themoische Yherprbeddt tPndchrPoRtPEEREEd nto t he
conditigns for the heat treatment to be conducted in a hydrogen-cont ai ning
at nosphere i FSIRFFAEUS RNR! P ReConBEPAL i BAsTBR Be&F| PRBRTEEAG e O yst al
surface and f ung}thcat t?e rate of etching single crystal 15 silicon varies
remar kabl y de %% he material of the surface opposing the single

by o e e MBS AP OUNELGR | SEEL R o kool SBleUa 10 e
the heat trealjEilcd RSTEE U featdd) of the article W.
The article (S0OI substrate) W to be heat-treated
10 by a method according to the invention may be an SOI
wafer of any of the above described types prepared by
using a bulk Si wafer prepared by means of a CZ
process, an epitaxial Si wafer having an epitaxially
grown layer or an Si wafer obtained by treating a bulk
15 Si wafer by means of a hydrogen annealing process or a
vitreous silica substrate having a silicon film. In
particular, it is preferably an SOI wafer that has been
subjected to a surface treatment process after polished
and is carrying undulations on the surface, an SOL
20 wafer having an unpolished surface or an SOI wafer on
the way of preparation using a bonding process or a
SIMOX process.
Since an article W is heat-treated in an
hydrogen-containing atmosphere according to the
25 invention, the source gas to be fed into the furnace

refers to 100% hydrogen gas, inert gas such as inert

gas containing hydrogen by 1 to 99%. Preferably,



20 the graph of FIG 2, the lower horizontal axis represents the reciprocal
nunber of tenperature (T) and the upper horizontal axis represents the
tenperature corresponding to 1/ T, whereas the vertical axis represents the
| ogarithmically expressed etching rate 28 (anfnin.). The film ¢ dl88s of
the SO Layer or the single crystal silicon layer on a buried insulator can
be observed without difficulty by neans of a - 24 - 2 6 JUN 2~~2
commercially available light-reflection type filmthickness gauge. Then,
the etching rate can be determ ned by observing the fil mthickness before
and after thaeiedtivialoathiaitlivinure RYEPIRR F3Dnchabdis cal cul ating the
change with tine of the filmthickness, In FIG 2, data set A represents
the etching BREELIHAN Rt ifgenstzP® UMRIT O D1 efpfer B t? ethpefurmace

counter-surface of Si_is _arranged opposjte to an article of Si02 that is
etched. The Eé’tlw\?é(ti% S ABItRP I':’?i£ H}ﬂa?mﬁer?r@wgﬁ%g?%cl i nati on of the

imate Li d i t he nmet hod_ of | t f th
obser ved val BEELSTPHe B GPABE A T S EO P e D TR 2
represepts tge et chi

f’g:ggjro%;q}lgg%e%‘ h\:q{ﬂatn t—r(jaf‘lémnt process when a

counter“surface &P+ arranged opposSite to an article of Si that is

etched. Data set 95?2@3’%&“35{“%@"%% Srd (r)}feog&mn(gfrﬂr\g éﬂ“%%%f&feé heat

treat nent process er-surtace IS arranged (0] e to an

article of Shhbial ive Heaketho M ALMAAl] AL ENEGL &R 20 Wxfdbs heat
treatnment was about 4.leV. Finally, data set Din FIG 2 represents the

etching rateand aRdldRirdaaimdirgaidreii fHo eEtoybitdre caindbeidbxef ace of
SiZ is arranged opposite to an article of SiQz that is etched. The
activati on eséildyodb ora thfe tshirstdreatof rdet nrentiaobs Wboatptodede #As seen
fromdata sets Band CFIG 2, wwith a heat treatnent conducted in a
hydr ogé@- confailm egat as the temperature is raised and the produced
film coat by turn obstructs the process of smoothing
the surface and also because the residual oxygen and
moisture can give rise to an unexpected reduction in
the silicon film thickness as a side effect of
15 oxidation and etching. This is why it is desirably to
control the atmosphere so as to make it show a dew
point not higher than -92°C.
While the hydrogen-containing atmosphere may show
a pressure level higher than, equal to or lower than
20 the atmospheric pressure, its pressure is preferably
equal to or lower than the atmospheric pressure,
although a lower pressure level may be advantageous to
improve the surface smoothing effect and the effect of
externally diffusing the impurities. When an etching
25 furnace is made from fused quartz, the lower limit of

the pressure of the atmosphere in the furnace is

preferably set to 3.9x10%a, more preferably to 6.6x10*



- 25 2 6 JU~ 2002 atnosphere, the silicon etching rate is increased by 9
times without changing the tenperature when the counter-surface of silicon
is replaced by a counter-surface of silicon oxide. 5 Mre specifégalhy t he

etching rate is as |ow as about 0.045nmnin. at 1,200C when two

crystal silicon surfaces are arranged vis-a-vis, or a silicon
counter-surface is arranged opposite to a silicon surface to be etched (C
in FIG 2). Chly | ess than 3nm 10 of the filn1is etched out after 60

i nut int t t t { h t i sed
Fo about 0. 36t - 1000 gt nEpE aEbERRke LEP5n hETh P obEbEpeRy T
et ched out after RAL, Ve N e SLLS gncgﬁﬁggeggﬁgggéfsEQE?ge is arranged

opposite to a 15 silicon surface to be etc Thi's etching

thickness is compaable V4 tdeid@t HfpPetousd PQbé§hb8£QééﬁSthE|G- 3is a
graph showi ng the etching rate when %he materials of the oppositely

di sposed sur fagRspHeridd) resiirSi 48d 1 3P4 Gio3, thBepheskdeat alf axies
represents the etching time (mn.) whereas the vertical axis represents the

et chi ng5t hi clawesspheye and the heahads pataenhgi sheoopachetloat tenperature T
of 1,200C. In FIG 3, the white circles show the val ues obtai ned when 25
the articl e leswiznonSiedrt sintacmomstdéhettonnt er-surface i s made of Si,
whereas the bl ack circles show the val ues observed when the article has an
Si surface and Alghnug v odtere 2 ndel toiht €oxr sthé afkovsratdeodf Si 02. As
seen fromFIG 3, with a sanme duration of heat treatnment, filmis etched
out to a gredFEragareRONRINIME ¢8%i kP ebhadsed Sprrthar PateoaRdothe

counter-surfa?1 5 is made of Si gs i ndi cat ed QY white cgrfles,than when
e invention, the flow rate as scussed below is

10 preferably used.

The flow rate as used herein refers to the flow
rate of gas passing through an area obtained by
subtracting the cross sectional area of the
semiconductor article from the cross sectional area of

15 the furnace tube. If the gas flow rate is too high,
the rate of removing the reaction product from the
surface of the article is raised to reduce the etching
suppressing effect.

If, on the other hand, the gas flow rate is too

20 low, the rate of removing the reaction product from the
surface of the articles is remarkably reduced to reduce
the effect of removing the impurities such as boron by
externally diffusing them from the semiconductor single
crystal layer.

25 For the purpose of the invention, the gas flow
rate is preferably 10 to 300cc/minecm?, more preferably

30 to 150cc/minecm?. The gas flow rate is a parameter



the article has an Si surface and the counter-surface is made of SiOz as

i ndi cated by black circles. In short, when an SiOZ surface and an Si
surface are oppositely arranged for heat,preatnment, the Si02 surfapggyfe s
etched to a greater extent than the Si surface. FIG 4 is a graph show ng
the rate of renoving Si atons when an Si 02 surface is etched, using an Si
counter-surface, and that of renoving Si atons when an Si surface is
etched, using an Si Oz counter-surface is 15 used, as obtai ned by

cal cul ati on ofhit heobesh Bl Phg Fhie BatkNof! @i rfustifg BoH zeRb¥indXithe

represents the etching tinme and the vertical axis represents the nunber of

removed Si atrdEcEBMOSFEduet £hemobaer wad roter touthacestbeing dimdisat ed by
white circles, 20 triangles and squares, the observed Si surfaces being

i ndi cat ed by d¥ atike car€i€be. tri angl es and squares. It will be appreciated
fromFI G 4, which shows the nunber of renoved silicon atons cal cul ated
fromthe etched vorhereswffacai bfcoheoartdécder iaceasngfacsortily 25 nunber of
silicon atons cal culated fromthe etched volune of a single crystal silicon
surface Bas i le9tshedtand i smepthed, inhat hydsogepbepnghindngy @dmosph@rFUN Z002
- 27 silicon atons is substantially same for the two surfaces, neaning
that, when aftsiteperrBuERdbakos br290r Fac@tarbighr 4R§eUSHFSS My
relative to each other for heat treatnent, Si ato e .l ost

Cubot anti al | YIE8E dt® oriEheds Tt f oA EHESE o SLTPFRBBLS hus. LPRE ' §6S of
oxi de. Sur f acd ANTHUEE oppbar ( VG0l POTR; %1 NREr SBYPOR-RY I enerally be
oxt do-react WPSTREHE e NEu e "P0E, Hle"EkOlipUnBEBCBLE HATRRS 1 OO
affectag by heibotRiieg OPEUEENabpEnds SH' tAGCCARPoLIE BAUBLEM whig Tace. 11
has 15 been found that, en a silicon counter-surtace is
pressure of gas. More specifically, the temperature is
found within a range whose lower limit is preferably
not lower than 300°C, more preferably not lower than
500°C, further preferably not lower than 800°C. On the
15 other hand, the upper limit of the temperature range is
preferably not higher than the melting point of
silicon, more preferably not higher than 1,200°C. If
the smoothing process proceeds too slowly, a smoothed
surface can be obtained by using a longer period of
20 time for the heat treatment.
For the purpose of the invention, while the
counter-surface constituting member 3 may be made of
any material so long as the counter-surface carries a
material containing non-oxidized silicon as principal
25 ingredient, it is preferably an Si wafer from which any

natural oxide film is removed, an Si wafer having a

film of non-oxidized silicon such as silicon nitride oxr



used, the etching rate is reduced as the distance separating the two
surfaces is reduced. Wen, on the other hand, a silicon oxide
counter-surface is used, the etching rate is raised as the distapgquhqmﬂeen
the 20 two surfaces is reduced. Additiomal |y, the etching rate is

remar kably | ow when the etching process is conducted in an atnosphere
contai ning no reducing gas, which is typically hydrogen gas, if conpared
with the etching rate observed when 25 the atnosphere contains reducing
gas. In short, the presence of reducing gas, which is typically hydrogen
gas, can si gmiifliicant |lgaxdcicts eyrattthe hmuefadbé ngrruidreoug quavhz2@@Zer 28
When a silicon surface and a silicon oxide surface are arranged opposite to
each ot her i@w@getmmwvmt@nwhi@tmféhmfgéegoarQXétiéﬁég as the
material of either one of the surfaces gets to the other _one by way of the
5 reaction wStRiaee reHltiary Yas, Sihieh $ECt{pi €arrgdnydPoyehiedas.  For

i nstance, there nay be reactions expressed b%58i+ -~ SiHz+Si 02 -~

2Si 0+H2. ThePSVIDXD R FHUCHIR Fa1e 3Fetlp 4F{GLe LPePeat |east partly,
transported thrqugh the gas phase.to the silico xide 10 surface, where
they redct m%g%o?ﬁ%‘%ﬁc%”%ﬁ%a ckﬁes‘ﬁfﬁ\g g?ﬁhggﬁtur at ed vapor
pressure. Since SiHz is consuned as if.| , AL E hi ng process on
the Si surfag%%ﬁ %rtﬁ¥ﬁn%ﬁ%né§isﬁ%Eﬁflé§ ﬁ%@gggh%rmﬁaﬁég two Si surfaces
ar e arr anged apRAsl:l &k LA 186n" 8L £481 £E DM RakebBAC i ON Of
the Si at o_msct hatcE%Lave ﬁqfe t P:he %?é%u&]f%ces proceeds only asea function of
the diffusion in tfg \RRtPNARE-QNEL dhSY1debet p1EABVRAGSAEYAAL 8
concentration | evel, which hardly becones high, so that the etching rate

wi Il not becparaldal 20 HH dthe Eud € ot rives yerafeadan Sk soef aieeand an
Si Oz surface are opposed, the Si atons that have left the Si surface are,

at | ea30 parand shapsnethercdurecetvswackaod phefexadeyf hbam asostikat t he
chemi cal reaction can 25 proceed without any restrictions. Since SiO that
can be produeqtadn tcherSigdeatier dders hdvat cohi the vapofapeetgube, the
reacti on can proceed w thout - 29 restrictions. Wien a silicon carbide
surface is atrgajed »H theN FOoEIpgbsind 2 PECSLhgl 8igiysratositbipdon film
the rate of etching the single crystal silicon filmis 5 substantially sane
as the linit8§ &ehidfFiHtS W hat is observed when silicon is used for the

count er- surface. ke se.hen,.a sld LON.plLLEde, SHURBSE hspalr anged
opposite to a single crystal silicon filTm e’ Tate of etching“the single

cryst ﬁ%sfi’ﬂ![ ieﬁg%sfteairr{?e'ﬂdliys B $d OB AL GRSt anhéabbY §aMEnasnt gyl I m ted

typically be a tray. While the distance, or the gap
AS, separating the counter-surface and the article may
vary as a function of the silicon surface area (to be
annealed) of the semiconductor article, it is

20 preferably not greater than 20mm, more preferably not
greater than 10mm, to achieve an effect of suppressing
the etching due to the interaction of the oppositely
disposed surfaces, when the semiconductor article has a
diameter greater than 100mm. Although the distance

25 between the oppositely disposed surfaces has no lower

limit, it is preferably not smaller than lmm, more

preferably not smaller 3mm.



when silicon is used for the counter-surface. In short, in a process of
heat-treating Si in a hydrogen-containing reduci ng at nosphere, a nmateri al
containing silicon and either carbon or nitrogen as 15 pri nci pal 2.6 JUN 2007
ingredients or, in other words, a materi2z® -not contai ni ng oxygen-as
principal ingredient is used for the opposite surface. That is, by using
for the counter-surface a material constituted of silicon and a substance
that does not react in the above descri bed 20 at nosphere, the etching rate
can be reduced to at least |less than 1/10, practically equal to O, if
conpared with a casswiface sindatdninekinpodessiseprts when coh@it er - surf ace.
(Heat Treatnent Apparatus) 25 Wiile FIG 1 shows a typical heat treatnent
appar at us ac€deanagst surHa@gen \adhttihenh semiqaRiAWECHD AT e ¥ vibF i ous

different ways as will be described 2 6 JUN Z002 - 30  hereinafter. FIG
5 is a SchenBePRE-tressedect iTHetATEy Jff it I Bt Fhethe st hkate

treat nent apparatu ccardin Q the invention. .5 enpodj ment of FIG 5
is so config Feﬁof&%gg B’d‘rt?‘ ﬁ%&z oé‘?r{ufoa:}t é?’ﬁji%eg ’g’arhg“'f rom the gas source 5
is madecto p . or cti .spac bet the article Wand
t he cou?\t er-§%§?§%§bggg§:ﬁ ot}%equlé’ mel erlwbg*%i?’egi(fl%%s into the exhaust

o™ oy RGBSR oy Daed el b il Gesbngt LR
article WandnbBehing process start early.
The silicon surface smoothed in this way is highly
suited for preparing semiconductor devices.

10 Thus, according to the invention, a thin SOI layer
having a thickness less than 450nm or a particularly
thin and uniform SOI layer having a thickness between
20nm and 250nm can be produced without difficulty.

Then, the obtained surface is smoothed and will

15 show, for example, an Rrms value of at least not
greater than 0.4nm, preferably not greater than 0.2nm,
more preferably not greater than 0.15nm, in a lum
square area.

Hydrogen containing gas may be introduced into the

20 furnace in any appropriate manner as will be described
hereinafter and the present invention is not limited to
the arrangement of FIG. 1 in terms of the way of
introducing gas into the furnace.

As for the material of the reaction furnace 1, the

25 reaction furnace is preferably made of a material

consisting of non-oxidized silicon particularly for the

inner surface of an area located close to the article



counter-surface constituting menber 3 is not limted to 15 the one as shown
in FIG 1, where the they are arranged longitudinally (transversally in the
drawing) in parallel with the furnace tu of the furnace 1. They nmay

alternatively be arranged as shown in Fl 5 or still alternativelbyJiN00
arranged in an inclined fashion 20 or vertically in a horizontal furnace.
Still alternatively, a plurality of articles Wmay be arranged at intervals

and in parallel with each other in a single furnace. FIG 6 is a schematic

cross sectiofal Wi Ao @i 25 eABodaeak gh BE8! rbheRl RNk AAPALAl US

according to the invention and adapted to collectively heat-treat a
plurality of dddlasie, - 31 2 6 JUN 100Z Wth the enbodi nent of etching
apparatus of 'FIG 6, a plurality of articles, W, Wconsisting of an

non- oxi di zed sili gody fEhdn @unr;%@@ersﬁr tBer ia¢enehienar tABYAdaitR ! e nfdyf nace
in such a way that all the 5 front surfaces of the articles are directed

upwar d. Then besid G dis €k eiestet ace hsghordqhienci/hret@praoti @ e WL, the
silicon surface of the article WL will not be heat-treated in an intended
manner. SDi ffdreanil y stated, the top article WL operates as a dummy article.
10 All the articles Wexcept the top article Whave a counter-surface

| ocat ed vi s-a-vi s,Nawi cdome ofiethentf ordidngedtbiti baver dad $or thee of the
directly upper articles W so that all the silicon surfaces of the articles
Wwil | pract iRzgsgnthointrnieiencdi bhdbsi dpegribednhedred. Wen all the
articles Wi, Ware arranged with the silicagn front surfaces directed
downwar d, t hd HRASESreR chee Perardengk af they EsFhieseRaERPGONs fons only

a princi pal ea of a vertical 20 furpace. en a horizontal furnace having
a configurat%@WQHﬁﬁl(ﬁéiYﬁ?r %T?E%ﬁ'%?rgﬁﬁé$antially turning the furnace

f | I, side, | d i 1 i,
of FIG,f to a latglal, sl eors (SF tp% gkgééhgtlnggg%%%hfhgﬁk q i 8,

arrangeg side by side and co Ive nneal ed"| ashion. 25
Not e, hOWBVG%héfEHn&{%agﬁgnfgf QﬂeFﬂgﬁthkéatment to be conducted

in a hydrogen-containing atmosphere in order to remove
fine undulations on a silicon single crystal surface
and found that the rate of etching single crystal

15 silicon varies remarkably depending on the material of
the surface opposing the single crystal silicon surface
(counter-surface). FIG. 2 is a graph showing the
dependency of the etching rate on the material of the
counter-surface and the heat treatment temperature. 1In

20 the graph of FIG. 2, the lower horizontal axis
represents the reciprocal number of temperature (T) and
the upper horizontal axis represents the temperature
corresponding to 1/T, whereas the vertical axis
represents the logarithmically expressed etching rate

25 (nm/min.). The film thickness of the SOI layer or the
single crystal silicon layer on a buried insulator can

be observed without difficulty by means of a



adapted only to collectively anneal articles having a non-oxidized silicon
rear surface. 2 6 JUN 2002 - 32 FIG 7 shows an arrangenent adapted to
heat-treating articles having an oxidized silicon rear surface such as SO
wafers or vitreous silica substrates whase +ear surface covere@gpyuggmpized
5 silicon. Wth this arrangenent, a counter-surface constituting nenber 31
havi ng at | east a non-oxidized silicon rear surface is interposed between
two adj acent articles so that the Si surface of the lower article W2 10 is
| ocated vis-a-vis the non-oxidized silicon rear surface (counter-surface 4)
of the count ecmswericded lgorsitadiiabig higiverrafledhion tyee SEFidmrface of the
article W will not be etched but anneal ed properly. Wile the

count er - sur f &bd ckoests augRy néthr s Bie gtasirgy ravehage Betray-1i ke
profile, they are not limted to such a shape and may be éﬁglaced by

pl at e- shaped dee@FaRedSsh QPSRINHENT Cehf bl bR bt Sness URPFYTSi 808r ~ Si

Al t tively, it db ti th f f it

S 11 ca base WIS TREGTEDy a0t raHy Casted fer e L8R ca Pt woen t he
oo pr 3 or B HE RIS A B o S el P BLER FhbRRESENIT

nore pr o "achieve an e suppressi ng

the etching due tg.t @%d_ntfrad:é,%%r%]@é Ahlsﬁ%pn%%)&{glyh ié@ﬁgﬂgig%%%]ces,

when 25 the sem conductor drtic as a er greater The

rate of etchisgd RR,Sidd GRN Pred e Rk NSk PelmperaBdre Zuferd Bh2002 surface
(front surface) of the article during the heat treatnent process conducted

in a hydrogeRoh@ted Rl RSO 6 d SaPeatt&d abssosbhes epeafr nore than
one oxidizing inpurities such as noi sture and/or oxygen are 5 contained in

the at nospheret@ase Ui sEichichatelibeetccthed.t 0 thes agaserisn Mmugrdy es can
be reduced by reducing the flow rate of atnobsphere gas on and near
10 Ea as obtained from the inclination of the approximate
line produced by using the method of least squares of
the observed values on the plot was about 4.3eV.
Data set B in FIG. 2 represents the etching rate
in a heat treatment process when a counter-surface of
15 Si0, is arranged opposite to an article of Si that is
etched. Data set C in FIG. 2 represents the etching
rate in another heat treatment process when a
counter-surface of Si is arranged opposite to an
article of Si that is etched. The activation energy Ea
20 of this heat treatment was about 4.leV.
Finally, data set D in FIG. 2 represents the
etching rate in another heat treatment process when a
counter-surface of Si0O, is arranged opposite to an
article of SiO, that is etched. The activation energy
25 Ea of this heat treatment was about 5.9eV.

As seen from data sets B and C FIG. 2, with a heat

treatment conducted in a hydrogen-containing



the principal surface in order to reduce the rate of supply of the
inpurities such as noisture and/or 10 oxygen. In this manner, the etching
process involving the interaction of the silicon surface and the

non- oxi di zed silicon counter-surface camn2be-suppressed. Particul A -W,NZﬂlHe
flowrate 12 of atnosphere gas on the front surface of article Wcan be
reduced practically 15 to O and the etching potential of the non-oxidized
silicon of the counter-surface can be naxinmally exploited when the article
Wis so arranged in the furnace tube 1 that the gas flows 11, 14 intersect
the directioratofosprexne] i the sitiaee etchhrdareitel ésatBcrresed Ran-oxi di zed
silicon counter-surface 4 the is located vis-a-vis wafer 81 the silicon
surface and seeesatwhthewh chenging cfhgytaBregpERrsr RN t86nm as shown in
FIG 8. Note that, in FIG 8, there are showmn an SQ 25 substrate

conpri sing a AHERK T#Tf 28R opf f PLAL 92N akhE BRPSEFeFaP¥r 823 forned on a
silicon substrate 21 and a counter-surface,constituting nenber 3 conprising
a - 34 z SuptesyrEreeceh §b%§??ﬁt8XFﬁ8n1which the natural oxide

film if. any, had been remved. G LS i [.0 i.Qnal view
of a hea treatne Oﬁﬁpﬁ?%fﬁsl%?g%%regh%yegggﬁp§r%é%%hg85%%e§?ﬁéagpfurnace

shown in FIG%u%mgégiﬁ%¥$n§/m Eg%gl%950605rwﬁé5i%h%SSW5§ﬂ@ 2w article

WL are arrange y an y respective projections of boat 13,

which is the suppost SEPbstesf atbeastahhe spRanatus, &0 Eheidumsn article
WL is an Si substrate carrying

counter-surface is arranged opposite to a silicon

surface to be etched (C in FIG. 2). Only less than 3nm
10 of the film is etched out after 60 minutes in the heat
treatment. To the contrary, the etching rate is raised

to about 0.36nm/min. at 1,200°C so that as much as
21.6nm of the film is etched out after an hour when a
silicon oxide counter-surface is arranged opposite to a
15 silicon surface to be etched (D in FIG. 2). This
etching thickness is comparable with that of a touch
polish process.
FIG. 3 is a graph showing the etching rate when
the materials of the oppositely disposed surfaces are
20 Si and Si0,. In FIG. 3, the horizontal axis represents
the etching time (min.) whereas the vertical axis
represents the etching thickness (nm) and the heat
treatment is conducted at temperature T of 1,200°C. In
FIG. 3, the white circles show the values obtained when
25 the article has an SiO, surface and the counter-surface
is made of Si, whereas the black circles show the

values observed when the article has an Si surface and



no silicon oxide filmon both the front and rear surfaces, whereas the
articles Ware Si substrates carrying no silicon oxide filmon the rear
surface. In this case again, the flowrate of the gas flow 15 117 pagNijgmg

t hrough the area obtained by subtracting¢he cross sectional area of the
sem conductor articles fromthe cross sectional area of the furnace tube
(outer peripheral area of the furnace tube) is controlled to | Gcc/mncne to
300cc/ m ncne and the flow rate of the 20 gas flow 12 on and near the front
surface of each article Wthat is running in parallel with the front
surface i s nade lanwertéhasut fiscd | sy made of &he,gas flow 11 running
perpendicularly to the front surface in the outer peripheral area of the
article W 25 Preffey sirpgn fihem fFH6: rdut ewbtht Aesgae flhoationpadsinggtt hr ough
the area obtained by subtracting the cross sectional area of the

seni conduct ortrgatingnsts, f¥blm 19 eatched 2pap to38 graaterosstendt wheal area
of the furnace tube (outer peripheral area of the furnace tube) is

control | ed t FFe0ETHGLe Pas ANSHER Fur fafe anf tHe (fvinteresSerfage gas

flow 12 on and near the front surface of each 5 article Wthat is running

in paraPl el @S Padfe 9% ot durintkcateddbe BRritei earryeaqtaprnt ¥her FIGc 10
is a schenmnat it% Cr oss, ctlilonal véew of _still ng&her engodi nment. of heat
t r eat ment appareatalfstla%]g rathdt o ﬁh%u’f%?/%%t?%% B TRPMLCREAFUEFEShent
¢ ¢ ) . ; . ¢
ot fr zod 1 preite A QUL ol iRt eh el O BN IS S0 i quart 2

or vitreous SindrGa FHLATRPWRS, SUReaLAd haVidl & Sifacs ofrdon- oxidi zed
silicon such as SI'C. In FIG 15 10, 124, 125 and |45 denote O rings and 122

and 145 denoigppdsangsssy atitdigddorslend£6 er&€ehént, CLREUSEO, surface
Hydr ogen- contai ning reducing gas is introduced froman inlet port 105 into

t he spate whdre etaftards 4 ad grgdtagesktanvayhah Bhél 8w patrbaddl. Then, gas
20 flows further fromthe opening 135 to the flow path 142 between the
furnace tube 132 &b+ he isrergraie si8iwiryg welye ofatet aof nremevlinggSkHeans
(136, 137) such as non-return valves. Then, gas in the flow path 142 is
expel | ed fromtoms atiuan (o, $06fags Hseettadwsd sweings a%,S3Ar, Ne, Nz, Kr

or Xe is introduced into the space 143 between the furnace tube
counter-surface, and that of removing Si atoms when an

Si surface is etched, using an Si0, counter-surface is

15 used, as obtained by calculation on the basis of FIG.
3. In FIG. 4, the horizontal axis represgnts the
etching time and the vertical axis represents the
number of removed Si atoms (atmos/cm?), the observed
Si0, surfaces being indicated by white circles,

20 triangles and squares, the observed Si surfaces being
indicated by black circles, triangles and squares.

It will be appreciated from FIG. 4, which shows
the number of removed silicon atoms calculated from the
etched volume of a silicon oxide surface and also the

25 number of silicon atoms calculated from the etched
volume of a single crystal silicon surface as

illustrated in FIG. 3, that the number of removed



132 and the hernetically seal ed outer tube 145 through ? 6 JUN 2002 - 36
a purge gas inlet port 145 | ocated bel ow and di scharged through 87'?::1{‘8? ?as
exhaust port 144 | ocated above. Hydrogen gas woul d not be brought 00
contact with silicon oxide heated above gzl Q00C until the 5 former is
introduced into the space where wafers Ware arranged and hi gh tenperature
prevails. Heat barrier 109 made of foanmed quartz, which is silicon oxide,
is located outside the high tenperature region 150 heated by a heater 2
and, therefore, practically no noisture 10 is generated by hydrogen gas fed
t hrough the thowcpat htbhk iEefwiofamtiallsy usene Nfdhetiseipphded hydrogen gas
is negligible. All the conponents of the apparatus |ocated in the space of
t he heat ed hegirfeemser ataare e gitoat 1 5themsanieSilSsuhfacanandt abeSiQ1, where
wafers Ware arranged, are nmade of a non-oxidized silicon material such as
Si C so that svirfagee agen@ratanged Lppisi epkcerékatlve v néachedthens in the
inner tube 131 is discharged through an 20 opening 135 | ocated at the
center of thé&orubestto tBegdmanty (i fareRgasi ¥l e foetfephatantipelys a
hermetically seal ed tube made of silicon oxide such as fused quartz and
hence i? shof§ &nS&REe/Mad® HHRM ndl® | Y SHTLRCeFfect and produces a

uni form tenperature 25 distribution in.the heatfjﬂjechi%h t epperature region

150. If hydrogen §28Sed®€ FATS UMM § 31595 12G0utd not flow

out of the f%Eg% %HQ%% %%lthe_iéggraction with a silicon oxide

surface arranged opposite to it. This interaction will
generally be expressed by the reaction formula shown

10 below, where silicon and silicon oxide react with a
ratio of 1:1.

Si + SiO, » 2SiO

The Si etching rate is affected by the distance
between the Si surface and the counter-surface. It has

15 been found that, when a silicon counter-surface is
used, the etching rate is reduced as the distance
separating the two surfaces is reduced. When, on the
other hand, a silicon oxide counter-surface is used,
the etching rate is raised as the distance between the

20 two surfaces is reduced.

Additionally, the etching rate is remarkably low
when the etching process is conducted in an atmosphere
containing no reducing gas, which is typically hydrogen
gas, if compared with the etching rate observed when

25 the atmosphere contains reducing gas. In shoxrt, the
presence of reducing gas, which is typically hydrogen

gas, can significantly accelerate the etching rate.



2 6 JUN 2002 Additionally, the boat 13 for holding wafers Whas a surface
of non-oxidized silicon such as SiC and hence it would not generate any

noi sture. The hernetically seal ed outer tube 145 and purge 5 gas PlGeyNR
metal inpurities comng fromthe heater Z8f+omentering the inner tube. The
boat 13 has a pl ane of non-oxidized silicon such as SiC that faces the top
wafer Wto prevent the top wafer Wfrom bei ng etched. 10 The rear surface
of the wafers Ware of non-oxidized silicon as the oxide film if any, is
removed fromthere to expose silicon or the rear surface is coated with a
non- oxi di zed Widn corsfliigon Wuhfary afdtédesibbven destdebedréabedament s of
15 heat treatnent apparatus, the furnace 131, the tray 31, the support
menbers 9, 13raEfgRRalNBPeFkEtecto neaieh opthex rputhei ¢tehingt sHasea,

non- oxi di zed silicon surface typically of SiC Si or SIN. The heater 2 may
be a resi st arid¥® H&R FUrfpgerii roEIFRd ATyt atrtertal PANBiRB&Ter. It is
preferable that a reaction furnace 1 is provided with | oadi ng chanber
havi ng i nert H%s It R R TRAMRS BR dAaFRt O WS ?‘P%ﬂ@?ew?gd fr &Rt ne

| oadi ng .chanmber_to the reaction f(%r nace ile. the,i ngi de oht he furnace 1

1 whil.e.
i s not ex FEESHHB JHHt orhtai 1 4 ORY gEN: (KRt Hd Bt Preparifig an SO
Sunst 1) Nato 8 g o prOECLP D SOlcAYGAESLE. attRcn 2 S LN

2002 _ss _ a-h nt™ met g nvention, wll be
described.  expressed by Si+H, » SiH,+Si0, -» 28iO+H,. The Si atoms
that have left the Si surface are, at least partly,
transported through the gas phase to the silicon oxide
10 surface, where they react with SiO, to produce SiO,
which shows high saturated vapor pressure. Since SiH,
is consumed as it is needed, the etching process on the
Si surface will be promoted. When, on the other hand,
two Si surfaces are arranged opposite to each other,
15 the rate of chemical reaction of the Si atoms that have
left the Si surfaces proceeds only as a function of the
diffusion in the wvapor phase once they get to show a
saturated concentration level, which hardly becomes
high, so that the etching rate will not become very
20 high.

To the contrary, when an Si surface and an SiO,
surface are opposed, the Si atoms that have left the Si
surface are, at least partly, consumed on the surface
of the oxide film so that the chemical reaction can

25 proceed without any restrictions. Since SiO that can

be produced on the SiO, surface shows a high vapor

pressure, the reaction can proceed without



FIG 11 is a flow chart for preparing a bonded SO substrate by neans of
the cl eave process using hydrogen 5 ion inplantation or the epitaxial |ayer
transfer process, which may typically be the PACE process. Firstby 3 f@ﬁft
article is prepared in Step S1. Mre speéPfically, hydrogen ions cﬁ pM

gas ions are inplanted into an Si wafer carrying an oxide insulation 10
filmfornmed on at | east one of the surfaces to produce a (potential)
separation |layer at a predeterm ned depth. Alternatively, the surface of an
Si wafer is nmade porous and the non-porous Si |ayer is subjected to an

epi taxi al gr FRFETYRERORAe PACE process is used, an 15 Si wafer carrying no
oxide filmor an Si_ wafer having its surface oxidized will be prepared.

Meanwhi | e, a secontheRt®cPdlicopr eprpPide Fusfapesss PRELYEGNd articl e may

be an Si wafer obtajned by oxidizing the surface of .an ordinary Si fer,
o S 20 vaf APRAVIHD Foob nainoLe BEVHESH PilaGrByEdins FE SGHE ST | ca
wafer or a netal, subsfrate. bseguently _i.R. pS3.. the first and second
articles pnﬁ%ﬁ%gﬁ?% %%%pElE§E%n89 t?ésﬁéc%?églflgpel onded toget her

direct |y or IMILeELLYa ML hanoagdheriue1 2R kaneLdalabpessd therele veen.

It will be s cl ent eh erther of the surfaces o he first and second

articles to hg,honded RERtHL1168RM 18SudBal BEY hAr countd? - str&alld eUl2
unl ess an article having a structure other than the SO structure is

prepared. Befroreewiee poplénda theicunfacesitie bariandedsmayrhegaet i vated by
irradiating themw th ions of hydrogen, 5 oxygen, nitrogen or inert gas.
opposite to a single crystal silicon film, the rate of
etching the single crystal silicon film is also low and
10 substantially same as the limited etching rate observed
when silicon is used for the counter-surface.

In short, in a process of heat-treating Si in a
hydrogen-containing reducing atmosphere, a material
containing silicon and either carbon or nitrogen as

15 principal ingredients or, in other words, a material
not containing oxygen as principal ingredient is used
for the opposite surface. That is, by using for the
counter-surface a material constituted of silicon and a
substance that does not react in the above described

20 atmosphere, the etching rate can be reduced to at least
less than 1/10, practically equal to 0, if compared
with a case where silicon oxide is used for the
counter-surface.

(Heat Treatment Apparatus)
25 While FIG. 1 shows a typical heat treatment

apparatus according to the invention, it may be

modified in various different ways as will be described



Then, in Step S4, (unnecessary) part of the first article that has been
bonded to the second article (to produce an assenbly) is renoved. Roughly
speaki ng, two different techniques are available for renoving partl ﬁ)ﬂﬁMﬂZ
the first article. One is the technique 3 +¥enoving part of the first
article by grinding or etching and the other is the techni que of separating
the front side portion and the rear side portion of the first article along
the separation layer formed in the first article. 15 Wien the latter

techni que is used, the unnecessary part can be used as a first or second
article oncebegsiimafdraise it nmaintains the profile of a wafer after the
renmoval . The unnecessary part can be renoved by heat-treating the assenbly,
bl owi ng fluid thatiftey DD SRR BC AOTD £Fhieral Siee of the
assenbly or nechani cal | da_eel ing it off fromthe rest. The surface of the
silicon | ayePNP&beY ﬁ@% e &L heah {resEert RpPataYusnat i s now free

fromthe unnecessg{i){_tgqart is rather_rough, show ng voids, pores 25 of the
porous | ayer 2&T@F dR dhoriPvER Y by the grinding or etching

operatign. Therefqre, i e 5, ortion .the silicon |ayer
sﬁowi ngga rough (;Ffeé ej'&c\%llf%f\% 04%1%%&8'?%0%@0 s%%%%%%‘ér%é #e%?-tregti ng
(annealing b dq;(%[ P r e ughn f the
etched sili c%r?qﬁ::e%r q{ys S eg?-he ﬁtéol%l-ﬁbg&}e?é gﬁﬁr lg&cegé%ug ngéé gf | ess

than 0.2nm (k8 @aldMAYHE THY @alp U tithd hecsimetdphdee eAdect of the
etching operation. If the etching i's conducted under optim zed conditions,

the surface pewglpesxHARME d1IRAWCethd acHee SSolkedr Uslbfuibe i N SONE cases to
less than Olnm FIG 12 is a flow chart for preparing an SO 10 substrate

typi cal |y bycoaand taftimgSdnbay & assfore rist | §lows Strepo Se ewh&Suswafer i s
prepared as starting material. Then, in Step S12, oxygen ions are inplanted
typi calPy w phmp @csi rither atshapfstalpoump Bk 10H ' ooty Zrequ ibied xiQ 18ser @asasi ng an
accel eration voltage of between 100eV and 300eV.
of treatment under high pressure or atmospheric
pressure.
The mode of arrangement of the article W and the
counter-surface constituting member 3 is not limited to
15 the one as shown in FIG. 1, where the they are arranged
longitudinally (transversally in the drawing) in
parallel with the furnace tube of the furnace 1. They
may alternatively be arranged as shown in FIG. 5 or
still alternatively be arranged in an inclined fashion
20 or vertically in a horizontal furnace.
Still alternatively, a plurality of articles W may
be arranged at intervals and in parallel with each
other in a single furnace.
FIG. 6 is a schematic cross sectional view of an
25 embodiment of heat treatment apparatus according to the

invention and adapted to collectively heat-treat a

plurality of articles.



Subsequently, in Step S13, the wafer inplanted with oxygen ions is
heat-treated at tenperature between 1,000C and 1,400C to produce a buried
oxide film 20 Then, in Step S14, the sugface oxide filmis renovéd JiNi?
the surface of the SO |ayer, if such an oxide filmhas been fornmed. The
surface of the SO |ayer of the obtained SO substrate shows undul ati ons
caused by the oxygen ion 25 inplantation (step S12) and the formation of
the buried oxide film (Step S13) if a polished wafer is used as starting

material. Thus, i niSirepcrd SembdteiM@h€rof. 8tchindlappdrbtdbNoZ0@2csubj ect ed
to a heat treatnent operation (annealing operation using hydrogen) in a

manner as desGr isbgd wviet o f edbvEcBés YpPE| WotcbhebseinghefSa@n | ayer

havi ng undul ations. After the etching, the surface of 5 the SO |ayer shows
a surface roumgmiess difzddessi Y ieon Of 4hm ORr B¢ re@am bumfageaseear ea and | ess
than | .5nm (Rrns) in a 50um square area. O the above descri bed net hods of
preparing a sewacgefucirorthe tfuwimaeecbndsught @ va¢e thasnaildntbehat 10 of
preparing an SO substrate by nmeans of the cleave process using hydrogen

i on i npPant atfiremtrgurfiRcer selisthel antietaseprgetdreckedr epwaprdng to FI GS.
13A through 13D. In Step S21 shown in FIG 13A, at |east the 15 surface of
an Si wafer FhehatSinece M0 fGouter15ereare inefaurfyfexi §heed°Po produce a

il i de | t hat a buried i jon film22 and
RN T e A L

bout 1x1016¢cm:2,t 0 i . | e
R S e i

alternative!%ta%aav'qggfﬁgﬂl&%ui twD3Sp L AE0B: adYa Ublihing' BY9tiRGe .

potential difference between the plasma and the water. As a result, a

separafpon | ayar 3% iaxticles W except the top article W have a
counter-surface located vis-a-vis, which is the
non-oxidized silicon rear surface of the directly upper
articles W, so that all the silicon surfaces of the
articles W will practically not be etched and simply

15 annealed.

When all the articles Wl, W are arranged with the
silicon front surfaces directed downward, the bottom
article operates as a dummy article.

FIG. 6 shows only a principal area of a vertical

20 furnace. When a horizontal furnace having a
configuration that can be realized by substantially
turning the furnace of FIG. 6 to a lateral side is
used, a plurality of articles will be arranged side by
side and collectively annealed in a similar fashion.

25 Note, however, that the furnace of FIG. 6 is

adapted only to collectively anneal articles having a

non-oxidized silicon rear surface.



25 produced (FIG 13A). Then, in Step S22 shown in FIG 13B, another S
wafer 21 that is a second article is prepared by - 42 - 2 6 JUN 2002
renoving the natural oxide film if any, on the surface to be boquq N 2007
t hereof before the two Si wafers are boffed together with the Si surpagg
held in contact with the surface of the insulation film22 to produce 5 an
assenbly. Subsequently, in Step S23 shown in FIG 13C, the assenbly is
heat-treated in an oxidi zing at nosphere and separated into two parts al ong
the separation |ayer 32. For separating the assenbly into two parts, fluid
10 (liquid or gasFIfay 7b&haws iay awrangendirtladarerdit®he assenbly under

hi gh pressure until the separation layer that is, a nechapjcally weak
brittle | ayePePE-¢EEELVED B GRS A ETSB 2R so’b’ecg’r%%‘goﬂ 1S8Pat&P&d) from

the assembly. \eaing i he ol lion (A4 25 o he veler, 2, 15

Al ternatively, S W € geénerat ed rogen or inert gas ions

to grow in tUESeRatall ghday sl o didta GONSRIMANS iy thpraptes 31 may be

separated fromthe asse y, leaving on f waf er 21,
if tenpgratuge;higher than 500C is 20 used for the heat treatnent to be
conducted in an oxi di zi ng at nosphere simultaneously with or after the

bonding step. Theywabekndl seRARiabAt O tdBuESAIPIY638 be used as a
first or second article once again because it 25 maintains the profile of a

waf er after thaskemortang alehbi0MBi tisheightat Sle@siticedndy-dhedibeakness of
the silicon film 23. - 43 2 6 JUN 2002 For reusing the separated wafer
31, the surfadeiexposedrasua fiazsillis afntdrwpoaphrisd tween stypol ad hadeand
single crystal silicon filmis nmade to grow thereon through epitaxial
growt h. 5 Af eotichesseparthiaitorthe il ssurfane fof mlxs bowne artdadh Ydrface

w th undul ati ons caused by fine bubbles (fine voids), Therefore, in Step
S24 shb@n i nifl &ocetpd vis-@-arrsarid® RS- idized nphl HxPWi ¥88Tsi | i con

pl ane and heated-tre?ted in a hydrgggn-con ai.ning 10 reducigg at nosphere to
smoot h an upBEFIpGet (GRUBehE W 1acR M ¥ 19 m B i TR Tt heSPBugh sur face

by means of ' 3 et hod, gocordina o, he jnuention 4 &, fEnnergs fgseri bed

article W2 will not be etched but annealed properly.
While the counter-surface constituting members 31 of

15 FIG. 7 have a tray-like profile, they are not limited
to such a shape and may be replaced by plate-shaped
members. Such a member can be prepared by using SiC or
Si. Alternatively, it may be prepared by coating the
surface of a vitreous silica base with Si, SiC or SiN.

20 In any case, the distance between the Si surface
and the counter-surface is preferably not greater than
20mm, more preferably not greater than 10mm, to achieve
an effect of suppressing the etching due to the
interaction of the oppositely disposed surfaces, when

25 the semiconductor article has a diameter greater than
100mm.

The rate of etching the silicon on the principal



Since the wafer 21 carries a silicon oxide film24 15 on the rear surface
thereof as a result of the heat treatnent conducted in an oxidi zi ng
at nrosphere in the exanple of FIGS. 13A through 13D, the silicon o iy?“@“ﬁ
may be |left on the rear surface of the ¥3 substrate after the end o 7;]
S23. Therefore, the 20 silicon oxide filmis renoved by neans of an etchant
such as hydrofluoric acid, using the surface of the silicon film 25 as
mask. Then, thereafter, a nunber of such SO substrates can be
si mul t aneously subjected to an etching process in an apparatus according to
the 25 i nventsunfarse defmmthedhiafmne) anfl theé usttatkd durgn@ the Beart 10.
Alternatively, the heat treatnent for bonding the - 44 ? 6 JUN 2002 two
substrat es nédyersmed ek s comucioxd dini aghudnogpherentainkhag an oxi de
film24 may be formed on the rear surface during the bonding process. Then,
a non-oxi di zé¢msisuhene ricaracggleratedivien obbai Ped eye stheRoPPRg t he
natural oxide film, if any, before the annealin tion usi ng g dr ogen.
n

Now, a met ho@*SfAiFaish iy SR BHRIADMAHTT ?%p%{}gﬁ@’éngxgge i t axi al

| ayer transfer praocess wll be discyssed in detail b eferri o FIGS.
14A t hr Bugh f(?r% N A 1S QPR Widn ?fﬁeF‘?éﬁiﬂg\, eﬁ%g |tt single

crystal substyate 31.i.s pr i j ayer having a
por ous struc%dﬁl%e%@%ﬂsesfegrq?rags ogfs f%négfg%%f‘%%géééfﬂﬁ%l %gl u?‘ra!(i)n%@surface
thereof. 15 cﬂ@ | Gan r]péi&% by ROOGh &89 8E07 aadPRERRIE I N an
HF sol uti on. I]D%t;c gﬂporous&f‘oa‘fser S g\’lj\f/s a sponge- i%e s(_t)r u%_ture, wher e pores
with a di amretgle ¢fridRofal Gl vdd 1 OVRBEL 851 AEE8E- MhE FBteryal s of
about 10-1 to IOmm Wile the density of single crystal 20 Si is 2.33g/cn8,
that of porousipply of At o Hecwese heisahteWahdydra range
between 2.1 and 0.6g/cnB by regul ating the concentration of the HF sol ution
W t hi nla r angeygeirweerirbCGeraisd niktmeand thes ceteigbhat pngecébse tovodutindensity
and the rate at which al cohol is 25 added to the reaction system The
porosity of ttihe dorteradtior ahrthse sohieon | 2w Hycevand athag the specific
resi stance and the conductivity type of the 5 10 15 20 - 45 ? 6 (I UN
2002 porti on"eM1re &iARG rsilel G ROYRERY PRt BERCe AR P] BYPPERESRYYI ng t he
p-type conductivity will shqw a_ higher porosify when it is a non- ener at e
Dbt rat o PERRtHGRIRRAY ¢ (The TR dees a4 StiRfParahess) 9fnaer Sare
anodi zi ng condi tions hecause. the for sho a r ensity. hi r than
the latter b)%% St gjsi“fr 1A hoofuge}'ur it© neanﬁ"l; s%%r\llvvge sﬂ%‘?‘llg%%réééﬁggﬁg%g?.g I n

short, j5he pOY tashépftﬁéwet%hﬁ%b SEdfc LD be gﬁ@tﬁ%lggi@hé&gm ating

these conditions and using an appropriate nethod sel ected out of a nunber

of feasible mBuUNRYY: HEHOIAh i Hurdd@Ycde Be ShaRiRaldyer or a
mul tilayer structure conprising a nunber of layers with different

porosities. Waldided aiterd ekt dle uchs asaveyridadged henr theoj ection
range is confined within the porous |ayer that is produced by anodi zati on,
bubbl es wi | | flverrfagenghbhen 1t idhglorthevadds flwet el nebd imeepsegbcthen range
and consequently the porosity of the |ayer can be raised. The ion

i mpl ant at i ond@resdsdomf Jhe dHdiaay Purtree Rf gtheraxhickeedndf ther ni ng
t he porqus | ayer by anodjzation or even after the step of form ng a single
cryst aPOseni ooRaREF3ed) sl ldram PR suntrcys?t the is locatéd

vis-a-vis wafer 81 the silicon surface and separated
from the latter by not greater than 20mm as shown in
FIG. 8.
Note that, in FIG. 8, there are shown an SOI
25 substrate comprising a buried insulation film 22 and an
SOI layer 23 formed on a silicon substrate 21 and a

counter-surface constituting member 3 comprising a



Then, in Step S32 shown in FIG 14B, at |east a 25 non-porous single
crystal sem conductor layer 23 is fornmed on the porous |ayer. Sucz a

non- porous single crystal sem conductar 34ayer 23 may be a single ﬁwadeSi
| ayer forned by epitaxial growth, a |layer fornmed by - 46 2 6 JUN Z002
transform ng a surface |ayer of the porous |ayer 33 into a non-porous |ayer
or sone other appropriate layer. If a silicon oxide layer 22 is formed on
the single crystal Si layer 23 by thermal oxidation, the 5 interface of the
si ngl e cryst alildiddrc ul styses tanti-dhewlbiich ethexndeural mowiik fidla,sdift abl e
interface formed by thermal oxidation with a | ow boundary energy level. In
Step S33 showmyi,n FEG beeC ramavexdi nci pal surface (bonding surface) of the
sem conduct or substrate where 10 said non-porous single crystal Si |ayer 23
has been formed i FH&l @ i¥e & csxchewntbetcripsh saetieopl vwievaed @bondi ng
surface) of a second substrate 21. It is desirable to cleanse the surfaces
in order to hemdvEraGRRRINEraIRATIFET ProBRpEet sPY r Baft AEiNEetBfe they are
15 brought into close contact with each_other. The second substrate nay be

an Si sdbst r ¥€& tigalARe HATMet b5 Forfing a silicon oxide filmon an

Si bstrate, l i_ght 1Tt bstrate typicall d f t

sapphire subst rat & fhouh 7 (*TEhatE | T et DoCTREr Ut g0 sl SMIRY " he
f to b d.i flci . t i th d

s Tace "o nds e sk gmby Sty bt e sect

substrate is e fi1rs W an 1nsul ation | ayer 22

I nterposed t heloRtMERN GEfhd G f NBoht! ¥5T T ahiGR, 1Ehenbngubabi-en | ayer

22 may not 25 necessarlly be used. For bonding the two substrates, an

i nsul at or thipRmpe & fTeshdas i chysshbetyeen the first and second ? 6
JUN 2002 - 47 substrates to produce a three-layered structure.
10 The dummy article W1l is an Si substrate carrying

no silicon oxide film on both the front and rear
surfaces, whereas the articles W are Si substrates
carrying no silicon oxide film on the rear surface.
In this case again, the flow rate of the gas flow

15 11 passing through the area obtained by subtracting the
cross sectional area of the semiconductor articles from
the cross sectional area of the furnace tube (outer
peripheral area of the furnace tube) is controlled to
10cc/minecm? to 300cc/minecm? and the flow rate of the

20 gas flow 12 on and near the front surface of each
article W that is running in parallel with the front
surface is made lower than the flow rate of the gas
flow 11 running perpendicularly to the front surface in
the outer peripheral area of the article W.

25 Preferably, the flow rate of the gas flow 11
passing through the area obtained by subtracting the

cross sectional area of the semiconductor articles from



Subsequently, the unnecessary portion on the rear surface of the first
substrate 31 and the porous |ayer 33 are renpbved to expose the non-porous
single crystal 5 Si layer 23. Either of the above described two ts%h i ques
is used for this step of exposing the n&b porous single crystal Si9 07
23, al though sonme other technique may alternatively be used. Wth the first
technique, the first substrate 21 10 is renoved fromthe rear side to
expose the non-porous |layer 33 (Step S34 shown in FIG 14D). Thereafter,

t he porous layer 33 is renoved to exposed the non-porous sjngle crystal
silicon | ayeth#3 Grassy S&HFidNfm qlﬁe%@ by funnpge Yube, PREGB e to
renmove the porouys | ayer by sel ective etching. Porous silicop, can be

sel ect i vel y BETHORHAL, 35a% OHEEhe R ncat GBS hatt (FRPTERBLER Ebchi ng

non- porous siAgl e crystal  silicon when a,m xture sol ution_containing at
| east hydrofP@%ﬁ4?l CFH‘Zﬁoahégﬁfdpégeﬁmbe?%xi eigiﬂgeﬁét%‘gér g%e active

agent may be gdgfq_ogp 1bhe, etag,{]ﬁ;)r}gaaslolégé oge}i(%{g,f oga cf%éoé) PEeyeny, bubbles from

adhering to the surface. C I”"Such as 0 may preferably be

used asssurfactanh.e TNemAl ad Mg SLENI Ng DLACERS MAYcRecRS eRbhted when

the porous layer 1s very thin. Wth tthhe second techni que, the substrates

are separat ed 3R 4iRe RRAOYS-d YREa BB, diflaOPESs 8§ €S as - 48 T 6 JUN
2002 separation |l ayer to produce a profile as shown in FIG 14D for Step

S34. The separati gnerayoad ealdaesthdyid herdse cerdednalidwrée. Met hods
that can be used for the separation include anong others application of 5
ext ernal foregiducanathare ssnyelieansic® Herc etizatgheat | sngpdvatesor the use
of a wedge, application of ultrasonic waves, the use of heat, the use of a
t echni que of agcedddingg tonttdendlnygresiaane in the porous Si by oxidizing it
and eannding it fromthe periphery, 10 the use of pulsating heat for
produc'ﬂg t her mal WyiSedeat treatment apparatus comprises an inner
tube 131 having an inner surface of non-oxidized
silicon such as SiC, a furnace tube 132 made of fused
quartz or vitreous silica and an outer tube 145 having
a surface of non-oxidized silicon such as SiC. In FIG.
15 10, 124, 125 and 145 denote O-rings and 122 and 145
denote flanges, while 126 denotes a sealing closure.
Hydrogen-containing reducing gas is introduced
from an inlet port 105 into the space where wafers W
are arranged by way of a flow path 141. Then, gas
20 flows further from the opening 135 to the flow path 142
between the furnace tube 132 and the inner tube 131 by
way of return-checking means (136, 137) such as
non-return valves. Then, gas in the flow path 142 is
expelled from the exhaust port 106.
25 Inert gas such as He, Ar, Ne, N,, Kr or Xe is

introduced into the space 143 between the furnace tube

132 and the hermetically sealed outer tube 145 through



in or softening the porous Si and ejection of a fluid jet stream such as
water jet or gas jet. Preferably, the separation |ayer conprises at |east
two | ayers having different porosities. 15 Subsequently, in St9§;§%§ he
resi dual porous |ayer 33 left on the frayg surface of the second Su @W ate
21 is renoved by etching. The techni que used above for exposing the porous

| ayer 33 by etching can al so be used for etching out the residual porous

| ayer 20 33. If the residual porous silicon |ayer 33 left on the second
substrate 21 is very thin and uniform this wet etching process using

hydr of | uor i caapudgendrasy dmdgen grertoxXi4ie Imyatmd dmeldwedand h@hscharSedap S36
shown in FIG 14F, the assenbly 25 is subjected to heat treatnent in a

hydr ogen- conthirpugl eedwaigey gatsmesgiarst ipowot det4 t bocamed| abdree undul at ed
upper portion 25 of the single crystal Si |ayer 23. At - 49 ? 6 JUN 200z
the sane tine, thHydOgengigass wawld et Hee ddfeughbiinteuedntaehe boron
concentration_in the single crystal silicon |ayer and snoothing the surface

of the assenBt¥P Sifdcensanidehratnd e at LUYbiGi vkt bythde above
descri bed nmethod of .the invention,, a flat, uniformand thin single crystal
Si filn723 | SOPBPRed S OGRS &R s AR MR LRt Y aPES21 wi ¢ h

an insulatiogrlgxeg 22 %p%gr 0%%9 t her.ebet ween t{ﬁ_tak a rge areas. 10

I
Such a seni conduc ofi S06s P& TSR HR R ero%"éafy Ve USR Tqtf act uri ng

el ectronic dbeCﬁédEh%}fe?{O%giﬁr&tS#eU%tsur a%ich_pllaé e& f{é)(m ecs){; ot hfé. The

resi dual porous |ayer ‘ace 'of separation o e’ separ at ed

first S Singbeatehsbilcsiacs ubal ialdh Herph dAME AL s @ 1ROSEdg sL f ace

is smoothed if It is unacceptably roug Then, it w e used as a first
Si single crygtal naukel’ 3t Qnfd0r tHHdRIrd,| PrLitideA P eHPNbsypstLate 21 to

be used subsequently.

10 is generated by hydrogen gas fed through the flow path
141. Therefore, moisture in the supplied hydrogen gas
is negligible.

All the components of the apparatus located in the
space of the heated high temperature region 150 inside

15 the inner tube 131, where wafers W are arranged, are
made of a non-oxidized silicon material such as SiC so
that moisture generation is this space is also
minimized.

Gas in the inner tube 131 is discharged through an

20 opening 135 located at the center of the tube to
produce a uniform gas flow. The furnace tube is a
hermetically sealed tube made of silicon oxide such as
fused quartz and hence it shows an excellent thermal
insulation effect and produces a uniform temperature

25 distribution in the heated high temperature region 150.

If hydrogen gas leaks out from the inner tube 131, it

would not flow out of the furnace tube 132.



20 No silicon oxide is formed on the rear surface of the substrate 21 in
the exanple of FIGS. 14A through 14F. However, when the substrate 21 itself
is made of silicon oxide such as fused quartz, it nay be sufficiedth y[mz‘mrm
afilmof Si, SiCor SiNon the rear 25 3%rface of the substrate 21 after
Step S35, using the silicon film23 as mask, or annealing the substrate by
nmeans of hydrogen, using a tray of SiC or SiC coated - 50 carbon. ? 6
JUN 2002 FIGS. 15A and 15H schematically show the silicon surface of an
article before and after a heat treatnment process according to the
"nvention. 5 In FIASS1EEanahdy:sEhevBOaEndBedon BPOSIngeuRTaTofl (s
article before the_etching process, whereas W denotes a .cross, section of
the article ;ﬁt%‘frf%ee?ﬁh’l"ﬁg@'ﬁ’f‘b@éégq PLLFPPRCSHCPs 3RoP o SASL a- vi s
silicon oxide,, 10 Sjé:lii cop- cont ai gi ng gaseou% substances that typically

i ncl ude Si HZ Bhd" ¥ e pPBHLEREST P ERE LPEFEBASsurface woul d not be

consured so that tfig, shLEoD; 251 {VL0G1 LEAGHLAN (OBLYGRI g LAKING place

on the surface wl e ‘suppressed” once e satura n-vapor p

reached s Thus;ad e &L REngLa ¢! ERLIS 81 5CABNGAN BeoAURRLERRCLY J educi ng

the rate of gas flow near the silicon mto intain the vapor pressure

of the sili cm&prgﬂ@fﬂg%gaﬁgoyﬁnéybgﬁg@ges produced fromthe silicon
surface at a high level. 20 Wien a | um square area was observed through an

atom c force m cr oe®peodel DB ehsveahpdinkr 6dt ABAtopiatesd, slinddoIpt nean
square (Rrns) of surface roughness was about 0.2nmto 20nm As a result of
an et chi ng pracdEssafceiC dthgtt facde £bei hupnwwabar Wheor puelvestr ftdee was
snoothed to show an Rrns of as | ow as about 0.07nmto 0.15nm which
corresponds ten vager fé@ctremubidbegsebthadpol i shed Si

10 The rear surface of the wafers W are of
non-oxidized silicon as the oxide film, if any, is
removed from there to expose silicon or the rear
surface is coated with a non-oxidized silicon film.

With any of the above described embodiments of

15 heat treatment apparatus, the furnace 131, the tray 31,
the support members 9, 13 preferably are not made of
vitreous silica but has a non-oxidized silicon surface
typically of SiC, Si or SiN.

The heater 2 may be a resistance heater, a radio

20 frequency heater or a lamp heater. It is preferable
that a reaction furnace 1 is provided with a loading
chamber having inert gas introducing means and wafers W
is transferred from the loading chamber to the reaction
furnace 1 while the inside of the furnace 1 is not

25 exposed to gas containing oxygen.

(Method of Preparing an SOI Substrate)

Now, a method of preparing an SO0I substrate, using



2 6 JUN 2002 - 51 wafer or a surface that is nore snooth than it. In FIGS.
15A and 15B, h denotes the peak to valley distance, p denotes the gap
bet ween two adj acent peaks and t denotes the etching depth. I n khowtN 7002
conparabl e 5 processes, the thickness-t 3& film 23 will be reduced when the
surface of the article is polished and snoot hed. However, with a process
according to the invention, there will be no reduction in the film
t hi ckness because the etching rate can be held to about 10 O O nm at
1,150C. According to the invention, after the etching process, the surface
roughness i sarbegatedreataenh midadigaridintttefthelnyRirehed, surf ace.
Thus, a highly undul ated silicon surface having a peak to valley 15
di stance h a¥llarge dessaidesl- nanonmeters to tens of several nanometers and
a gap between two_adj acent, peaks p as |large as several nanoneters to

GL éﬁqﬁmyi

hundr eds of sever BECnafdndters fkdy K8k dide PP ITHRY FheSHbt
greater than 2 referably not greater, than 0.4nm by 20 heat_ treatnent.
Thi s smoot hi AEPBRERGRe RSN TREP e oxiIn ThEFZS B GERTT ANGEMErtY SFO9nR
surfaces On oLOMGR) SHELAGE, (IETG, R GX] 8o 1 TIPB! abl, 1dges show ng a
hi gh ener gy SOrface state and pl anes % planar “beari1 ngs of 25 higher

orders may bg,gxosed b bhGgiAnR oAy a O A BhAasbear ings of the

crystal | ayer. e surface enérgy of such an area is higher than the

surface - 52 2p@rd¥lNy2@0Z%ienar Gir-tilale gl i iirddieim! dearing of
the single crystal surface. In a heat treatnent process conducted in a

hydr ogen- contai-ai Bgetedueiand yat Msryen didngmayr himewt ajas assnsredréhat t he
energy barrier against the 5 nobilization of surface Si atons is | owered
typi cal |y byinpaneddcingoefaihnedi ofafiexd ey isy tdrato:Sidatiomsubxtiord by
thermal energy are nobilized to rearrange the surface into a flat and
snoot hL@ur f aEelnhfprekdwena atoweasdr pnes aff dde ssunfacehetd aweedydre pl anar

bearing 10 index of the single crystal surface, the nore the
a (potential) separation layer at a predetermined

depth. Alternatively, the surface of an Si wafer is
made porous and the non-porous Si layer is subjected to
an epitaxial growth. When the PACE process is used, an

15 Si wafer carrying no oxide film or an Si wafer having
its surface oxidized will be prepared.

Meanwhile, a second article is prepared in Step
S2. The second article may be an Si wafer obtained by
oxidizing the surface of an ordinary Si wafer, an Si

20 wafer having its natural oxide film removed, a vitreous
silica wafer or a metal substrate.

Subsequently in Step S3, the first and second
articles prepared in Steps S1 and S2 respectively are
bonded together directly or indirectly with an adhesive

25 layer interposed therebetween. It will be sufficient
when either of the surfaces of the first and second

articles to be bonded together carries an insulator



pl anari zing and snoot hing effect of the present invention will be pronoted.
(Exanple 1: epitaxial layer transfer/horizontal furnace/ Si02
counter-surface) 15 For each specinen,_t surface of a 6-inch bdrioosdgprd
Si wafer having a specific resistance of 0.015 i 2cmand a (100) orientation
was anodi zed in a solution containing 49~ HF and et hyl al cohol m xed to a
ratio of 2:1 to produce a I Oumthick porous silicon 20 |ayer on the wafer
surface. The silicon wafer was then heat-treated at 400C in an oxygen

at nosphere foni1kdioWn AstixIELHHting ¥esyribtireXbtieti tAnhs ther wed on the
surface of the porous |layer and also on the wall surfaces of the pores.
Subsequent | y st taidd Gien pradiredd. was di pped into a 1.25 HF aqueous
solution for 30 seconds to renove the very thin oxide filmfornmed on the
surface of the poBafordeayie duhding hethal surfacesd3toshef hoadedf mhlye pores
near the surface. The silicon wafer was then washed well wth water and

dri ed. Ther edkt ectimMadesi |bycdirmmiicatives Pheneditih donspofakydirogeowt h
system and heat-treated at 1,100C in 5 a hydrogen atnosphere to shut al nost
all t hedpar eoxy@erhe rsivifagsn ofr tinepor@as. silicon. Then, a single crystal
silicon f~.~.mwas formed on the porous silicon to an average thi ckness of
300nnBnm by addi n§h&ohlist é:sqqliarﬁ-,fras(%’?m?%%ﬁs%’émcléaﬁ’ésofot Refh¥&itogen 10

gas. The silicon fer was then taken out of the epitaxial gr vvtg system
and pl aced iﬁ‘rgﬁcﬁ% ditA™h ?%%?ﬁb%%é Y‘Ple%%%r?gﬁ‘énéfafﬁgcglan & crystal
silicon filmuwas oxidized to.produce a 20t~amthick sili xide fi 7. m by
nmeans of conﬁﬁ?ﬁu&? Q—:’é]s % Seénxyg}'g)n 5 Iéen"cllo‘ﬁ?/é(;’r oglgér)]&ngyasgggllﬁ??g& two

oxi dation, theH0al g CJéé%-Hthééé 160D J3d M ST £Or Sbg%aiﬁggﬁggpeta;eof

210nm Meanwhi [ e, a secon I con wafer was prepared and e

vafers;was syhe~eqbed @ ML, CoRaNst NthOPEEShALGul NGE FemBORHGarly used
in a silicon device 20 process to produce a clean surface (bonding

surface). Theart! b tuMe SHildionmaiers wererbandes épgetdrRingTARASI | icon
waf er assenbly obtai ned by bonding the two wafers was placed in a heat
treat nent furthacethsrerias ithevasdreniqgue aat eskepdrdt i Cclier frohbusitie
enhance the 25 banding strength at the interface. An atnosphere of a

m xture of nporéjon and dhegerearmsideddnriomeohethet fensheartiThen, the

first silicon_wafer of the
along the separation layer formed in the first article.

15 When the latter technique is used, the unnecessary part
can be used as a first or second article once again
because it maintains the profile of a wafer after the
removal. The unnecessary part can be removed by
heat~-treating the assembly, blowing fluid that may be

20 liquid or gas to a lateral side of the assembly or
mechanically peeling it off from the rest.

The surface of the silicon layer (SOI layer) of
the assembly (SOI substrate) that is now free from the
unnecessary part is rather rough, showing voids, pores

25 of the porous layer and/or undulations caused by the
grinding or etching operation. Therefore, in Step S5,

an upper portion of the silicon layer showing a rough



- 54 26 J UN2002 silicon wafer assenbly was ground fromthe rear
surface until the porous silicon becane exposed. Then, the silicon wafer
assenbly was di pped into a m xture solution of HF and hydrogen ppsqmuzﬁnto
etch out the 5 porous silicon. The assey-was then subjected to a

cl eansi ng operation and cleansed well. It was found that the single crystal
silicon filmhad been transferred onto the second silicon wafer with the
silicon oxide filmto produce an SO wafer. 10 The fil mthickness of the
transferred single crystal silicon filmwas neasured at intra-planar | Om
| attice poi ntS3IRERG] B 19RO ERRA RerkRRt f Frasthngkhessedding1bim with a
devi ation of 5nm Wen a_|um square area and a 50um square area of the

surface wer e MBRHQE PTG Bn atR?Rc FRRcBURTEFEsEBHENALSS56¥256

i nt f t, . th t f f Rr
o Tm for TAES R G5 TR BneTonthRd 58 am-Sah 6%ar cas  when:
t he boron concentration s neasyr.ed bytﬁngng gf sgconda y_iQon %Q nmass
spectrographfufIqﬁﬁ,r9¥g6é15§cﬁﬁkf%%%t tH8 bofOf tdHcBner Bt PEHEER the

i ngl tal.. sjiyi il ilj .Qxi de f d
the'reat vur Pred bif e amdo ity 6 £l dBPche LEQHLA8 U, Lo on
hydr of | uori ¢ ey afith I by SthdYe &R0 5 186HauLBEqBhEEr B Lhhaged I N 2

hori zontal heat treatnen urnace conprising a cylindrica urnace tube

made of fusedonditiong, Hd ddrfhdODb@Meds &Bs paSr8adeesothl ow from an

end to the other of the furnace tube. The specinens of SO wafers were
tested i n di ifegyeerihamdesl frim Arimngenentas@ss Wbl 188sdesani bednhiel ow. FI GS.
16A t hrough 16E schematically 5 show the different nodes of arrangenent.
Thr oughout the dr &#ihgsl2 2is denblas chaet ofr sprepaningfa8n 8P&rati on as
support substrate, 22 denotes a silicon oxide filmwhich is a buried

i nsul atPon f isulpsdivg 53 wamistakia by Migangrgftal SEMPXcproteEm 10 Speci men
A: FIG 16A: An SO wafer Wwas horizontally placed in the furnace.
Specimen H FIG Fomsty d0 SEFRSMW ma™ hot i oferl 1§ praessefinashe furnace
and a silicon wafer carrying no oxide filmthereon was pl aced above the SO
waf er. The 15%GFdtAIE &S %ting the two wafers was about | Omm Speci mens

paral i el with each Brhert 59 FiEn el Seb e e S R G0 A pair
gL e ﬁf erg i%aaqg)/%;itéﬁaé%ﬁﬁ%%!@fp&ﬁéﬁk%xﬁﬁem@a% other in
y th the surtfaces carryinhg a single crysta
15 4x10'"%cm™?, using an acceleration voltage of between
100evV and 300eV.
Subsequently, in Step S13, the wafer implanted
with oxygen ions is heat-treated at temperature between
1,000°C and 1,400°C to produce a buried oxide film.
20 Then, in Step Sl4, the surface oxide film is
removed from the surface of the SOI layer, if such an
oxide film has been formed.
The surface of the S0I layer of the obtained SOI
substrate shows undulations caused by the oxygen ion
25 implantation (Step S12) and the formation of the buried

oxide film (Step S13) if a polished wafer is used as

starting material. Thus, in Step S15, the wafer is



silicon film23 of the wafers are |ocated vis-a-vis and the centers of the
wafers agree with the center line of the Ja#rnace. 25 Specinmens E, E: FIG
16E: A pair of SO wafers are vertically ranged in parallel w tht dug g
other in such a way that the surfaces carrying a single crystal 2 6 JUN
2002 - 56 silicon film23 of the wafers are directed to the upstream and
the centers of the wafers agree with the center line of the furnace. Al

t he wafers were, hel support.ed by respec uartz_ ji t shown). 5
For each specisHERfecgﬁet%g?wr e%ﬁ}éacal‘t_ngc]i T r?r%sp%%’?aeg}%gtﬁae}’égg%éﬁg by

hydr ogen, t heO %%ecri%t“ur“t%i\r,‘\@s\,{%’:df&éﬁ fogr% gﬁ%%r\% ddéchf@é%' evel for 4

hours before the tenperatu e t he at nosphere in the

furnace was r eRIRECED Y. dHIJL AN i eI Sh dP epecsopmupe(aken out to
observe the filmthickness of the single crystal silicon filmfor another
time. The redugliily hdltidds t higknesscid eashigg, tHge sPesEaBASOiES shown
bel ow. The hydrogen gas flow rate was 5slm The filmthickness was neasured
at 15 ingra- pkaasorOmayeat tdHfrPal Ndier fdich tGu i ed S edlf VB siestmene

aver aged. ? 6 JUN 2002 - 57 etched filmdeviation height thickness

Speci nen A: 15..2@mmM IRInBNmMidnm Jpecismmis &Srea 206dmlds2nvh&pett fem C

10. 4nm 199. 1nm 8nm (upstream wafer) Specinen C: |.7nm 208nm 5nm
(downst r eam wé&Rems )Speciar&Piud dquane 2088nm 5nm (upstream waf er) Speci nen
D: |I.2nm 208. 5mm 5. | nm (downstream waf er) Specinen E 12.4nm 197. 3nm 8. 5nm

(upstream waf er) Spdcithen above degaidsed Mg el RIRYeRAFIIEf @8r) The
decrease in the filmthickness of the SO wafer was |ess than 2nmfor all
the waf ers whERNCONEHE RS arldr Y rrFRr Tt &9 - €Re f tR¥eNBROR he tBEfker
hand, when no sjilicon was used for the counter-surface b% i nner

th
surfacelBf th@TcPHERAT T FuSHe SURDE HRIPLBMFUR L HuPE 2CWE8VEsed to

operate as counter-sur face

the decrease i | t hi s produced by
et chi ng excee®&FFTm 0% ﬁ]é’ srpoe%el‘nnelﬁosn &"(Lt,f%ﬁtpgs irée%n%%vg#g? and E
(upstream waf gr.). : ' idd far & efs SHf&ace; shhe
et ched hei ght g\*zlests?ure ?cégytdﬁ%%étiéaﬁ&% 519%f ‘?ﬁ% oS o? 1ﬁeclf;ght produced

when non- oxi digge@dugyH i1&n counter-surface is not used. Variations in the
filmthi ckness were not worsened fromthose observed prior to the heat
treatment. After the &we dmatsHdwdatirentic ! hEsspest neasswetreobser ved
through an atom c force mcroscope for surface roughness. The root nean
square db sursacFaceugihess Si -wdfer 31 that is the first article is
thermally oxidized to produce a silicon oxide layer
that becomes a buried insulation film 22 and then
hydrogen or inert gas ions are implanted typically with
a dosing rate of about 1x10%cm™? to 1x10%¥cm™?, using an
20 acceleration voltage of between 10keV and 500keV. Ions
may be implanted by means of an ion implanter or,
alternatively, from hydrogen or inert gas plasma, by
utilizing the potential difference between the plasma
and the wafer. As a result, a separation layer 32 is
25 produced (FIG. 13A).
Then, in Step S22 shown in FIG. 13B, another Si

wafer 21 that is a second article is prepared by



2 6 J UN 2002 of eachof the specinens i sshown bel ow. | um square area50um
square

ar eaSpeci nmenA: O | InnD.SSnnSpecinenB:O;li nD.SGnnSpecinean:Cllkﬂg?.iénnSpec
i menD: 0. 13nnD. 35nm (upst ream waf er) SpecifenD : 0. 13nnD. 35nm (do NP3

waf er) Speci nenE' : 0. 12nn0. 32nmmar ket edSi waf er: 0. 13nnD. 31nm (for reference)
The above data indicate that the speci nens were snoothed to the | evel of
comercially avail abl e polished silicon wafers. After the above heat

treatment, tP@m&@iﬂﬁsQﬂgcﬁ%ttﬁ%ilognﬁfdet & 15 NGl Ly St Sid | SQRefLEM of

each of the specinens was observed by secondary ion nmass spectrography

(SIM5) to figd bRabohABAP@hRRFEINGRIFILA 13 Raf heen,dfdugeg-do | ess than
5x1015/cnB to prove that the specinen could feasibly be used for

manuf act uri ngopEieat £8gkendeViaesn theXdplfirkacPinadd aln | @y@tact
transfer/vertical furnace/various boats/oxide filmrear surface) For each
speci nen, theisHr theesakracsd- oFcnkoresudeadnSif Mai e22 hey i figodus@eci fi ¢
resi stance of 0.017 S2cm and a (100) orientation was anodi zed in a solution
contai ning 48#0 &lésamdlgt hyl al cohol mxed to a ratio of 2:1 to produce a

| Oum t hi ck porous silicon 2 6 JUN 2002 - 59 |Ilayer on the wafer surface.
The silicon waf er Swaseghentlyat ity Seed SA3 400G i YxygeIC at Wpgphere for
1 hour and subsequently di pped into a 1.25% HF aqueous sol ution for 30
seconds to r@fBeBPLHeiFehpathitiestege 15 BN ¥ AN DR EMRERRFe t#edsur f ace
of the porous silicon layer. The Sili%ﬁﬁ r was then washed well with

. n waf
wat er and drF%B?r?ﬁﬁgeéP¥8rFWPh8§§q% Ngafde REPHIHR i HRYEF ePPt axi al
grow h system and heat-treated at_ 1 0C.in a hydrogen atppsphere by 10
201 ng o1 anEbBageRAEYBRy B PESRIEd%, b MOt TR por es on t he
surface,of the.porqus_siligon._ Then, i_ngl I yst I1ic L S
forme %n th fﬁ g%ﬁsggi F%gnﬁF %% §§§P§6%96%1%kﬁéggggiié%ﬁﬁ%ﬁ%%1g§&gdding

silane as silj u as, i 0 15 : L4 er was
t hen taken oé?ggﬁb?geﬁfég??a?ﬁ?ﬂ %ﬁ%y%nﬁ%rﬁl%%%%ﬁl%ﬁﬁl I Zi ng
furnace. ThughathessSHr haeBaghch ySkeake priitthdl 19yd€ ok fdddrv@pe@Xi di zed
to produce a 200nmthick silicon oxide film by neans of conbustion gas of
oxygen 20 andn@lythegeafeAs3a hHespleklell @ffddidepardted sifge ey st al
silicon filmcane to show a thickness of 210nm Meanwhile, a second silicon
waf er was subfeemnkdlyt oleavheomiheogiddicioon fjrdoc&ss aro tfhe raf200# t hi ck
silicon oxide filmon the entire surface thereof and each of 25 the wafers
was subp ect elteraatiévedveaddinagbupbles o ldhde igenssmited IBY used in a
silicon device_process to produce a clean surface. Then, the two silicon

wafers 2 6RYERPIBD2CT §BeTieP@sShdRBEd togEerl® THYE FIRTHHEIRR er
assenbly obtained b ndi ng the t waf er s l.aced in a heat treatnent
furnace, wherBft sgﬁagtsgpgggg&n YlF%ﬁbC&ﬁ%?pfﬁh3ﬁprggaenhance t he
bondi ng str egg%grgke&h%rém' Y 5%%%@15}9, tl%%‘irr%% Wi Qa6 here of
the heat trea n

was ralsed In a mxture gas nitrogen and oxygen and

then repl acegsbynCopbughie@? 835 9f QEMPRRaRNFNIHIRIREN thHHIE SEIREr 8 ure was
held to 1,100C for 1 hour and then lowered in a nitrogen 10 at nosphere.

Then, 2te fiusédasibrconevhtar elrebittesit itooberaiotidurssehiy avs ground from
the rear surface until the porous silicon became exposed. Then, the silicon
waf er assenbdbyiddsidgpptrosphere sinuldtansoustliyowidfh r anfkdyy detogen
peroxide to etch out the 15 porous silicon. The assenbly was then subjected
to a bonding step.
The wafer 31 separated from the assembly can be
used as a first or second article once again because it
25 maintains the profile of a wafer after the removal,

although itsheight is reduced by the thickness of the

silicon film 23.



wet cl eansing operation and cleansed well. It was found that the single
crystal silicon filmhad been transferred onto the second silicon wafer
with the silicon oxide filmto produce ap,SO wafer. 20 The fil mihiJuNdlss
of the transferred single crystal silicon filmwas neasured at intra-planar
|Onm | attice points to find that the average filmthickness was 210nmw th
a deviation of 4.3nm Wen a | oam square area and a 50pm square area of the
surface were 25 observed through an atom c force m croscope at 256x256
points of measurenEdt . rdi€i hQOth8BaBpSANEEE (RERE) 3@ %ukf age fapughness was
| 0. nmfor the |um square areas 2 % JUN 2002 - 61 and 9.8nmfor the
50~am squar e giAsed Wiena t HEsHDE OBE CORE esbpatheionas snpasikaeddunmeans of
secondary ion nass spectrography (SIMS), it was found that the boron
concentrati omsingldecsraghr stystah Silmcbs habe wasgbod. 2xd@edncnB. The
obtained SO wafers were placed in a vertical heat treatnent furnace

conpri si ng a throwsge ¢pieaxibake gfogulartz and having a configuration as
shown in FIG 9 without renoving the silicon oxide filmon the rear 10
surfaced Gas was niffeer cthe ovepavatbbovethe bélagonnfiha £20r shows A
commercially available bulk Si 8-inch wafer was used as counter-surface
consti t ut i ng TRt rsurae ofhth nupdclabioppecapsedsbyw fére RrPRAGSd
horizontally on a 15 SiC boat. 4 in such ,a way that the silicon oxide rear

surface of eddi YHHALD WReFLPLEResiRnRteBr P42eSBPYPhENSE Clayer of the
SO wafer 1o d directly below it and the oppositel.y di.sposed surfaces
are separ at egtaag))e/ ai"%alps O?Q[ e‘gvh‘lél%é‘?\f‘éi'so? §§8565%d¥ﬁ85v§%§%§°?3 agr eei ng
with the centgr. || f upe. i, _8=1 ] er 3 was
nrranged on Earrst e g ead EPBEEd HE. 2 Motk bgsh BobREiaMRLTT © 0O,

separat@ it ULy [PBnSEIndBE S0 Aﬁé@fhrgﬂla§be9 phetabRpgphene in the
furnace by hydrogen,” the tenperature 25 in the Turnace was raised to 1,100C

and held to tdiatidsvetifwrad ﬂ%‘.’[n§dﬁ€‘§;%Eetf&éﬁnﬁﬁfﬁhééebgﬁﬁebﬁ‘ée@ to
take out the wafers and observe the fil mthickness of 2 JUN 2002 - 62

the SO of eachespeni MicoddiEnglees ealse imveheidnl int Bi nknases ak each of the
SO wafers was not greater than | nm Then, the boat supporting the wafers
was repl aced dednribdibatbormeele of vitreous silica and a simlar experinment
was conducted to fined that one of the wafers Whad been etched by 8nm at
maxi mumin an ar eSiNgHorhedvdier el berrriestdosyhicae exidedfhemght was

| ess th%n Inmin. the central area of all of the wafers
1 on the rear surface thereof as a result of the heat

treatment conducted in an oxidizing atmosphere in the
example of FIGS. 13A through 13D, the silicon oxide
film may be left on the rear surface of the SOI
substrate after the end of Step S23. Therefore, the

20 silicon oxide film is removed by means of an etchant
such as hydrofluoric acid, using the surface of the
silicon film 25 as mask. Then, thereafter, a number of
such SOI substrates can be simultaneously subjected to
an etching process in an apparatus according to the

25 invention as described above and illustrated in FIG. 6,
9 or 10.

Alternatively, the heat treatment for bonding the



10 as in the case of the use of an SiC boat. Thus, it was found that a boat
havi ng a surface of non-oxidized silicon, Si02 for exanple, is preferably
used for the purpose of the invention. Wien the silicon oxide fibl JINQOQIt he
rear surface of 15 each of the wafers wa&4dnot renoved before the heat
treatment so that the SO |ayer was nmade to face a silicon oxide rear
surface and heat-treated in a hydrogen atnosphere as in the above
experinment, the decrease i.n the filmthickness of the SO |ayer facing 20
another SO wafer was as large as 9nm and only the SO wafer facing the
upper nost  si WO FYRE EFatem iRy PUerAdetef FBse PARACKAMIAA™Ehe film

t hi ckness by etching. In short, the etchin be suppressed to

effect could
about 1/10 b PITRI<TT i IdnChAYy ?rheo’é‘sd%oﬁﬂ{"@rggu?‘?ﬁcgg EPEME7 ®%hows t he
result of the_above experinent. More ecificall Fl 17 he
Ioigti on ?%@%lﬁ\%‘rq’i)ﬁu&%"f %‘éﬁ’e’?‘%eﬁ'@? ?hﬁﬁrég#f‘?ncgﬁf’éknéggpﬁe uction of
the SO | ayer. of f P n_the r LN a reat ; c
accordi ng %/o ntqr%‘e-oﬁ?livcg}f’l (T“%ns.lffllhc%é@%s,é‘f‘ﬁgaﬁgr{:%%ntsgl nglraépl%gp(r% sents the

numeri cgl Off}gmcﬁfi LSRRI Axide YRIRrSiknahPe HUEBAEE Re counted

from above and the rtic s represents the decrease (nm) in the film
t hi ckness du t e ; ndenotes the data obtained
when the sil ;%g{)r%a{};‘:?’ie c???{!m on ?hdeglrljef%?ﬁ%%%?%ge of each 10 SO wafer had
been renoved befongy hes SRAth&yYest PréPeriages uwemiabhatgedrviastacliess the
silicon rear surface of another SO wafer and G denotes the data obtained
for conpari s@y wWeethd hef SO dpdedxDd] ehspe SCrangferwpsoaesanged lvike a- vi s
the silicon oxide rear surface of 15 another SO wafer that had not been
renoved. Not ditdvatssediin cdetakl vy (vefieyriadety RESE:r AAJethzbodd t he fi st
SO wafer in order to maintain the high tenperature in the furnace and

t heref d0e t hd4F-ont surface of the first SO wafer was facing the silicon
20 rear surface of_the dummy wafer. As seen fromFLG %7, t he _decrease in
the filmthi cknesF Wkt essi® (BFER 17 brfyC¥Rr 1RhELF: r SEAsOR™WEfter arr anged
vis-a-vis a du Si_waf er. and about m f or allrgge?goa Ifg)f LS of the

|
remai ni ng SOSAWRES SO TR HIRIETIT cdh dXi RECRRECRoPSr 8noved from t he
rear sur f a%ert'ic'alfaé tee%né he Pag% rtﬂae\%xg'?né’%598u§p§9£{189§r&e§§ ig2 6 JUN

2002 - 64 observe rough atom'c Torce mcroscope tor surface

roughness. The, 00l deafeadtiase e S {ACEp L PUBDBRESGRENBE @hetagy Of the

speci nens was 0. 11ln or a lum square area and 0.35nm for a 50pm square

area tasb i NnHrahds tdatcdhens Necdbdiisd ey Aeeaisingt brd 50 theshtewde of
commercially available silicon wafers. After the heat treatnent, the boron

concentrati odrofart eF séaipheidt ystsalclsi 4 i ponotis| lrmpéreabhwef at he speci nens
was observed by secondary ion nass spectrography (SIMS) 10 to find that the
bor on concentspsnger hidke beeruceukeedvhere pores with a diameter of

about 10'nm to 10nm are arranged with intervals of
about 10! to 10nm. While the density of single crystal

20 Si is 2.33g/cm?, that of porous Si is variable and can
be made to fall within a range between 2.1 and 0.6g/cm®
by regulating the concentration of the HF solution
within a range between 50 and 20% and also regulating
the current density and the rate at which alcohol is

25 added to the reaction system. The porosity of the
porous layer can be controlled by modulating the

specific resistance and the conductivity type of the



to |l ess than 5x1015/cnB to prove that the specinmen could feasibly be used
for manufacturing electronic devices. (Exanple 3: epitaxial |ayer
transfer/vertical furnace/quartz tray) 15 For each specinen, thgﬁgmrf@ge of
an 8-inch boron-doped Si wafer having a 4peeific resistance of 0. W1 cm
and a (100) orientation was anodi zed in a solution containing 490 HF and

et hyl al cohol mxed to a ratio of 2:1 to produce a | OQomthick porous silicon
20 |l ayer on the wafer surface. The silicon wafer was then heat-treated at
400C i n an oxygen atnosphere for 1 hour and subsequently dipped into a

1. 25% HF aqueestienupfotihforubgtzatends be madeyeorieasver wnt I5iin oxide film
formed on and near the surface of the porous 25 silicon |ayer. The silicon
waf er was t heFURBERRECWRRV1RPt KhRaPeltyRed COPANGtivAEYe widdr Shome i | i con
waf er was plqgedain an egttaxigl growth system_and ? 6 JUN 2002 - 65
heat - t r eat ed At91S9 0B PR EY hYfBPBgdlr dtnBsPRErEeP6 eRateaSHESttraAYe t he
pores on the face of .the porous silicon. Then, a single crystal silicon
filmwas for né%-r)o%%tahne BEFbU" st i %0 e?%n%ﬂa%?/e§‘é%%t]f?1€%kﬁ%s)s ‘B?da%r 310nmbnm
by addi di ¢ 0S| . ] u t he_hydrogen gas. The
siliconqaafefg&g% %%%%P?éﬁénééh?gggoﬁgegggFggéi%ﬁeg?8r érs§s°@ﬁ|§hd pl aced

in an OXidiZg?gkéLﬁéﬁgftyThﬂéheEh@héﬂrEﬂ%elQQtEeriggghggg%ySta' silicon

filmwas oxi ed to produce a 200nm 10 thick silicon oxrde’fil mby neans

of conbusti onagaso@Sh OxY RAy aBHCRYAr SHEN1 Pera Heakbiepl OXhdahiew, the
single crystal silicon filmcanme to show a thickness of 210nm This wafer

and a second tied egfoxbs POPNOT WEhE Sepatbkekyteubphachedcbat@oMeedcgansi ng
operation that 15 is popularly used in a silicon device process to produce
a cl ean surf asmgullteing ttikes@ocenditbonwabadsurntng bandegrovpgdbier. The
silicon wafer assenbly obtained by bonding the two wafers was placed in a
heat tA&at mremethaphmelegbrd cout @fisahpumnbereafedeasibleé0@EtPOdser 1 hour
to enhance the bonding strength at the interface. A mxture gas of nitrogen
and oxygen waR®RFIEF taeeht 3dshRErkeop sheghealavesabient and heat ed
before it was replaced by conpustion gas of oxygen and hydrogen and held to

1, 100C. Ther S8 e33R (FEFLSHPET SEOPRT DAL Y oRePBBPER afniprEgenwith

ai mospher e. Tkl fldstastlicon HELET 8L ne oLyl con ual g, gagrol v vas

ground from the rear ST UnTTI t
a way that their projection range is confined within

15 the porous layer that is produced by anodization,
bubbles will be formed in the pore walls located near
the projection range and consequently the porosity of
the layer can be raised. The ion implantation process
may be conducted before or after the step of forming

20 the porous layer by anodization or even after the step
of forming a single crystal semiconductor layer on the
porous layer 33.

Then, in Step S32 shown in FIG. 14B, at least a
non-porous single crystal semiconductor layer 23 is

25 formed on the porous layer. Such a non-porous single
crystal semiconductor layer 23 may be a single crystal

Si layer formed by epitaxial growth, a layer formed by



porous silicon becane exposed. Then, the silicon wafer assenbly was di pped
into a mxture solution of HF and hydrogen peroxide to etch out the porous
silicon. The assenbly was then subjected to a wet cleansing 5 op@rbaflidiifland
cl eansed well. The single crystal silicdb f+l m produced by epitaxial growth
had been transferred onto the second silicon wafer with the silicon oxide
filmto produce an SO wafer. For each of the specinens, the filmthickness
of 10 the transferred single crystal silicon filmwas neasured at
intra-planar |Om | attice points to find that the average fil mthickness
was 210nm wi tFaRsfOrHmND R FFurAfse Waves PHintRYuUBPECWF eh2%RE 4350um square
area of the surface were observed through an 15 atom c forg¢e m croscope at

256x256 poi Nt FreRARIHS LT R TR LHRSF 2PRFARY18FCsur f ace

h | 0.1 the | d 9.8 t 50
Cauare ar cae LR 1 Borth KOMLCHTT G | Y S AHE L FOB) TBahGool

secondary ion,. t rogr ( ol t bor on
concentrati or%ll%%lt%ﬁ??i ngCl| e E’glr ylzﬁéf(r S% F@%ntlil%fﬁ{n\?g\/aéﬁ{agg%qgw%ﬁ% . All the
obt ai neg SO ;WAl6IES NPISF PlRCed: th & ESRRCLA VEs Bl fobhaVay @8 sA@WeREN FIG 7
and put into a 25 vertical heat treatnent furnace showmn in FIG 9 and

conpri si ng aphMriReC odidee fede f11 Useda Wi tZo 1 t tn et Pa8L NEoshaaber.
Inert gas was introduced into the 2 6 JUN 2002 - 67 |loading chanber in

whi ch the wafgr Sruithdl s At forpl ACas . a | 1@ tbgasdags sREegyoLélew.from
above to below in the furnace. The wafers were transferred fromthe | oading
chanber to the fatemESaMdHmit faxposs ngl4te the nsrikcbbal heutfisnace to

oxi di zi ng at onosphere. The wafers were arranged horizontally on the
respective Si(®arrdHysy isursiaie h afaythdagenicondertenr $ukbetvateacheve t he
trays supporting an SO wafer thereon faces the surface of the SO |ayer of
t he SOLOwaf esdigt 1y PEIrQANS exkngl o SENF el afill 1aeebppdsheel Yednsposed
surfaces are separated by a gap of 6nm the center of each of the wafers

agreeing witH ¢ it dE49 e FLeTR FWIRLE YHHR. The chbhmRF cPUFF§<8vai | abl e
il f 3 d t i h | d, t f th
75 S water SPARERE PRI ORE i e D foaBte S Eph aFE 8 rom the

t Sa f f i in.t d ,
the tonper at S5 e, B, Mldhdd Corld TREERGSS |y fachr POPFeRd B Tl ODeve
for 1 hour befgr %éﬁ&éﬂ'%@éﬁrg %%é’@@s | oG eehd R baksrQuintheayaf ers and

observe the fil'mthickness of of each speci nen again. The decrease

in theiki | m Widigressimifo esdsdfcditaSOwied asschasthess thas desvhar all
the SO wafers. On the other hand, after a simlar heat treatnment 25

operati on comdicttachtd say rba dry B ogarbstrasphen esubeteatdeolSt&ihedys were
replaced with SiOz trays and the SO |ayer of each SO wafer was nmade to
face siliconkhyxifdgming a silicon oxide film on an Si substrate, a
light transmitting substrate typically made of quartz
or a sapphire substrate, although it is not limited
20 thereto so long as the surface to be bonded is
sufficiently flat and smooth. While the second
substrate is bonded to the first substrate with an
insulation layer 22 interposed therebetween according
to the illustration, the insulation layer 22 may not
25 necessarily be used.

For bonding the two substrates, an insulator thin

plate may be sandwiched between the first and second



2 6 JUN 2002 - 68 it was found that the decrease in the filmthickness of
the SO |ayer facing an SO wafer was as |arge as 40nm Thus, although the
wafers did not carry a silicon oxide filp,on the rear surface, thé HINZ)03on
| ayer was 5 etched as a result of using a quartz tray for each specinen to
provide a counter-surface for the wafer | ocated i nmedi ately therebel ow

After the heat treatnent, the specinens were observed through an atomc

force m croscope for surface 10 roughness. The root nean square of surface

roughness (RdilsOfa€86c8f pkhgueReE! FRRE VAR YRrEENDHQIctRuddiM Squar e area
and 0.30nm for a 50p. msquare area to indicaté that the specinens had been

smoot hed to the | exgbs®husAENP! CtAL! ¥nAkaklabhe %bHﬁyah\Mﬁfﬁﬁé »dder 15
the heat treatnment, the boron concentration of the single crystal silicon
filmof each dfrfdee spectrensives sbbetyadeby1saaandaicy pordbuBSayer
spectrography (SIMS) to find that the boron concentration had been reduced
to | ess than 3X s/ caiovedptovexpbat the spacpoebucowichg?@ feaasitdly be
used for manufacturing el ectronic devices. (Exanple 4. W

separ at iSon/ efiit abaywer | ayer Eitihefepf Ebe eholNespescmdibedt Haosurf ace of an
8-inch boron-doped Si wafer having a specific resistance of 0.017 S2cm and
a (100) oriefieghHHYRS hRodFe@dfPr Bh25 S&kRt PéneEpRSdng 49~ HF and

et hyl al cohol m xed to a ratio of 2:1 to_produce a_6~amthick porous silicon
| ayer on the WA EORNT BENOFS BEYRDRE SdchPEPE, 28nealthogoly spme 2 - 69

porous silicon. layer included a lumthick highly porous |ayer having a
porosity of &b 66@%QBBQB¢5%ﬁ¥tﬂ?%ﬁrvsﬁﬁye gréﬁsuﬁ er having a porosity

of 200 Tocated on thg, hghl ¥, porousofayer. Wabehelayer s were produced by 5

varying the electric current. rrircon waf'er was t'hén hea eated at

400C i Rgan oxygen /i0sPRE Igrﬁ.ﬁé }egguéiagdtéug§§g§f{éﬂttﬂé diopped, idfp a

1. 25% HF aqueous sol ution 30 seconds to renp e very thin oxide film

formed on thepd ae® CdcdPesbAVERONASiLYFRE! O¥apl0 |ayer and the wall
surfaces of the pores |ocated near that surface. The silicon wafer was then

washed wel | with wHereafted] i tde gbeoaaf Layert B8 skl readved ao was pl aced
in an epitaxial growh systemand heat-treated at 1,100C in a hydrogen

at nospher e bexfosmiili tlge shoaApogass asiagler grypbbl saldcbo Shyteral2Bbbst all
the pores on the surface of the porous silicon. Then, a single crystal
silicon fil miked FPecshewrhin pbEGusl4EDicon to an average thickness of
310nnbnm by addi ng_di chl orosil ane as silicon source gas to the 20 hydrogen
gas. THE silicon a%ﬁe¥svﬁéﬁf%%%b%%k5ﬂ BEmOYe the BRrPHRi &RY§FoRh system

and placed in _an oxidizing furnace. Thus, .the surface of hhe single crystal
Silicon 11 miETHIe 2R Pr odkRECUS 28OMATPRI CROSPEI BEACGERIE I | m by
means pf Con%"{:%ﬂe%p 35 OJF?Q%W%B'.t%.?nea%]%llyadé’eolget{}iaﬁa‘stﬁe rxe%!ﬁ:étﬁ f
oxi dation, the single crystal srlicon tiimcane {0 show a I ckness of
210nm  MeanWidchi iy SREPIBbSOUL COPnYRE eErYaEasUlE 88LEH LReRt a
mixture solution containing at least hydrofluoric acid
20 and hydrogen peroxide is used. A surface active agent
may be added to the etching solution in order to
prevent bubbles from adhering to the surface. Alcohol
such as ethyl alcohol may preferably be used as
surfactant. The selective etching process may be
25 omitted when the porous layer is very thin.

With the second technique, the substrates are

separated along the porous layer 33 that operates as



- ~~ - 2 6 JUN 2002 thernmal oxidation process to forma 200nmthick silicon
oxide filmon the entire surface thereof and each of the wafers was

subj ected to a wet cleansing operation that is popularly used in7@‘ﬁjhiﬁon
devi ce process to 5 produce a clean surfé8er Then, the two silicon fers
wer e bonded together. The silicon wafer assenbly obtai ned by bonding the
two wafers was placed in a heat treatnent furnace, where it was
heat-treated at 1,100C for 1 hour to enhance the bonding strength at the 10
interface. An atnnsphere of a m xture of nitrogen and ox%gen,mas used for

the heat tre&SRARATHMNLAYPe &P | PEORVUGAT 8r PROSEABI §SWEEC¥BpdRafdd -al ong
t he hi ghl | the fluid ff b | yi hi gh
bressure war o4 oISt S ot eite SPRBYBFLORCNTE BeoERBLD ZE8 BXposet he

I wIh th d sili ' i P Xt
gglr ngonagfer Irlll—neaﬁhgéehyo T o%gchg%? Ix’%%l’gg%b r e%gégghgkggggahgﬁgpgﬁggé glr Iei con
b | ecti ihg. . ' AS,| ti
DY (5 oL ve ST sdlo 50 ST SHIAECAG L oBrEL ShERISRRACAPE!|On
been transferqd. Qo fhe-sacend S lﬂ)fﬁgsﬁ\@é?rt&hyﬂléh@o§bé' pen oxide film

to produce an SO wafer. For each of e specinmens, the filmthickness of

the transfer gl erSrdStSt ohd i ¢o8 bkl 8 Yagged app3Uradiah b ra-pl anar
|Om€m lattice points to find that the average fl?mthlckness was 210nmw th
a devi ati on a@fl tiFaBonAiewadd)n Sitplaise ab£ahadt, ath@puse of~al _ 2 6 JUN
2002 square area of the surface were observed through an atom c force

m cr oscope attez3Bxizite pof odicimasimeaens] phessooe mpatheqpareusRr ns) of
surface roughness was 10.Ilnmfor the |lumsquare areas and 9.8nm5 for the
50um squar e &ledy omiahizing bok crnd oeseamndbng okt wisometbar p@rhpheaans of
secondary ion_mass spectrography (SIMS), it was found that the boron
concentPat | ofPe M OLiRRIR EIRG thRa ki FPE P PARGINEstRSTBRIOFEEERS 10 The
silicon oxide filmon_ the, rear. surface of ,all_the obtai nedq SO _wafers was
etched out i ATaRRaEIRPIRAILD PRI D FLo?Rd &4PAtAAD PhedsElUtdfers were
put into a vertic heat treatment, furnace conprisipg a furnace tube nade

I
of fused quarJtet. rse%ss‘f%eaﬁ o"ELF | Y f?lén?n%%o*?/%gto below in the

furnace. The waf er r[a ' I a.Si shown in
FIG 9 in such a m%ye\%%@%’en%g%r%éfggie%f Y%géclﬁ %&"?ﬁgg%%} g\"'j\slaf ers faces
the surface abddie 5 108k Had Nty S0 eveieht! g6abEdcdbsect |y below it and
the 20 oppositely disposed surfaces are separated by a gap of about 6mm

t he center of eaclsudsddieerveres Simgseeh NgB% tthé heeseatel pomeusf the
furnace tube. A commercially available bulk silicon wafer from which the
natural silideaydn 138 ldftamn tlel Hosnt rewofede waf heaseangdéd on top of
the SO wafers, keeping the above pointed out gap to separate it fromthe
top SO waf eSubsfirate ebl ds mpnavedibpspheringn t Reef teghpéqpg used

above for exposing the porous layer 33 by etching can

also be used for etching out the residual porous layer
20 33. If the residual porous silicon layer 33 left on

the second substrate 21 is very thin and uniform, this

wet etching process using hydrofluoric acid and

hydrogen peroxide may be omitted.

Then, in Step S$36 shown in FIG. 14F, the assembly

25 is subjected to heat treatment in a hydrogen-containing

reducing atmosphere in order to anneal the undulated

upper portion 25 of the single crystal Si layer 23. At



2 6 J UN 2002 - 72 hydrogen, the tenperature in the furnace was raised to
1,100C and held to that level for 4 hours before the tenperature was

| owered to take out the wafers and observe the filmthickness Of'%gﬁl %&B of
each specinmen 5 again. The decrease in.thg £il mthickness of each My

SO wafers was less than Inm Wen the silicon oxide filmon the rear
surface of each of the wafers was not renoved before the heat treatnent so
that the SO |ayer was nade to face a 10 silicon oxide rear surface and
heat-treated in a hydrogen atnosphere as in the above experinent, the
decrease in ttee fésdmetbimknesniof sthp §Orekayekef ae npcardtdaert X waf er
was as large as 9nmand only the SO wafer facing the uppernost silicon
waf er showed rediciiegr tlas ebofohesentbanrbndpnninhehil Isthnighiec kixgsstdiy
etching. In short, the etching effect could be suppressed to about 1/10 by
usi ng sili corsilbicomelzyemt @nd ssmdatbingf tbe shefheat offr ¢henrent, the

speci nens were 20 observed through an atom c force m croscope for surface
roughness. THREsFMR1¥ean square of surface roughness (Rrns) of each of the
speci nens was 0. 12nmfor a f&g%i‘i‘guare area and 0,34nm for a 50um square

area to°indicate tHat2tFRMEP ReT hadPBEERTENBBEREBSHo PYh&Pes aRRME  of
iall i | abl i) . After the heat t t, t, the b
concent  at | st e RePhSdToE TR SiprebRi by nPof L8%cn SO TERE SUEi none.
- 73 2 6 JU 0 b by ; d . SI M5
Lo Tind that VHe o SEpdFeL AN EEER 2R Y b RoTRRY BACRLECU e (51D

5x1015/cn8 't Sl £ thatfdesspssa ns?bgeyseef 9@si,hky ?ﬁ ysed16¥i on .
manuf acturing el ectronic devices. 5 (Exanple 5: HESO /vertical furnace/SiC
boat) For eacthydieCiiBihtFpSsbdChhEpEp8tHaBAILS tWRkER large areas.
10 Such a semiconductor substrate can advantageously be
used for manufacturing electronic devices that are
insulated and isolated from each other.
The residual porous layer left on the surface of
separation of the separated first Si single crystal
15 substrate 31 is removed and the exposed surface is
smoothed if it is unacceptably rough. Then, it will be
used as a first Si single crystal substrate for another
time or as a second substrate 21 to be used
subsequently.
20 No silicon oxide is formed on the rear surface of
the substrate 21 in the example of FIGS. 14A through
14F. However, when the substrate 21 itself is made of
silicon oxide such as fused quartz, it may be
sufficient to form a film of Si, SiC or SiN on the rear
25 surface of the substrate 21 after Step S35, using the

silicon film 23 as mask, or annealing the substrate by

means of hydrogen, using a tray of SiC or SiC coated



havi ng a specific resistance of 0.007 S2cm and a (100) orientation was

pl aced in an epitaxial growmh system and heat-treated at 1,100Cin a

hydr ogen at nosphere. 10 After |lowering the tenperature to 900C, ABSJUNdﬂ[E
crystal silicon filmwas produced to anh 2fVetrage filmthickness of 310nnbnm
by using hydrogen gas, to which dichlorosilane was added as silicon source
gas. The silicon wafer was then taken out of the epitaxial 15 growth system
and placed in an oxidizing furnace. Thus, the surface of the single crystal
silicon filmwas oxidized to produce a 200nmthick silicon oxide film by
nmeans of conB8&%H gas of oxygen and hydrogen. As a result of oxidation,
the single crystal_.siJi 20 filmc L ck S . nm
Meanwhi | e, a secor?&%ssj’l ‘| iclé:%(}‘n T elrggmsgé%%r{‘)ﬁc’)%%?%#fo&g&ghgl?%afgéﬁlgégti on

process 10 TBA LUl 21d GO Und | AFLOD LNRLBD! LEEaBNERRCE

t hereof and each o wafers was subjected to a wet cleansing operation

that 25 is pepllAdsy &ftdihd & | O sleah €EoRI 0Ocess to produce a clean
surface. After activating the surfaces (bonding surfaces) of the wafers by

nmeans of an oxygenn rrds JUNRAURN -15H, W agsRoPEOCESErosBesévoisnl i con
waf ers were washed with water and bonded together. The silicon wafer

assenbl y obt aifnethebwdttindien pd frerd wehevad eclsingsppbaced, | vharbeat War eat ment
furnace, where it was heat-treated at 400C 5 for 10 hours to enhance the
bondi ng stredghiotats teheenorerdaxtsionh of t theenrbiabsphtrerwhbeused for the
heat treatnent. Then, the silicon wafer assenbly was scraped fromthe rear
surface of tk&ching pxiadessh wafer until thickness of the first silicon
waf er was 10 reduced to about Sum Subsequently, the P+ | ayer was

sel ectively etchedfhyidiigmimd s Mok locateday ¥ -asebibFylifor 2x348/ni xture
solution of hydrofluoric acid, nitric acid and acetjc acid. i ngle

, The_s
cryst atOsi | i & HSANMIPRELLENG (FARGV?T THRRTRERR E’é@Bnﬂyﬁﬁcgﬁycon waf er
with the sili,co i iLm.to_produce a fer. .Far_eac e
speci nens, tﬁ'?cﬁ“iul%r% %ﬁli}{c?kﬁ@gs% il turcé%s erte h_sﬁ rf’gﬁlelcc%ri/s%]%ﬁogas%%li con
filmwas meagurad od Hd Bddan¥a 's,ﬂ;"'%klxé‘%“.cﬁé QPiI‘cfEérzthaé!L\E}\%iZS that the

average filmthickness was 210nm w a deviation o onm en"a |lum

square area %ag&i@umo&qt@&&ﬁ{%,a ©fkihe suséacenwere shseanvedytihnough an
atom c force mcroscope at 256x256 points of neasurenent, the root nean

squar e ( Rrmspbeofsuppricaa® Dricy gihe SSa tasa 0o f espdhepreasusquase areas and
2.2nm for the 50pm square areas. The silicon oxide filmon the rear surface
of allls reached. Thus, the effect of etching silicon can be
suppressed by reducing the rate of gas flow near the
silicon film to maintain the vapor pressure of the
silicon-containing gaseous substances produced from the
silicon surface at a high level.
20 When a lum square area was observed through an
atomic force microscope before the heat treatment
process, the root mean square (Rrms) of surface
roughness was about 0.2nm to 20nm.
As a result of an etching process according to the
25 invention, the rough surface was smoothed to show an

Rrms of as low as about 0.07nm to 0.15nm, which

corresponds to the surface roughness of a polished Si



2 6 J UN2002 75 _ the obtained SO wafers was etched out in advance by
nmeans of hydrofluoric acid and the SO wafers were put into a verticzzgaUU,@mf
treatment furnace conprising a furnace tube made of fused quartz. was
made to 5 flow from above to below in 4 Hel furnace. The wafers were arranged
hori zontally on a SiC boat as shown in FIG 9 in such a way that the rear
surface of each of the SO wafers faces the surface of the SO |ayer of the
SO wafer located directly below it and the 10 oppositely disposed surfaces
are separated by a gap of about 6mm the center of each of the wafers
agreei ng wi t Watfles centersurfrcofthale ferniaEe sHPRTh AtEBRANdLci al I avail abl e

bul k silicon wafer from which the nat ural sij Ilconkft m, E_ any, had been
renoved was F3CE-r difecrrsh 1% db 9ROy W&‘Fe?%a k&Bpi FI‘EJ f&e” above poi nt ed

t t t t f the t
g?mggﬁerg ?%e{aﬁ%%rnébgg}o% ﬁg%rﬂa?vﬁe'?‘@ﬁ% {Ql 88538% & t&%%ace was

rai sed to 1,100C and held tqg that Ievel r o]
tenperat ure RRS IOWERREED Tk TR RS ers gﬁdﬁr&ggér égm%a%‘}a?) X
thicknegs of the SQ of e}eg% el?né@é‘ £9 knfl ezge&ifﬁsﬁe' thﬁ%efd' I'm

t hi ckneds of péré’aﬁaoﬁ ?’he Ters was ess t | nm After the heat
treatment, the sp L 35 ﬂpﬁeéi‘@gcigrQHQBOQE]sﬁéQrﬂaﬁdf orce
mi croscope for sur ace roughness. The roof mean square of surface roughness

(Rrme) of eaghdqdcHdie. SReshe®as, WastR- 4 1ppbéess aabubrdings toulhzoot - 76
square area and 0.35nm for a 50pm square area to indicate that the

speci mens had hesitiowot-fieslré oxi he beved pédeottencial icheafdilimabl e silicon
wafers. After the heat treatnent, the boron concentration of the 5 single
crystal sili adidideaoibecalisof thdecetpeingenstaasanbber feddpEos@bovdary i on
mass spectrography (SIMS) to find that the boron concentration had been
reducedOt o | €sDtrimamEXUUSPEEB to prove that the specinmen could feasibly
be used for manufacturing electronic devices. 10 (Exanple 6: cleave process
by hydrogen ion |ﬁpim@%ﬁl@n?Qe?h?chPV?GFh@’ée/ afeeBodtly REFPERGh speci nen,

t he surface of an 8-inch boron-doped L waf er havi n% g %]g Eflf% ?% I stance
of 10 S2cm arﬂf%e(ﬂ%)tlb?l%wfﬁ??%nr%g BRPEi 28dTBYV%6 r ogen

ions were inplant hg tio f 50
4x1016/ cnR. THE % I‘? ?\ﬁ ‘én%g%%%% ?%glﬁ wa;1l g}lg\/\e%elﬁgeggggtel y

subj ected to g, ta&ic?aé‘fiPgoﬁps{lékéegaﬁgainbsapeeai{artbyvaa@_@yl n a silicon

device process 10 produce a clean sur (bondi ng surface). Then, the

two sily :?CO“ Bl Bl e RONTISHgL 088t B8Verdenshbheesrsater tassend y
obt ai ned by bondi ng the two (T;ers was placed in a heat treatnent furnace,

where it was fi8adrdr eadeenateB8806nfloa gBphbetseen awbeatl jeceattmpeak=ur nace
to enhance the
p as large as several nanometers to hundreds of several
nanometers can be smoothed to show an h value not
greater than 2nm, preferably not greater than 0.4nm by
20 heat treatment.

This smoothing phenomenon may be explained as a
rearrangement of the surface. On a rough surface,
there may exist innumerable ridges showing a high
energy surface state and planes with planar bearings of

25 higher orders may be exposed to the surface relative to

the planar bearings of the crystal layer. The surface

energy of such an area is higher than the surface



25 bonding strength at the interface. A nitrogen atnosphere was used for
the heat treatnent. During the heat treatnent, the silicon wafer azsbsenbly
was 2 s ~uN 2002 separated al ong the th corresponding to theZb JUN2002
projection range of inplanted ions. The ¥ingle crystal silicon film had
been transferred onto the second silicon wafer with the silicon oxide film
to produce an 5 SO wafer. For each of the specinens, the filmthickness of
the transferred single crystal silicon filmwas neasured at intra-planar

| Om | atti CeeR%ix%&ls é?%é i\%ceiité]satoé 'ﬁué‘ﬁl&aﬁ%ﬁ% fééﬂdﬁg@ E%Peé%e Wggngianm w th

a 10 deviation 0 na lumsqu a an um squar e“area of

the surface \ﬁ%é;%t%ﬁs%ru\i?%éélm%{‘ é%é&@@&%ﬁ% r%{é@é&é’p@oﬂéu%%@%

poi nts of neasdrenent, e root nean square surface rougnness was

9.4nm for thenl UMY RAIEASE AL YIS AP atdtSs PR SaUer gagrgas. The
silicon oxide filmon the rear surface of all the obtained SO wafers was

et ched out i Ba#FeV3NeRdumdteahatOftly Erftdgiomaraicdd aulinde €6k wafers were
put into a vertical heat treatnment furnace conprising a 20 furnace tube

made of 5f usefioBidritzatiGas omsuraa-d Gif |aoswiig as dimwerdd Hebdeal byt he
furnace. The wafers were arranged horizontally on a Si C boat as shown in
FIG 9 in sublg &heayedueatinghe fifeart uff frlacirafereash tiat el Skomaf ers faces
the surface of the SO |ayer of 25 the SO wafer |ocated directly below it
and t he oppogkerélteddibypdd@ermaly fenargyarares drialigedyta gpapreoingdout 6nmm
the center of each of the wafers agreeing 2 6 JUN 2002 with.the center
line of the fthen&d&fagse Ik dmfed AN R tasiwr gk et cohovaf er from
which the natural silicon film if any, f}lad been renoved was arrar_lged on
oV

top of the SEPYWWEPETSY BEFiaRF tHé e lower the planar bearing

10 index of the single crystal surface, the more the
planarizing and smoothing effect of the present
invention will be promoted.

(Example 1l: epitaxial layer transfer/horizontal
furnace/Si0O, counter-surface)

15 For each specimen, the surface of a 6-inch
boron-doped Si wafer having a specific resistance of
0.015 Qcm and a (100) orientation was anodized in a
solution containing 49% HF and ethylalcohol mixed to a
ratio of 2:1 to produce a 10um thick porous silicon

20 layer on the wafer surface. The silicon wafer was then
heat-treated at 400°C in an oxygen atmosphere for 1
hour. As a result, a very thin oxide film is formed on
the surface of the porous layer and also on the wall
surfaces of the pores. Subsequently, the silicon wafer

25 was dipped into a 1.25% HF aqueous solution for 30
seconds to remove the very thin oxide film formed on

the surface of the porous layer and on the wall



5 pointed out gap to separate it fromthe top SO wafer. After replacing

t he atnosphere in the furnace by hydrogen, the te erature in the furnace
was raised to 1,150C and held to that level for 1.83heurs before the

t enperature was Iomereguto take out the wafers and 10 observe the film

t hi ckness of the SO of é&Z&kegp g_.r men again. The decrease in the film

t hi ckness of each of tfie. SO wa r§hwa *_]ess than nm After the heat
treatment, the speci mens Semes0 rved t %ugdshla atom c force mcroscope
for surface 15 roughnpgé. The ro hgguar e of IEGU C!roughness (Rrs)
of each of the speci nmens %\@cét@rl meor a IUﬁLﬁqﬂ are area &nd @p35nm for a
50pm square area to k g{ttcate t hat Gh&lslr_ylecr mens haf? noot he ?611&3@,1
| evel of commergially aviFffabl g, silicon \ﬁé’f”em&f @;fter 20 t f#ch

treatnment, the borom entra?r 'ﬁt@fs si ngl e cFpst gy ér Li con fi%m of
each of the speci nens Wa °@l§=$;er yed by seced%cmcy Hely mass s%‘éctrrcg{aphy
(SIMs) to find thatthde Lporon coﬁ'@éphéa i on had gd to I ess than
5x1015/cn8 to prove that s paci men cou?ﬂ $hyfe |b| y be used; f p é

manuf acturing el ecPrpgrtg devi ces. 7{1@(@1@] e 7: S Qe t4cal furha giSig,
boat) For each speci men, ” oR¥den,j, ons wer e ﬁrrphag{.: dinto the SN 2002 _
79 _ the surface do am 8-inch boro‘ﬁlhm Sr waf e nhav:'mr;@na speci € on
resi stance of 10 20m an(Yea’aQ&O )7 or| entat i m@ad r the cond td% 550C,

180KeV and_4x101" e silicon fnbeg g\gs pl aced ithea geat tréatment 5
furnace andCheat : treate N amerixt ur e gas of 300n; at 1 g ‘?}1$0.§ 0 hours
to produce a bur? 2q- OXrgg f| | m oFldae;B of t he spé®l t he f| Tron

thi ckness of the,t ransferr%%ll&bé}gl e crysta °§rbé fil mrﬁgrlﬁad on the
buried oxide fil Mk suafga ured at Srayp . anar O{zgﬁl‘@ol i.ce points to
find that the amgrage f|| Phthkn?ss was fo E a devr at’1 cg,f | Onm
Wen a | um square a 50u rea of t “scmf;ag wer e (?oserved

t hrough an atosig force mé’rsosa:(p,ge at 256x e1:7)] rlts of measuflsent, the
root nean square J( ’Pns:hg{., 15 surf Befaagg gess Was G5y or the |um
square areas &dd;2nm for t e ds are area hr!zoS ove t hat Z{he surface
roughneks was |ncr8859d_1§§ t%he oxyg |?I ant atr t he boron
concentrati orfheag, Jpasure BYS, of secg &)gluyfel n, rrass s%@étrography 20
(SIMS), it was fo P\ boron eﬁratronrn | e crystal
silicon fil n‘F*V\hsté%dOl | crBf'Sr aakd étje specrcf@rb;ust fhe si I | co %xide filmon
the rear su&sgce 0] Sa’rlid fgicl;[al ne Sbe Jeéétvras Qt@hedoguitjﬁ;n advance
by 25 neans Ngy f | uori c the S By Were put Oefd
vertical h treatérgrenﬁ é@égage corrpr|t§i BGoa furnace rsll;rg?qe of fused
quartz. Gas wddhamgge. to ~BN 20 2 -so 1 Bwthigm above To®bel ow in the
fur nace. Td&? waf ers \ﬁé‘lsewarsr n ed hort zvtﬁ"d@lf[y on a %?bmzatci shown in

FI (3209 in schFPTazma t hat the&Y éactgarface 0 a§a©h~egg the S ers faces
t he Surfapg,Qf the Sta T ayer, of ang
Ogess ‘ POpular 2 wet Cleg Qach

n
wag Assg Te p ace
®rS Wag b1 Obts Ondeq o )
(o] T
25 b eat‘treated % heat trEat “ding the tw, e
On at e
ding trengt_ 1 .1 00 5 nt furna‘:e
miXt‘u at + Tl hOUr ’ Where i
. re Of ‘nitl‘og he ihterface to enhanCe . t
ra en h
at’”ent Th ang oxygen 4n atmosphe ©
®N, the fip Y3S useq £ Te of
icon © heat
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5 the SO wafer located directly below it and the oppositely disposed
surfaces are separated by a gap of about 6mm the center of each of the

waf ers agreeing with the center line of the furnace tube. A cormyzﬁcjuglz{m
avail able bulk silicon wafer fromwhi ch sl the natural silicon film i

any, had been renpbved was arranged on top of the SO wafers, keeping the
above pointed out gap to separate it fromthe top SO wafer. After

repl aci ng the atnosphere in the furnace by hydrogen, the tenperature in the
furnace was raised to 15 |, 150C and held to that level for 1.5 hours before
t he tenperat gidivwas waferehdseniEke wat dgimundf £rem atide obsar veut hecéi | m

t hi ckness of the SO of each specinen again. The decrease in the film

t hi ckness of ueddi dhe PEIB0s wwEHfldiepwdedans expesedm PEerf t Bhet he heat
treatnent, the speci mens were observed through an atom c force m croscope
for surface Fdddeossyafpe aaramineavayubirPed kP o2 MiBteFRess (Rrms) of
each of the specinmens was 0.3nmfor a lumsquare area and |.5nm for a 50um
square area £81¥FLONIAGIE ARG RYE-ERR i PRIREHR ReathodtheiP o t he

| evel of commerci alllsf/, availab:ﬁlsilico wafers. After t t treatnent,

he he
the bordn coRCERUSaIT S ¢ het ne 2SS BHORS -tin %‘i’%?‘ép%&yg?a? silicon
filmof each_ of H@%}S eci mens S; 0b5§r3’e§1£g{n§§§0ngfj;y ifﬁ JBss
spectrographye(:S P P E The Borsn concentrati on” hiad been reduced
to |l ess than 1 Vi S j f ibly be used
for manuf act 5?3?&%\% g{hgdrgr%h% %%eﬁ%@yé(%ﬁﬁi%&qn%%g}%%sg a};er
transfer/ver thedls ddiiaf (it d- apatdeddtia ERLT SPRCL&EEr IEnh SHhéace of an
8-inch boron-doped SI wafer having a specific resistance of 10 0.017 S~cm
and a (100) eriQRcH il MASE AP KT §srddude S&h WWODNwELeE i ni ng 49% HF and
et hyl al cohol mxed to a ratio of 2:1 to produce a | OUmthick porous silicon
| ayer @0 the waf errteurfidae.thilvkrsids cof wied etravasfétesd hehhgleeat ed at 400C
in an oxygen atnosphere for 1 15 hour and subsequently dipped into a 1.25a
HF aqueous sechytsiteal fsorl i3brs eCidmisvas mempweed hat vienyra hphaoxi d&0minl m
formed on and near the surface of the porous silicon |layer. The silicon
waf er was théd@tidsifedaiaits i Hind erhathdthe | @eravrer&hinethiekResSs| i con
wafer 20 was placed in a vertical heat treatnent furnace and heat-treated
at 1,100C i n%&2shydiBgeVidihes ffsre vt B West WA t hel PBr 89UDRSt he

surface of the porous sid{con and forma very thin pon-porous single
crystal sili (?Er?paf i Sh dﬁ‘g"sﬁﬂ e %]g/ea}mol f%l?%gs"t”ﬁea%%r‘fl%%% of 25 the

porouslgayer Yol C#)gcrc],ﬁj[.b}%ﬁrﬁﬁ a’i,gt%rﬁf@% &rmfé@oécéﬁéog{fj §5bi¢§ggowaf er

that had been subje ernmal oxi dation process to forma nm

thick silicoReinkss cRMERNZandde, Rtderddt MO thguenti s& surfase thereof
were then separately subjected to a wet cleansing operation that is

popul arly usedughress | (s Yeyd < 61 (S ek ssot Otk onlut esgquat€asrassf ace.
Thereafter, the two silicon 5 wafers were cleansed in a wet cleansing
process to and 9.8nm for the 50pm square areas. When the boron
concentration was measured by means of secondary ion
20 mass spectrography (SIMS), it was found that the boron
concentration in the single crystal silicon film was
1.2x10%/cm®.
The silicon oxide formed on the rear surface of
the SOI wafer was preliminarily cleansed by
25 hydrofluoric acid and removed by etching. Then, the

wafer was placed in a horizontal heat treatment furnace

comprising a cylindrical furnace tube made of fused



produce clean surfaces and bonded together. The silicon wafer assenbly

obt ai ned by bonding the two wafers was placed in a heat treatnent furnace,
where it was heat-treated at 1,100C for 1 hour to enhance the 10 bog Jt@%ﬂ
strength at the interface. A m xture gas dt hitrogen and oxygen was Uus 02
for the atnosphere of heat treatnent and heated before it was replaced by
conbustion gas of oxygen and hydrogen and held to 1, 100C for 1 hour.
Thereafter, the tenperature was 15 lowered in a nitrogen atnosphere. Then,
the silicon wafar-t3sserly Jas omthe rear syrface of the first
silicon waf e\rNato expose the porﬂgafjdségl??i%%onw ﬁﬂ%'ﬁ,a?h%néi{z?cb'ﬁemﬁité?r
assenbl y was difppee ifdbpaadNeidgyd e s@lditd a d'? drogen peroxide to
etch 20 out the porous silicon |ayer. #tér\g/gvabsﬂ{%l{e_g; Osﬁb'@%t‘@?lg?ﬁsawﬁé?

cl eansi ng opetebited andaglegaerd Weldes Id¢ V@.srgrgd‘%r;'@ s L€y opz porous
single crystal silicon film had been transferred onto the second silicon

waf er with théesckibed beilde.fi| MAGr AdIC &L 1 h ch of
t he specinens, the filmthickness of the transf e‘%aedvﬁ %CI: e“?‘@?‘g‘ﬁ%%ﬁgi licon

fi|mwas® measshed shei difdepeatamodesndatdriremgdidits, t oriidtyhogt6 - SUN
2002 s~ _that the average filmthickness was | Onm When a | oam square area
and a 50pm sqtRfedBRBANGE, t Ré denbies wesecubskeraiad ddir auge@n atonic force
m croscope at 256x255 points of measurenment, the root nmean square (Rrns) of
5 surface roUyREREIARs2POSHRRPESr subetiraze, s @Radenarteas aand 1h.&Hm f or t he
50um squar e area(z. H;\,ﬁ silicon oxide filmon the rear surface of all the
obt ai ned SO W st BRiRBJigue PHrigdasesubptioansidin mydr of3 uori c acid
and t he SOI S Sader € gut 10 into a vertical heat treatment furnace
conprising a furhace 7 ubt HhQeCt¥SFateddtsPrz fidls was nade to flow from

above t1¢ bel aypd Ly yrpace. e wafers _were arranged horizontally on a
Si . C boat asqzﬁhovm %}ﬁ %’I Cfnf’g i %JEUC\AQI& é§§ ’f"ﬁ%’?rt Hevpgapoxizrataldly each of
15 the SO wgfiiged aﬁestﬂgleflayﬁ%@g.e of the SO layer of the SO wafer

| ocated directly below it and the oppositely disposed surfaces axe

separ at ed by Spegaimeaf BHQuic SMeBt heagesher Q. fagh waf er s .agreei ng
with the center line of the furnace tube. AWZOecgﬁm"rvé’rg%i gp%‘zg\?%iaﬁ&g?e bul k

si |icon waf ewlfaced i dthd htunedes 2hngi &1 §00i Ebh WrakbraBdrrafd bagn renoved
was arranged on top pointed out gap After replacing 25 hydr ogeﬁ, the t,
1100C and helPFidemfdria tengmn ofad hel S2d waibeve , theepdN0whhEraboygt 0
separa i romthe to waf er . e atnosphere in e furnace
P gtf the top SDI wafer. the atnosph the f by
Anper atOr e i ALEFENCE SRR R NG Wl two twafdie wavedbbot Bokmurs before
the lovered g take out the wafers and
pecimens C, C': FIG. 16C: A pair of SOI wafers are
arranged inclinedly and in parallel with each other in
the furnace.
Specimens D, D': FIG. 16D: A pair of SOI wafers are
20 vertically arranged in parallel with each other in such
a way that the surfaces carrying a single crystal
silicon film 23 of the wafers are located vis-a-vis and
the centers of the wafers agree with the center line of
the furnace.
25 Specimens E, E': FIG. 16E: A pair of SOI wafers are

vertically arranged in parallel with each other in such

a way that the surfaces carrying a single crystal



2 6 JUN 2002 - 84 observe the filmthickness of the SO of each specinen
again. The decrease in the filmthickness of each of the SO wafers was

| ess than | nm Wen the silicon oxide fi on the rear surface of b dithh200%
the wafers was not renoved before the heal treatnent so that the SO | ayer
was nmade to face the silicon oxide on the rear surface a wafer and
heat-treated in a hydrogen atnosphere as in the above experinent, the
decrease in the filmthickness of the 10 SO |ayer facing another SO wafer
was as |arge a1 bobhaprdifcast sFednpi talrkkd sRet Ji®kdtelt ahednd |1 con oxi de
were observed. Only the SO wafer facing the uppernost silicon wafer showed
a decrease ofupesBedaantinghenNcehtelrs! Bt biheknaFerdy agfreld R ENGere free
frompit-like 15 spots. In short, the etching effect could be suppressed
and the generegnberolipet efi khesparaaceul d balekihe matfedsbwers ngelsd | i con
for the counter-surface. After the heat treatnment, the speci nens were
observed t hr amgh supptoted bgrrespectdveogaalrdz Juokadeo20 shanghness. The
root mean square of surface roughness (Rrns) of each of the speci mens was
O |l nmfor a | um soureaaheapaniimen3safitegr repd@pingqrace adrmesphenendi cat e
t hat the specinens had been snoothed to the | evel of commercially avail able
silicon waferk? Yze(Biunpre by BpPragral [thgetempgraftareowas maddas
silicalhorizontal furnace/ SiC tra¥) For each specinmen, the surface of an

8-inch 2 6 SUN 2892 C 889 BBlIdntHopBatseNatetoRadi RGUZSs hedon

i st f_.0.017 d 100 i ent at i i i | uti
Cont ai i ng 49 F aPEEER ATl EOROPEAPKEH £814r alTa ol 281 ABBEIRIE o
I Oum thi ck pofpus, &1 Hi£Q8:8 L3%eLeBTabhA Y3 Bl t2ULEACEna RS L waf er

was t hen
10 specimen was taken out to observe the film thickness of

the single crystal silicon film for another time. The
reduction in the film thickness on each of the
specimens is shown below. The hydrogen gas flow rate
was 5slm. The film thickness was measured at

15 intra-planar 10mm lattice points and the obtained

values were averaged.



heat-treated at 400C i n an oxygen atnosphere for 1 hour and subsequently

di pped into a 1.25% HF aqueous solution for 30 seconds to renove tg%hvery
thin oxide filmforned on and near the surface of the porous 10 si l4i SN 2007
| ayer. The silicon wafer was then washed W&l+ with water and dri ed.
Thereafter, the silicon wafer was placed in an epitaxial growh system and
heat-treated at 1,100C in a hydrogen atnosphere, adding silane gas at a
very small rate, to shut alnost 15 all the pores on the surface of the
porous silicon layer. Then, a single crystal silicon filmwas fornmed on the
porous silicon to an aver@f@hedi ckhdd® of 318AWBARLBY addi ng di chl orosil ane
as silicon source gas to the hydrogen gas. The silicon wafer was then 20

t aken out of the epitaxia?etﬂQ%&h g?%? WFPaAd pl aced in an oxidizi ng

furnace. Thus, the surface oé t he ié@gée crystal silicon filmwas oxidized
to produce SPSHIER thi ck 5714¥Bn okrdeS P ml':')%lmﬁﬁans of conbustion gas of

oxygen and grﬁ/edcr.oger}n. As ar ur;lt of ?&snﬁﬂ?ti ops & 25 single crystal
C S0

silicon fil show a TH cknes 210nm en, this silicon wafer

and a secong SLLIGPE WAl ef g Oflaihi Cho@. Ehhi CONaR! AEpbLLELKARAkALEd by 2

6 JUN 2002 er mal ox'! ation to a thi ckness_ 0 m over t'"he _enti re
surface mrﬁegﬁ%&t@!?/i igi;l 5 ed toyGgMRt CLEARS(ABwARReLRLIORaldRat) IS

popul arly used I n a si vi ce process to produce a clean surface
(bondi ng 5 spddaem -p:The surimres 109Nghng syshmceapsveeamaGhirkatied by

ni trogen plasma before they were washed with water and dried. The two
silicon wafsgfeziweire d'hen borgied t opes hefim Thessihincodowabereans @iy )

obt ai ned by bonding the two wafers was placed in a heat 10 treatnent
furnace, wsgrezinterwd®: heat2 t4mmat edl @7 - 3Q0C f 68. 30mhbOupstreasnwadfes )t he
bondi ng strength at the interface. Then, the silicon wafer assenbly was
scraped fr &padigared' sur flacknmf t2@8{7pBt stPPRohIQHPELTEBMeWBESE )t he
porous silicon layer. Then, the 15 silicon wafer assenbly was dipped into a

m xture sol ution offhdF SRRFRRR otenthrrbkinethbckremsont the §8fous
silicon. It was then subjected toeéal wei cl eg¥sigg ogsrati OB and,il,eansed
vell. 1t was MRFSF MBR 13RS SThRyR 20 yER%I 351 | FRGNYRERRPhYBCBe & 136OD

transferred onto thedse ond silicon_wafer wth th@ﬂs%i con, oxi E‘e filmto
e

produce an SO"aTfEY BS eaith GTURHe sPett AERs, Pl MPRECRABSS of the

transferred si e tad . sil i S t - r | Om
LS o XS Bl %’héécﬁ m:4p Flﬁ?ﬁqéétdﬁﬁ@eﬁ shitehazPhana

|l attice points to that the average I ckness was 210nmw th a

devi ation of 7na (W JdAMASSUSE ecid edy BEa A1 8AUNEEEHAEE &nuea akdde
surface were observed through an 2 6 JUN 2002 s~ atomc force

m croscope at o35@®udRil pAiddtz Gladbased et@nbpethter ast covrAtetqaarEadd,ns) of
surface roughness was 10. lInm for the lum square areas and 9.8nmfor the
50pm squar e arthas detheradeheirborlon £ibontlehtkaessnpraduagedsbyedtohimgans of
secondary ion nmass spectrography (SIMS), it was found that the boron
concentr at i on exceededsiiie foysthe spectnens|Am Gasupsixeemgrad®@rIALL t he
obtained SO wafers were placed on 10 respective SiC trays 31 as shown in

FIG 7 and pufidhffo (ARAHGH WHeRT) t r B BNt PY uPAdRE §hOWFONN ERFGERS and
comrI SN 8 GLsge e tmde ol Tupad, gugtl g, Gigarasands Lo flow from
respective 15 R.Q GrAYSd Mt Abds V&Y ALRInt NSrb8aLeduh8ge of each
non-oxidized silicon counter-surface is not used.
Variations in the film thickness were not worsened from
those observed prior to the heat treatment.
After the above heat treatment, the specimens were

observed through an atomic force microscope for surface

roughness. The root mean square of surface roughness



of the trays supporting an SO wafer thereon faces the surface of the SO

| ayer of the SO wafer |ocated directly belowit and the oppositely

di sposed surfaces are separated by a gap of 6nm the center of eacth 9[5Nﬁ]8
the wafers agreeing with the center |ime38 the furnace tube. A L
commercially available silicon wafer 3 was arranged on a tray, which was
then placed on top of the SO wafers, keeping the above pointed out gap to
separate it fromthe top SO wafer. After replacing 25 the atnosphere in

t he furnace bg hgdr geg, he tenperature iWe fu]{nace was raised to

1, 000C and hebd BBSPhEE tBFel AR it SHbREANE tenperature 2 6 JUN
2002 s8 _ was | owered telo take out the wafers and observe the film

t hi ckness of the SO | ayeP of ¥ PF&ES ner?%réﬁhisfﬂuaﬁee Yt ease in the film
t hi ckness_of . h,.of the,SQ, wafers was |e Inmfor all the SO

waf ers. %ﬂ‘@?gt ﬁé heat Ot'r*ééf“rrent, t he sp?giérren%g wer e observed through an

atomc force: HLArgscope {HoR 354 face roughngssygalhe root nean square of
surface ér)%ugﬁness (Rrms) ofl each of the speci manns was 0. 1lnmfor a lum

squar e a8 acdRdn0cdOnm f or 1anglpm square areaddn 10 indicate that the

speci nens had been snoothed to the | evel of commercially available silicon
waf ers. dbéeimeéhepheat toeasmant, the bor om.@wsentums tawivdfer si ngl e
crystal silicon filmof each of the specinmens was observed by secondary ion
mass spespeoymaphp'¢SI V5P.18nio find that tthadyw qioorserdaatwafehad been
reduced to | ess than 1x1016/cnB to prove that the specinmen could feasibly
be used $pecimenf BEturi nf.8Reot roni ¢ devi céds 32rAxanpl e 10: W
separation/epitaxial |ayer transfer/vertical furnace) 20 For each specinen,
t he surfe@eketedn 8-i nch boron-doped Si wafer having a specific resistance

of 0.017 S2cm and a (100) orientation was anadi zed in a sol ution containing
49% HF ardt eVAYPEF cohol Rirdé8M o a ratio of -3lnm d £RHHRELELISRI t hi ck

il 25 t fer.. f _.To.b , t th
o ous o111 con | ayBPET REPYBC RS g HARAE TR P o RS TS TR ng o
it f % and I t i - - | ow
Fg;gfl hgv?ngagﬁéé}cggf{t égoFgfo&gvgg‘;t%g:d cgﬁn}%ﬁt%lﬁléﬂey&%%%% a;c/)er?/ \Rﬁlr gﬁs

| ayers were pﬁggggﬁgdbgi\ig%inng,atf@q.se_l ectric current. The silicon wafer was
then heat-treated at 400C in an oxygen atnosphere for 5 1 hour to produce a

thin silicon oxideakibi @Ret BB o hoet Ardattdr@Y RHOUIN6POr ous | ayer and
the wall surfaces of the pores |ocated near that surface. Subsequently, the

silicon waf erceagseditppedonnb@ ahk 250gile agtyemsd sallitden fidrm 30f seconds to
remove the very 10 thin oxide filmforned on the surface of the | ow
porosity poroeschapér thedspeeciwans swasf abeerved hy meemdacatieeh near t hat
surface. The silicon wafer was then washed well with water and dri ed.
Thereafter, tRassiFpeshrearaphyad SIMSdeda find dfiataxihe R h system 15

and heat-treated at 1, 100C in a hydrogen atnosphere by addi ng .,sil ane gas at
a very smal| PAPECRETEREPNPREs PESTL TEPUCSSr 48 d8Sh rﬁi‘rfsdf:‘g) of SPhe | ow

Phe 1 ow por osFoyBEBYBuEREH Fhn SRETAS S AL 10 STy o AT o
e | ow porosrty us §il iton a

t hi ckness of ddi ichl orosi:.l ane as silicon source gas to the
hydr ogen gas.'ﬁ%'ﬁggglgﬁgyéﬁsmgF%%t\%aogutchg%%ltlac%%ﬁ out of the epitaxial growth
system and pl pggdmpiean : 0%pdicalA% 1l URRGE triisFed RRStidace of the single

crystal
furnace/various boats/oxide film rear surface)
For each specimen, the surface of a 8-inch
boron-doped Si wafer having a specific resistance of
0.017 ©Qcm and a (100) orientation was anodized in a

solution containing 49% HF and ethylalcohol mixed to a

ratio of 2:1 to produce a 10pm thick porous silicon



25 silicon filmwas oxidized to produce a 200nmthick silicon oxide film by
nmeans of conbustion gas of oxygen and hydrogen. As a result of OXiPBEMN?mz
the single 2 6 JUN 2002 - 90 crystal gglicon filmcame to show a

t hi ckness of 210nm Meanwhile, a second silicon wafer was subjected to a

t hermal oxidation process to forma 200nmthick silicon oxide filmon the
entire surface thereof and each of 5 the wafers was subjected to a wet

cl eansing operation that is popularly used in a silicon device process to
produce a cl Qé?ei‘ubha%e Thaer dig-dave Si IO s vefedhs wef&r beagdednéaget her.
The silicon wafer assenbly obtained by bonding the two wafers was placed in
a heat 10 trpabteirchtodnes agrere i amohiepin taerigshate 1£400C for 1 hour
to enhance the bonding strength at the interface. An atnosphere of a

m xt ure of nhbuegendastib@ermsmtias digakd dmtdiaa Mea25% rieat agueoudhen, the
silicon wafer assenbly was separated along the highly 15 porous |ayer under
the fluid wedgéugfibectfdyy 3fpmepdongisa tn grempres sthree weterthon gkxidam a

| ateral side of the assenbly to expose the porous |ayer on the single
crystal Ssi | i E4Amf fprmed Ofe adisk e ithee GvukEas of tthasPerew® that t he
single crystal silicon filmhad been 20 transferred onto the second silicon
wafer with tRéliFPPcdRYSN-de ThE Mitld GtbdRfeaaso then efasked ngedlr esi dua
porous silicon |ayer. The silicon oxide filmon the rear surface of all the
obt ai ned SO Wﬂv’ékei{’?tﬁ&viaﬁ‘él é’lr -dudiPF 53 |‘?*teorr°"t3a’5fé‘?nv%%§%’f ched out

25 in advance_by ans, of hydrof.l uoric acid .and the SQ fers were put
into a verti&ar RgEFe r &4t ER RS é]sros"h%’vms}fsnht%ﬂ én%. Gas was nade to

flow from ab - - 6 1J .t i tggr{ .Jhe wafers
were ar rangeggﬁgr_?:ggglﬂ:adl étonl’g%g%g)baéla% glg}és%gs(%\%}ll n %\;}{%ﬁ?nb uch a way
that thg r eaédék!héa%‘%l%fnee%%% afe tah%ég Sipfer %ef@é:eéo tdipusukiasscof the

SA | ayer of the wafer 5 | ocated directly below it and the oppositely

di sposed surgagesnar posepalcd ahdlbur R f aditpdBus tder Lemher of each
of the wafers agreeing with the center line of the furnace tube. A

comer ci al | yTheai, | ablsangilek cafylsitedn svdfietorf rfdmmvwash fidwmaxdhitam athsi | i con
film 10 if any, had been renoved was arranged on top of the SO wafers,
keepi ng the mbuouspsidtiednoto gap aversgeardtickness g thiOnops80 bwaf er .
After replaci ng_the atmosphere in the furnace by hydrogen, the tenperature
in the furnag8dhpg Farlseg ©F FlidoCram@Ursied 456 titatthes Wede®9eBr 4 hours
before_the teg‘gerature was |owered to take out the wafers_ and observe the

filmth?ckned8Sof ThE S&-iGrre¥Ededpd@Shdlelydiakearder ThetMeat treat nent,

t he speci nens re.ohserved,through an atqm c farce m crosco for surface
20 roughness.epﬁgxrlgot gr]ﬁ?gg:hs&ﬁ’gr mofanéiﬁ aaccéadI oltflgr?nnesqsm(%rzrr]g’?gof each of

t he speci meng, yas-8- 12@.ﬁhtsor thel RIL SR & ALSR @14}?01(?3:}&[2%]@5][ a 50pm square
e e 0 e

area to indicate t at t _ _épeC| mens had been snoot evel of
commer ci al | ysayacbabke1di Liae0B:4alield o rlodted he JtiHin tEeatwent, the

boron concentration of the single crystal silicon filmof each of the
speci mens wasidbsehvesiby FeIan®s hcda®d S ToaRETIH apy 45 ddygen
20 and hydrogen. As a result of oxidation, the single
crystal silicon film came to show a thickness of 210nm.
Meanwhile, a second silicon wafer was subjected to a
thermal oxidation process to form a 200nm thick silicon
oxide film on the entire surface thereof and each of
25 the wafers was subjected to a wet cleansing operation

that is popularly used in a silicon device process to

produce a clean surface. Then, the two silicon wafers



- 92 2 6 JUN 2002 to find that the boron concentration had been reduced to
| ess than 5x1015/cnB to prove that the specinen could feasibly be used for
manuf acturing el ectronic devices. As described above by way of eggnp
according 5 to the invention, the surfa&® of a sem conductor article having
a single crystal silicon filmcan be snoothed to the | evel of commercially
avail able silicon wafers, mnimzing the reduction in the filmthickness of
the single crystal silicon filmon the surface to 10 practically ni

wi t hout introducing crystal defects such as a distorted |ayer that may be
produced by warer bpndeg dwgetthiery ofdeatsidi.cam wiHen asgembhy met hod and an
apparatus according to the invention, the surface of a sem conductor
article suchoR§aaRedobylbosdisgr he dalP HREaROMRE RIRFehel DR oheat
concentration of the article can be reduced w t hout damagi ng the uniform

f|In1th|ckneEEeéFméaEhféﬁHagﬁerVhﬁéﬁéﬁtAﬂﬁﬁtWQﬂﬁﬂqRPa? %.o%elgglﬁted out
ffect of duct fil th be 20 d
then a pl ur aFPEy L oPOUEEELRIUERSE SR HOBC T RIS 2 g crystal
silicongfil ”lex%%"fg an agpingul % ke © t?fet' Vt‘?rlcyrpﬁ{ esgPd yu, t hout
q 10

i ncreasi ng deviations'in each and anong a us for

exanpl e, the,SUEl 8e8ahed NYARCA0k %O'mZ% %%scqne% %&ned and

their boron concentration can be re uced col ectlvely, mal nt ai nihg t he

uniformty ofndi bRy,HBRCKRBSEhen %%plé%éé Yy Noiust3idd |gaddit i onal 1y,

since the tenperature |level involved in a nethod accordlng to the invention

i's the one tbayges BAEMBlilYogeser vVete Refipdirditres <L QUL tES processes,
the present invention can be applied to 5 existing sem conductor heat

treatment prbce88es for Omhohiactud Rhese Now@radc tior adeMitresgerThe heat
treatment process to be conducted for a nethod according to the invention
can belQsed gbmesphenet i ofhen, the first silicon wafer of the

silicon wafer assembly was ground from the rear surface
until the porous silicon became exposed. Then, the
silicon wafer assembly was dipped into a mixture
solution of HF and hydrogen peroxide to etch out the

15 porous silicon. The assembly was then subjected to a
wet cleansing operation and cleansed well. It was
found that the single crystal silicon film had been
transferred onto the second silicon wafer with the
silicon oxide film to produce an SOI wafer.

20 The film thickness of the transferred single
crystal silicon film was measured at intra-planar 10mm
lattice points to find that the average film thickness
was 210nm with a deviation of +4.3nm. When a 1lum
square area and a 50um square area of the surface were

25 observed through an atomic force microscope at 256x256
points of measurement, the root mean square (Rrms) of

surface roughness was 10.1lnm for the lum square areas



W th sonme other appropriate process. 10 Finally, a nethod according to the
i nvention can snooth | ocal single crystal regions such as bottom areas of
recesses produced on the surface of a sem conductor article as a 2fesul 200pf
surface treatnent that can not be snoatlgad by ordi nary polishing. 15 - 94
- 2 6 JUN 2002 WHAT IS CLAIMED IS: 1. A nmethod for heat-treating an SO
substrate having a silicon surface conprising a step of: heat-treating said
SO substrate in a 5 hydrogen-containing reduci ng at nosphere, with keeping
said SO substrate in a state di sposed opposite to a plane conprising a
mat eri al conpnidsed 8afm &omorvhex iS@iurecsgeidnec @rexss a Mhen cdmpdmendnwi th a
predeterm ned di stance separating them 10 2. A nethod for heat-treating an
SO subst r at eoheentgaion waen neasfuged dot aredng ab sgeondary whemnei n sai d
material is selected froma group consisting of silicon, silicon carbide
and silicon maepi deectFographyet(BddSor iHeatas rikunichgehat Sdie sedsenat e
having a silicon surface according to claim1, wherein said silicon surface
i s an unpol | SREEesFrRAdEr 10 FheaSimHed TS treatSiiean gl ldh WEF substrate
havi ng %1 sili cgn W fage according to claim1l, wherein said silicon surface
has a surface- ﬁﬂréhr(é’é‘b'attributable to a porous silicon layer. 25 5. A
met hod for heat-treati an SO bstfrate havi ng a sd'lj con surface

e, o

according to cl ai &r& gé)ls'[gwgi S G FAESHhs R ST Fbughness

heat treatment furnace comprising a furnace tube made
of quartz and having a configuration as shown in FIG. 9
without removing the silicon oxide film on the rear

10 surface. Gas was made to flow from above to below in
the furnace.

A commercially available bulk Si 8-inch wafer was

used as counter-surface constituting member. As shown
in FIG. 9, the wafers W were arranged horizontally on a

15 SiC boat 4 in such a way that the silicon oxide rear
surface of each of the SO0I wafers faces the surface of
the SOI layer of the SOI wafer located directly below
it and the oppositely disposed surfaces are separated
by a gap of 6mm, the center of each of the wafers

20 agreeing with the center line of the furnace tube. A
bulk Si 8-inch wafer 3 was arranged on top of the SOI
wafers, keeping the above pointed out gap to separate
it from the top SOI wafer. After replacing the
atmosphere in the furnace by hydrogen, the temperature

25 in the furnace was raised to 1,100°C and held to that
level for 4 hours before the temperature was lowered to

take out the wafers and observe the film thickness of



- 95- 2z s ~uN Zooz attributable to mcro-cavities. 6. A nethod for
heat-treating an SO substrate having a silicon surface according t 9@@%@
1, wherein 5 said SO substrate has a buried insulation film obtained
result of oxygen ion inplantation and hegg treatnment. 7. A method for
heat-treating an SO substrate 10 having a silicon surface according to
claim1, wherein said plane surface is obtained by renoving a natural oxide
film 8. A nmethod for heat-treating an SO substrate 15 having a silicon
surface according to claim1l, wherein a plurality of said SO substrates
are arranged tde &0 ohaech hepecimed. r eShecdeveesiki dontber fades arr anged
in parallel with each other. 20 9. A nethod for heat-treating an SO
substrat e hawihigkness iechreach feEethecdPli vgfesscraenngl aners&er each of
said SO substrates is arranged to face a rear surface of an adjacent SO
substrate frd#athildrear surface any oxide filmis removed. 25 10. A
nmet hod for heat-treating an SO substrate having a_silicon surface
according to clai MBS mhdreiPPat . sepROTting SR ¥BETSnY25aF§PA8ent SO
substrates are arrange silicon surfacgs facin?aeach ot her. 11

i

d with fhej
A'method for e TIRatTHle ot SO CEOPLT STELS naURNg ALLREREon surface
2001 4G 10 Gl MulundNGLE! B GaBLULA! LLVePLoBOknsNDSpERLES cibe arranged

coaxially at erm ne ervals and directed to a same direction; and

a du subs i i fa i S+ 1 d sai d
mry fg%gk%;bﬁﬁéﬂgéggééhF%é%ﬁééL% §fim égzﬁaﬁa&amggg %gréééﬁ

silicon sur ing SO substrate. . A netho

heat - treat i NG AhodePURFIEIRE DAY NG1 BhSLYh COReSHEERBA RESEGHE RAst O claim
1, wherein 15 said SO substrate is placed in a container having an inner

wal | surf ace 1fsshaiha0xi Xhiz eth sthé Coant23l Arart 86dalor olfeghet fageirgg an SO
Substrate
10 as in the case of the use of an SiC boat. Thus, it was
found that a boat having a surface of non-oxidized
silicon, SiO, for example, is preferably used for the
purpose of the invention.
When the silicon oxide film on the rear surface of
15 each of the wafers was not removed before the heat
treatment so that the S0I layer was made to face a
silicon oxide rear surface and heat-treated in a
hydrogen atmosphere as in the above experiment, the
decrease in the film thickness of the SOI layer facing
20 another SOI wafer was as large as 9nm and only the SOI
wafer facing the uppermost silicon wafer showed a
decrease of less than 1nm in the film thickness by
etching. In short, the etching effect could be
suppressed to about 1/10 by using silicon for the
25 counter-surface.

FIG. 17 shows the result of the above experiment.

More specifically, FIG. 17 shows the location



having a silicon surface according to claim11, wherein 20 said SO
substrate is placed in a container conprising an outer tube corrpri;ge_q,mm
silicon oxide and an inner tube havi ng_a(%bi_nner surface conprised of

non- oxi di zed silicon. 25 14. A nethod for” heat-treating an SOT substrate
having a silicon surface according to claim 13, wherein hydrogen gas is
supplied into said inner tube and - 97 - z s ~uN zooz exhausted from
said inner tube by way of a flow path between the inner tube and the outer

tube. 15. A tpté%érfefgl *@@tfﬁé%iilﬁlgtﬁ{bﬁ%séupéaﬁ@%foé gavitﬂe 8ogi | icon

surface according to alm1, erein a plurality of said SO substrates

are support eq aRp6ya YRR r B SENd A AlaBe St f ACKe£EMPLESLRENRON- S | T con
oxide so as to'be arranged in parallel with each other in a container

havi ng an i npgioceld sHdrRtn@! &9 tife CORPEN6iHEg. NoMn ORI di zed, skthiecon. 16. A
met hod for heat-treating an SO substrate having a silicon surface
accordi ng t ohelrdizontawWericd nrdépresants meas souar tcal sodéacefr oughness in
| um square 15 area of said silicon surface is nade to be not greater than
0. 4nm afbt er EhwangEmaTeafiertie Wdfers nixt hble f furhaae - aseaditngedn SO
substrate having a silicon surface according to claim1, wherein 20 a
plurality of f&¥end abgves @nst rdesvertictphaaxhyg rerresenhsSstiace, are
arranged coaxially in parallel with each other at predetermned intervals
to face a safeFHER (G arh SthriIfiAR Rt FareshadrfgtatPedhst a
non- oxi di zed silicon surface is ar.fange f or enost t$%25 face.t ha silicon

T t

surface of tAEFSEIETy sA" Fulfst r]aha. .n%t%tm% ah‘éﬁ?"-"f‘?%_ ing an SO
L aherei n sHPERSHIR GIRED U G| B b5 oritt By ERteaRtatogTouth. 5
L0 or TP, BRI, Sod LI S NE LB Ferbl enRl ! a2
thi ckness of \aA%e 0reAl rddiRfef3Wa-vis the silicon rear surface
of another SOI wafer and G denotes the data obtained
for comparison when the SOI layer of each SOI wafer was
arranged vis-a-vis the silicon oxide rear surface of
15 another SOI wafer that had not been removed. Note that
a silicon wafer (dummy wafer) wasarranged above the
fist SOI wafer in order to maintain the high
temperature in the furnace and therefore the front
surface of the first SOOI wafer was facing the silicon
20 rear surface of the dummy wafer.
As seen from FIG. 17, the decrease in the film
thickness was less than 1lnm only for the first SOI
wafer arranged vis-a-vis a dummy Si wafer and about
10nm for all the SOI layers of the remaining SOI wafers
25 when the silicon oxide was not removed from the rear

surface.

After the heat treatment, the specimens were



10 20. A nethod for heat-treating an SO substrate having a silicon surface
according to claiml1l, wherein a flowrate of gas running near and in
parallel with a principal surface of said SO substrate is nade s BN 2007
than a flow rate of gas running perpendiggul-arly 15 relative to a principal
surface in an outer peripheral area of the SO substrate. 21. A nethod for
heat-treating an SO substrate having a silicon surface according to claim
20, wherein 20 the flow rate of gas running near the principal surface of
said SO substrate is made practically equal to 0. 22. A nethod for

heat -treati ngbaar8éll shirstght @enhationg.ca fS1tde onicroderre ateorgungace cl ai m
1, wherein 25 a silicon oxide filmof a rear surface of said SO substrate
i s renoved tuvosgpoeesthe Thenrepitdimesn sidyawsh of wefaearrewhnaess - 9 9
_ 2 6 JUN 2002 23. A nethod for heat-treating an SO substrate having a
silicon surf&Bemadcefdeaght efcithiemspecimans wvas i vt t§eBhfa skl so
substrates axe arranged such that each SO _substrate is placed on a tray
having a 5 r&8@pasgr pEE8 &NdnOn3FditAdd aiFIHBFWITE tHETFO| ayer faci ng

upward and vis-a-vis the rear surface of the tray |ocated.i di ately
t her eabdve. 2R9igake: fH@t JhenSReFmans ,{bacg,peaeg Llfehed egqgthﬁvi ng a

si | con surf gee_qceor ding 0 .claim.L, WErel A LOUN A S f acgs

constituting e alning “stl i concar € 'as principa |ngr58Fent is

ar ranged 0DDRRLL fabe A8SerMUDIALS M LNl ogen: 33 bt engosed

t her ebet ween 1 eat treatnment. 15 25. A method for heat-treating an SO
substrate hayifgia eirkistan s4nfircsh F60H Nkddh G aitmd, sydelfénst he

hydr ogen- cont al hi ng réduci ng at nosphere substantially contai ns hydrogen or
hydrogen andyhBRebbserved by secondary ion mass spectrography (SIMS)
10 to find that the boron concentration had been reduced
to less than 5x10*%/cm® to prove that the specimen could
feasibly be used for manufacturing electronic devices.
(Example 3: epitaxial layer transfer/vertical
furnace/quartz tray)
15 For each specimen, the surface of an 8-inch
boron-doped Si wafer having a specific resistance of
0.017 ©icm and a (100) orientation was anodized in a
solution containing 49% HF and ethylalcohol mixed to a
ratio of 2:1 to produce a 10um thick porous silicon
20 layer on the wafer surface. The silicon wafer was then
heat-treated at 400°C in an oxygen atmosphere for 1
hour and subsequently dipped into a 1.25% HF aqueous
solution for 30 seconds to remove the very thin oxide
£film formed on and near the surface of the porous
25 silicon layer. The silicon wafer was then washed well

with water and dried. Thereafter, the silicon wafer

was placed in an epitaxial growth system and



20 gases. 26. A nethod for heat-treating an SO substrate having a silicon
surface according to claim1, wherein said hydrogen-containing reducing

at nosphere shows a 25 dew point not higher than -92C. 27. A net hod & dbN 2002
heat-treating an SO substrate - 10Q -z5£.s ~uN 200t having a silicon
surface according to claiml1l, wherein said SO substrate is supported by a
menber containing Si, SICor SiN at |east on the surface as princi pal
ingredient. 5 28. A nethod for heat-treating an SO substrate having a
silicon surface according to claim1, wherein said SO substrate is so
arranged in hbetcetrealted aaS 1t,a 0Uk® iid S Hydwodgah Stitid selee B& abd

perpendi cular 10 relative to a main stream of gas introduced into the

cont ai ner. 28hugnaémolsitn g ladp pdreatpes fororc arhey | swgr Date cohiethet peaduasnt

met hod according to claim 1. 15 30. An etching apparatus according to claim
29, which cosplices.a flinemace ldvnigie arvstelr sikicor £ohprwasng

non- oxi di zed silicon and adapted to contain an SO substrate and reduce the
i nternal prefoumed 20 tThe Ronstisodidfiqare i3y aveWe skbkekress hi ch
conprises a steps of: snmoothing a surface of the SO substrate by a heat

t r eat nePt rre?i"ngﬂmééc%‘r 8inGdod re ALRhLoras RNe e tHok 1 pFPEFPng an SO

substrate, which conpri s. a step of
gas to t %ydrogen %as. The silicon wafer was then

taken out of the epitaxial growth system and placed in
an oxidizing furnace. Thus, the surface of the single
crystal silicon film was oxidized to produce a 200nm
10 thick silicon oxide film by means of combustion gas of
oxygen and hydrogen. As a result of oxidation, the
single crystal silicon film came to show a thickness of
210nm. This wafer and a second wafer of 200nm were
separately subjected to a wet cleansing operation that
15 is popularly used in a silicon device process to
produce a clean surface. Then, the two silicon wafers
were bonded together. The silicon wafer assembly
obtained by bonding the two wafers was placed in a heat
treatment furnace, where it was heat-treated at 1,100°C
20 for 1 hour to enhance the bonding strength at the
interface. A mixture gas of nitrogen and oxygen was
used for the atmosphere of the heat treatment and
heated before it was replaced by combustion gas of
oxygen and hydrogen and held to 1,100°C. Thereafter,
25 the temperature was lowered in a nitrogen atmosphere.
Then, the first silicon wafer of the silicon wafer

assembly was ground from the rear surface until the



- 101 - 2 6 JUN 2002 reducing an inpurity concentration of an SO |ayer of
the SO substrate by a heat treatnent nethod according to claim1. 5 33. A
nmet hod of preparing an SO substrate having a silicon film which xpopiges
steps of: bonding a second article and ) first article containing a
separation |layer for defining a separatiﬁb position; 10 transferring said
silicon filmonto said second article by separating the bonded first and
second articles at the |ayer defining said separating position; arranging a
pl ane surface of non-silicon oxide 15 opposite to said silicon film

transferred gatg,said15eeNbeiael agbdieatrideating s fosh! ig@BfiImin

a hydrogen-cont ai ni ng reduci ng at nosphere. 34. A nethod of preparing an SO

substrate haykeEmB9yawald iGaPped liMtoMi Gh QR | KeBuei&RsSoPfarbandi ng a
first article and a second article; renmoving a part of said first article
from sai d boRgadotiehs beaidtkigec @dd etidh GhAaS t3® gotdud esvEidosi | ieaa fil mon

said second article; arranging a plane 25 non-oxidized silicon surface
opposite to assampdli shed thenf aoudjefcted dtosid ivon didamsiamgl heat-treating
said silicon filmin a hydrogen-containing reducing - 102 2 6 JUN T0O02
5 operation and cleansed well. The single crystal
silicon film produced by epitaxial growth had been
transferred onto the second silicon wafer with the
silicon oxide film to produce an SOI wafer.
For each of the specimens, the film thickness of
10 the transferred single crystal silicon film was
measured at intra-planar 10mm lattice points to find
that the average film thickness was 210nm with a
deviation of +7nm. When a lum square area and a 50um
square area of the surface were observed through an
15 atomic force microscope at 256x256 points of
measurement, the root mean square (Rrms) of surface
roughness was 10.lnm for the lpm square areas and 9.8nm
for the 50pm square areas. When the boron
concentration was measured by means of secondary ion
20 mass spectrography (SIMS5), it was found that the boron
concentration in the single crystal silicon film was
1.2x10'%cm?.
All the obtained S0I wafers were placed on
respective SiC trays as shown in FIG. 7 and put into a
25 vertical heat treatment furnace shown in FIG. 9 and

comprising a furnace tube made of fused quartz with a

loading chamber. Inert gas was introduced into the



at nosphere. 35. A nmethod of preparing an SO substrate having a silicon
filmaccording to claim33 or 34, further 5 conprising a step of renoving a
silicon oxide filmon the rear surface of said second article. SQIi@U@ﬂ@god
of preparing an SO substrate having a si4icon filmaccording to claim

or 34, further 10 conprising a step of preparing a first article having a
non- porous single crystal silicon filmfornmed on a porous silicon |ayer,
bondi ng the non-porous single crystal silicon filmto the second article,
and renoving said porous silicon prior to an etching step. 15 37. A nethod

of preparing 1¥adSdy Ssibat eihavihieh atisé | weparsi bR aceaydi werko cl ai m 33,
wherein said separation |ayer is a porous |ayer and said heat treatnent
step i s condpaiaetksaf t dneet afdd vedy mdddi bg 2Dowheroesadoaé por bedowayer
remaining on said silicon filmafter the separation. 38. A nmethod of
prepari ng aniBOthsubSinreae having wabets coerei tnansferdedgfromeithem 33,
wherein said 25 separation |ayer is a porous |ayer and said heat treatnent
step i s conddoeedng tdhamieer et dize Hornace | wyehonenekppagnontbeai d silicon
filmafter the - 103 separation. ? 6 JUN ?00Z 39. A nethod of preparing
an SO 8ubst A@sddeaAhdthe stuyrane 11 eitebrthagetenesrere3, F®herein said

5 separation layer is a layer inplanted with inert gas or hydrogen ions and
sai d heat tr&&HFém @ﬁﬁﬁ)q%&?ﬂﬂéﬁhﬂ?ﬁF%@?ﬁ%h}yp%PiEﬁ?nﬁe§%?ét§V i 8 film

surface eXpOsc?:%yasf tienr stuhc Sae%a(i?téﬁgt the rear surface of each of

the trays supporting an SOI wafer thereon faces the
surface of the SOI layer of the SOI wafer located

10 directly below it and the oppositely disposed surfaces
are separated by a gap of 6mm, the center of each of
the wafers agreeing with the center line of the furnace
tube. A commercially available silicon wafer 3 was
arranged on a tray, which was then placed on top of the

15 SOI wafers, keeping the above pointed out gap to
separate it from the top SOI wafer. After replacing
the atmosphere in the furnace by hydrogen, the
temperature in the furnace was raised to 1,180°C and
held to that level for 1 hour before the temperature

20 was lowered to take out the wafers and observe the film
thickness of the SOI of each specimen again. The
decrease in the film thickness of each of the SOI
wafers was less than Inm for all the SOI wafers.

On the other hand, after a similar heat treatment

25 operation conducted also in a hydrogen atmosphere where

the SiC trays were replaced with SiO, trays and the SOI

layer of each S0I wafer was made to face silicon oxide,



10 40. A nethod of preparing an SO substrate having a silicon film
according to claim 34, wherein said renoval step includes a step of

renmovi ng the residual porous |ayer remaining on said silicon filny§UBN4i A
met hod of preparing an SO substrate h_avé@g_a silicon filmaccording to
claim 34, wherein the porous |layer remainsS on said silicon filmafter the
renoval step. 20 42. A nethod of preparing an SO substrate having a
silicon filmaccording to claim 34, wherein the surface of said silicon
filmis a surface subjected to plasma etching after said renoval step. 25

43. A net hod jaf WHLPESWRY Bla SAns UDSEFah8ehayi BHeassihi €88 clinle®saeor di ng
to claim33 or 34, wherein said silicon filmsurface has a root nean square

of - 104 - thed SN PAPer sfadbeg anugbbesafen Wps aguasegar ed donwnt

smal ler than 0.2nm 44. A nethod of preparing an SO substrate having 5 a
silicon film accorthug, talcthaigh 3Gherwdderahdiéi nosa Chowyr at eidfi cgas
running near and in parallel wth the surface of said SO substrate is nade
| ower than aoHisie rigtlan ofn gele regmr ngupéapendrial ailycenl dpves Was he
surface of the outer peripheral area of the SO 10 substrate in said heat
treat meft st &@Cchmsl a6 etrRbLE PF epaindgaafusobzstbayr P€ BaFEMg a silicon
filmaccording to claim44, wherein the flow rate of gas running near the
surface of s&RPEM@eN st RERTElR 3 CHAFESHrSREfaap| foEqhhr ¥856eT 46. A

met hod of preparing, an SQ, substrate having a silicon filmaccording to
claim 33 or §4>,°%~?é3r e‘r'?{“%da’r%lteﬁy‘ﬁr%b%’ﬁ&a%%‘f’grni ng reduci ng at nosphere shows

a After the heat treatment, the specimens were
observed through an atomic force microscope for surface
10 roughness. The root mean square of surface roughness
(Rrms) of each of the specimens was 0.l1llnm for a lum
square area and 0.30nm for a 50pm square area to
indicate that the specimens had been smoothed to the
level of commercially available silicon wafers. After
15 the heat treatment, the boron concentration of the
single crystal silicon film of each of the specimens
was observed by secondary ion mass spectrography (SIMS)
to find that the boron concentration had been reduced
to less than 1x10%®/cm® to prove that the specimen could
20 feasibly be used for manufacturing electronic devices.
(Example 4: WJ separation/epitaxial layer transfer)
For each specimen, the surface of an 8-inch
boron-doped Si wafer having a specific resistance of
0.017 Qcm and a (100) orientation was anodized in a
25 solution containing 49% HF and ethylalcohol mixed to a
ratio of 2:1 to produce a 6um thick porous silicon

layer on the wafer surface. To be more accurate, the



20 dew point not higher than -92C. 47. A nethod of preparing an SO
substrate having a silicon filmaccording to claim33 or 34, V\herezll{\p s%i,,d
SO substrate is supported by a nmenber containing 25 Si, SiC or Si AN LUl
| east on the surface as principal ingregent. - 10 5 - 2 6 JUN 2002 48. A
met hod of preparing an SO substrate having a silicon filmaccording to
claim33 or 34, wherein said SO substrate is arranged so as to nake its
surface di sposed perpendicularly relative to the 5 principal flow of gas

i ntroduced in a container. 49. A nethod of preparing an SO substrate

havi ng a sil peebulsi lsn1acent didiged ardiaided 3 orpmichidier el ghifepskblhigon
oxide filmof the rear surface of said SO 10 substrate is renoved to
expose the reayesuhbadeo epdsed tof dheabwn: 0%l aedl siSpeothidk. A net hod
of preparing an SO substrate having a silicon filmaccording to claim 33
or 34, wherelnwadylpoplowrsalliayenfha8A@ing whaamsstrreft a2@anbedataedhonhat each
SO substrate is placed on a tray having a rear surface conprised of

non- oxi di zedtBel héghly PPndHE dAQYaTay sth¥Ht i iy phvafer aner 9¢'ecad vPE t he
rear surface of the tray located i medi ately thereabove. 20 51. A method of

preparing anV3t¥igghdheaed ardhFitg e con The nf ke wRted ¥R8i m 33 or
34, wherein g cou tert;%urf %acop%dﬁot‘{%irf_gg nenber cont ai ni nl? Scial i con
carbi de as prlfiti P&R G ig& 245 S8 FHpoITe TEOPIR
substrate wi  h,Bydrogen Q3% d Ui A Sl SRELYEe™ [98s NeRtafhgghaent
solution for 30 seconds to remove the very thin oxide
film formed on the surface of the low porosity porous
10 layer and the wall surfaces of the pores located near
that surface. The silicon wafer was then washed well
with water and dried. Thereafter, the silicon wafer
was placed in an epitaxial growth system and
heat-treated at 1,100°C in a hydrogen atmosphere by
15 adding silane gas at a very small rate to shut almost
all the pores on the surface of the porous silicon.
Then, a single crystal silicon film was formed on the
porous silicon to an average thickness of 310nm+5nm by
adding dichlorosilane as silicon source gas to the
20 hydrogen gas. The silicon wafer was then taken out of
the epitaxial growth system and placed in an oxidizing
furnace. Thus, the surface of the single crystal
silicon film was oxidized to produce a 200nm thick
silicon oxide film by means of combustion gas of oxygen
25 and hydrogen. As a result of oxidation, the single
crystal silicon film came to show a thickness of 210nm.

Meanwhile, a second silicon wafer was subjected to a



- 106 - 26 JUN2002 52. A nethod of preparing an SO substrate having a
silicon filmaccording to claim 33 or 34, wherein the hydrogen-contai ni ng
reduci ng at nosphere substantially contains hydrogen or hydrogen and inert
gases. 5 53. A nethod of preparing an SQ,substrate having a silicon film
according to claim33 or 34, wherein the root nean square of sur foadl#N 2007
roughness of said silicon surface is made to be not greater than 0.4nmin a
| um 10 square area after the heat treatnment. 54. A nethod of preparing an
SO substrate having a silicon filmaccording to claim33 or 34, wherein a

plurality of +Behrnibd:# L8 0 gshodeyd NEo aFSkhi £0M0dAmSYhiBResidkiodl I anged
coaxially in parallel with each other at predeterm ned regular intervals to

face a sanme dixigel ifALMNsh acKlinawye Stdsé bt fcdavhdgedt hRaséaan ven- oxi di zed
silicon surface is arranged forenost to face the silicon surface of the

| eadi ng SO shestwasflers A HSuldyaetdddtofa prepaclegnaingCbpseuhstivat e havi ng
a silicon filmaccording to claim33 or 34, wherein said silicon surfae is
an SO | ayer thetnmdes perepianlky alsed ot e 2blBgon Xleeihedpopcesepsri ng an
SO substrate having a silicon filmaccording to claim 33 or 34, wherein

- 107 2 s . PaRAESz SHLkP FEoFRer f abkebef Bhe BYehshyiaas WafRrékness of

not greater than 450nm .
were bonded together. The silicon wafer assembly

obtained by bonding the two wafers was placed in a heat
treatment furnace, where it was heat-treated at 1,100°C
for 1 hour to enhance the bonding strength at the

10 interface. An atmosphere of a mixture of nitrogen and
oxygen was used for the heat treatment. Then, the
silicon wafer assembly was separated along the highly
porous layer under the fluid wedge effect by applying a
high pressure water jet stream a lateral side of the

15 assembly to expose the porous layer. Then, the second
silicon wafer was dipped into a mixture solution of HF
and hydrogen peroxide to remove the residual porous
silicon by selective etching. It was then subjected to
a wet cleansing operation and cleansed well. It was

20 found that the single crystal silicon film had been
transferred onto the second silicon wafer with the
silicon oxide film to produce an SOI wafer.

For each of the specimens, the film thickness of

the transferred single crystal silicon film was

25 measured at intra-planar 10mm lattice points to find
that the average film thickness was 210nm with a

deviation of +7nm. When a lum square area and a 50um



57. A nethod of preparing an SO substrate having 5 a silicon film
according to claim33 or 34, wherein said SO |ayer of said SO substrate
has a thickness between 20nm and 250nm 58. A nethod for heat-treatin

SO substrate 10 having a silicon surface;according to claimi1, vheddNHiZhe
tenperature of said heat treatnent is higher than 300C and | ower than the
melting point of silicon. 59. A nethod for heat-treating an SO substrate
15 having a silicon surface according to claim1, wherein the tenperature
of said heat treatnent is higher than 800C and | ower than the nelting point
of silicon. &hudraeihed 6f phepsurfgcanwde sbhbeikade thavuat 2 a silicon
filmaccording to claim 33 or 34, wherein the tenperature of said heat
treatment is dtghbe fdbane3bDCrandopewet LBhar2tke poenttisngfpoi nt of silicon.
61. A nethod of preparing an SO substrate having 25 a silicon film

accor di ng t o rgasuresent, 3thewhepti meahesguaper &Rums )oPfsaud flacmt tr eat nent
i s higher than 800C and | ower than the nelting point of silicon. - 108 2
6 JUN 2002 6xoyghpessdvas pPepali AGTafhsOlHBuBSUAEEe aRg#ENG e S-18bn film
according to clalm33 or 34, wherein the flowrate of gas flow ng along the
outer périphciel TheDORmsSFTUaEe| PEBASE | | HRgPt thPeb Pﬁog‘he fur nace is not 5

smal l er than | Qcc/ n% and_not great g t han 300c%]/ gz A net hod

of preparing A 5Ubs ?’Pa‘f’%sh'ﬁegﬁ‘dr‘i sPYi B&R1FI P §8€8P g tlé)rbl ai m 33,

wher ein f“rt*HHss spectrography (SIMS), it was found that the boron
concentration in the single crystal silicon film was
1.2x10%%/cm®.

10 The silicon oxide film on the rear surface of all
the obtained SOI wafers was etched out in advance by
means of hydrofluoric acid and the SOI wafers were put
into a vertical heat treatment furnace comprising a
furnace tube made of fused quartz. Gas was made to

15 flow from above to below in the furnace. The wafers
were arranged horizontally on a SiC boat as shown in
FIG. 9 in such a way that the rear surface of each of
the SOl1 wafers faces the surface of the S0I layer of
the SOI wafer located directly below it and the

20 oppositely disposed surfaces are separated by a gap of
about 6mm, the center of each of the wafers agreeing
with the center line of the furnace tube. A
commercially available bulk silicon wafer from which
the natural silicon film, if any, had been removed was

25 arranged on top of the SOI wafers, keeping the above

pointed out gap to separate it from the top SOI wafer.

After replacing the atmosphere in the furnace by



10 conprising a step of: blowing fluid to a lateral surface of the bonded
first and second articles to mechanically cleave them 64. A method of
preparing an SO substrate having 15 a silicon filmaccording to 8 auNggB.
wherein said separation |ayer includes | east a pair of |ayers having
different porosities. 65. A method for Héat-treating an SO substrate 20
having a silicon surface according to claim19, wherein said SO |ayer of
said SO substrate has a thickness between 20nm and 250nm 66. A nethod for
heat-treating an SO substrate 25 having a silicon surface according to
claim1, \mengimogahql fhe Ydhrgdrattuids il ansd efitthd® wa§0PhHEBEN tWi t hout
exposi ng the i nside of said container to oxidizing atnosphere.
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suppressed to about 1/10 by using silicon for the
counter-surface.
After the heat treatment, the specimens were
20 observed through an atomic force microscope for surface
roughness. The root mean square of surface roughness
(Rrms) of each of the specimens was 0.12nm for a lum
square area and 0.34nm for a 50um square area to
indicate that the specimens had been smoothed to the
25 level of commercially available silicon wafers. After

the heat treatment, the boron concentration of the

single crystal silicon film of each of the specimens
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10 reduced to about 5pm. Subsequently, the P* layer was
selectively etched by dipping the silicon wafer
assembly in a 1:3:8 mixture solution of hydrofluoric
acid, nitric acid and acetic acid. The single crystal
silicon film had been transferred onto the second
15 silicon wafer with the silicon oxide film to produce an
SOI wafer.

For each of the specimens, the film thickness of
the transferred single crystal silicon film was
measured at intra-planar 10mm lattice points to find

20 that the average film thickness was 210nm with a
deviation of +20nm. When a lum square area and a 50um
square area of the surface were observed through an
atomic force microscope at 256x256 points of
measurement, the root mean square (Rrms) of surface

25 roughness was 2nm for the lum square areas and 2.2nm

for the 50um square areas.

The silicon oxide film on the rear surface of all
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were arranged horizontally on a SiC boat as shown in
FIG. 9 in such a way that the rear surface of each of
the S0I wafers faces the surface of the SOI layer of
the SOI wafer located directly below it and the

10 oppositely disposed surfaces are separated by a gap of
about 6mm, the center of each of the wafers agreeing
with the center line of the furnace tube. A
commercially available bulk silicon wafer from which
the natural silicon film, if any, had been removed was

15 arranged on top of the SOI wafers, keeping the above
pointed out gap to separate it from the top SOI wafer.
After replacing the atmosphere in the furnace by
hydrogen, the temperature in the furnace was raised to
1,100°C and held to that level for 4 hours before the

20 temperature was lowered to take out the wafers and
observe the film thickness of the SOI of each specimen
again. The decrease in the film thickness of each of
the SOOI wafers was less than lnm.

After the heat treatment, the specimens were

25 observed through an atomic force microscope for surface

roughness. The root mean square of surface roughness

(Rrms) of each of the specimens was 0.l1llnm for a lum
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5 single crystal silicon film of each of the specimens
was observed by secondary ion mass spectrography (SIMS)
to find that the boron concentration had been reduced
to less than 5x10%°/cm® to prove that the specimen could
feasibly be used for manufacturing electronic devices.
10 (Example 6: cleave process by hydrogen ion
implantation/vertical furnace/SiC boat)
For each specimen, the surface of an 8-inch
boron-doped Si wafer having a specific resistance of 10
Qcm and a (100) orientation was oxidized by 400nm and
15 hydrogen ions were implanted into the wafer under the
conditions of 50KeV and 4x10*¢/cm?. The silicon wafer
and a second silicon wafer were separately subjected to
a wet cleansing operation that is popularly used in a
silicon device process to produce a clean surface
20 (bonding surface). Then, the two silicon wafers were
bonded together. The silicon wafer assembly obtained
by bonding the two wafers was placed in a heat
treatment furnace, where it was heat-treated at 800°C
for 10 hours in a heat treatment furnace to enhance the
25 bonding strength at the interface. A nitrogen

atmosphere was used for the heat treatment. During the

heat treatment, the silicon wafer assembly was
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separated along the depth corresponding to the

projection range of implanted ions. The single crystal

silicon film had been transferred onto the second

silicon wafer with the silicon oxide film to produce an
5 SOI wafer.

For each of the specimens, the film thickness of
the transferred single crystal silicon film was
measured at intra-planar 10mm lattice points to find
that the average film thickness was 210nm with a

10 deviation of +10nm. When a lpm square area and a 50um
square area of the surface were observed through an
atomic force microscope at 256x256 points of
measurement, the root mean square (Rrms) of surface
roughness was 9.4nm for the lpm square areas and 8.5nm

15 for the 50um square areas.

The silicon oxide film on the rear surface of all
the obtained SOOI wafers was etched out in advance by
means of hydrofluoric acid and the SOI wafers were put
into a vertical heat treatment furnace comprising a

20 furnace tube made of fused gquartz. Gas was made to
flow from above to below in the furnace. The wafers
were arranged horizontally on a SiC boat as shown in
FIG. 9 in such a way that the rear surface of each of
the SOI wafers faces the surface of the S0OI layer of

25 the S0OI wafer located directly below it and the
oppositely disposed surfaces are separated by a gap of

about 6mm, the center of each of the wafers agreeing
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commercially available bulk silicon wafer from which
the natural silicon film, if any, had been removed was
arranged on top of the SOI wafers, keeping the above
5 pointed out gap to separate it from the top SOI wafer.
After replacing the atmosphere in the furnace by
hydrogen, the temperature in the furnace was raised to
1,150°C and held to that level for 1.5 hours before the
temperature was lowered to take out the wafers and
10 observe the film thickness of the SOI of each specimen
again. The decrease in the film thickness of each of
the SOI wafers was less than 1nm.
After the heat treatment, the specimens were
observed through an atomic force microscope for surface
15 roughness. The root mean square of surface roughness
(Rrms) of each of the specimens was 0.l11lnm for a 1lum
square area and 0.35nm for a 50um square area to
indicate that the specimens had been smoothed to the
level of commercially available silicon wafers. After
20 the heat treatment, the boron concentration of the
single crystal silicon film of each of the specimens
was observed by secondary ion mass spectrography (SIMS)
to find that the boron concentration had been reduced
to less than 5x10*°/cm® to prove that the specimen could
25 feasibly be used for manufacturing electronic devices.

(Example 7: SIMOX/vertical furnace/SiC boat)

For each specimen, oxygen ions were implanted into
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The silicon wafer was placed in a heat treatment
5 furnace and heat-treated in a mixture gas of Ar+0, at
1,350°C for 20 hours to produce a buried oxide film.
For each of the specimens, the film thickness of
the transferred single crystal silicon film formed on
the buried oxide film was measured at intra-planar 10mm
10 lattice points to find that the average film thickness
was 200nm with a deviation of +10nm. When a lum sguare
area and a 50um square area of the surface were
observed through an atomic force microscope at 256x256
points of measurement, the root mean square (Rrms) of
15 surface roughness was 0.5nm for the lum square areas
and 2nm for the 50um square areas to prove that the
surface roughness was increased by the oxygen ion
implantation. When the boron concentration was
measured by means of secondary ion mass spectrography
20 (SIMS), it was found that the boron concentration in
the single crystal silicon film was 5x10'/cm3for all
the specimens.
The silicon oxide film on the rear surface of all
the obtained SOI wafers was etched out in advance by
25 means of hydrofluoric acid and the SOI wafers were put

into a vertical heat treatment furnace comprising a

furnace tube made of fused quartz. Gas was made to
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FIG. 9 in such a way that the rear surface of each of
the SOI wafers faces the surface of the SOI layer of
the SOI wafer located directly below it and the
oppositely disposed surfaces are separated by a gap of
about 6mm, the center of each of the wafers agreeing
with the center line of the furnace tube. A
commercially available bulk silicon wafer from which
the natural silicon film, if any, had been removed was
arranged on top of the SOI wafers, keeping the above
pointed out gap to separate it from the top SOI wafer.
After replacing the atmosphere in the furnace by
hydrogen, the temperature in the furnace was raised to
1,150°C and held to that level for 1.5 hours before the
temperature was lowered to take out the wafers and
observe the film thickness of the SO0I of each specimen
again. The decrease in the film thickness of each of
the SOI wafers was less than 1nm.

After the heat treatment, the specimens were
observed through an atomic force microscope for surface
roughness. The root mean square of surface roughness
(Rrms) of each of the specimens was 0.3nm for a lum
square area and 1l.5nm for a 50upm square area to
indicate that the specimens had been smoothed to the
level of commercially available silicon wafers. After

the heat treatment, the boron concentration of the
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to find that the boron concentration had been reduced
to less than 5x10%¥/cm® to prove that the specimen could
feasibly be used for manufacturing electronic devices.
(Example 8: non-porous layer transfer/vertical
furnace/SiC boat)

For each specimen, the surface of an 8-inch
boron-doped Si wafer having a specific resistance of
0.017 Qicm and a (100) orientation was anodized in a
solution containing 49% HF and ethylalcohol mixed to a
ratio of 2:1 to produce a 1Opm thick porous silicon
layer on the wafer surface. The silicon wafer was then
heat-treated at 400°C in an oxygen atmosphere for 1
hour and subsequently dipped into a 1.25% HF aqueous
solution for 30 seconds to remove the very thin oxide
film formed on and near the surface of the porous
silicon layer. The silicon wafer was then washed well
with water and dried. Thereafter, the silicon wafer
was placed in a vertical heat treatment furnace and
heat-treated at 1,100°C in a hydrogen atmosphere to
shut almost all the pores on the surface of the porous
silicon and form a very thin non-porous single crystal
silicon film on the surface by modifying the surface of
the porous layer to non-porous. This silicon wafer and
a second silicon wafer that had been subjected to a

thermal oxidation process to form a 200nm thick silicon
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produce clean surfaces and bonded together. The

silicon wafer assembly obtained by bonding the two
wafers was placed in a heat treatment furnace, where it
was heat-treated at 1,100°C for 1 hour to enhance the

10 bonding strength at the interface. A mixture gas of
nitrogen and oxygen was used for the atmosphere of heat
treatment and heated before it was replaced by
combustion gas of oxygen and hydrogen and held to
1,100°C for 1 hour. Thereafter, the temperature was

15 lowered in a nitrogen atmosphere. Then, the silicon
wafer assembly was scraped from the rear surface of the
first silicon wafer to expose the porous silicon.
Then, the silicon wafer assembly was dipped into a
mixture solution of HF and hydrogen peroxide to etch

20 out the porous silicon layer. It was then subjected to
a wet cleansing operation and cleansed well. It was
found that the non-porous single crystal silicon film
had been transferred onto the second silicon wafer with
the silicon oxide film to produce an SOI wafer.

25 For each of the specimens, the film thickness of
the transferred single crystal silicon film was

measured at intra-planar 10mm lattice points to find
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When the silicon oxide film on the rear surface of
5 each of the wafers was not removed before the heat
treatment so that the SOI layer was made to face the
silicon oxide on the rear surface a wafer and
heat-treated in a hydrogen atmosphere as in the above
experiment, the decrease in the film thickness of the
10 S0I layer facing another SOI wafer was as large as 5nm
and scattered pit-like spots of unetched silicon oxide
were observed. Only the SOI wafer facing the uppermost
silicon wafer showed a decrease of less than 1lnm in the
film thickness by etching and were free from pit-like
15 spots. In short, the etching effect could be
suppressed and the generation of pit-like spots could
be eliminated by using silicon for the counter-surface.
After the heat treatment, the specimens were
observed through an atomic force microscope for surface
20 roughness. The root mean square of surface roughness
(Rrms) of each of the specimens was 0.llnm for a lpum
square area and 0.35nm for a 50pm square area to
indicate that the specimens had been smoothed to the
level of commercially available silicon wafers.
25 (Example 9: epitaxial layer transfer on vitreous
silica/horizontal furnace/SiC tray)

For each specimen, the surface of an 8-inch
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solution containing 49% HF and ethylalcohol mixed to a
ratio of 2:1 to produce a 10pm thick porous silicon
5 layer on the wafer surface. The silicon wafer was then
heat-treated at 400°C in an oxygen atmosphere for 1
hour and subsequently dipped into a 1.25% HF aqueous
solution for 30 seconds to remove the very thin oxide
film formed on and near the surface of the porous
10 silicon layer. The silicon wafer was then washed well
with water and dried. Thereafter, the silicon wafer
was placed in an epitaxial growth system and
heat-treated at 1,100°C in a hydrogen atmosphere,
adding silane gas at a very small rate, to shut almost
15 all the pores on the surface of the porous silicon
layer. Then, a single crystal silicon film was formed
on the porous silicon to an average thickness of
310nm+5nm by adding dichlorosilane as silicon source
gas to the hydrogen gas. The silicon wafer was then
20 taken out of the epitaxial growth system and placed in
an oxidizing furnace. Thus, the surface of the single
crystal silicon film was oxidized to produce a 200nm
thick silicon oxide film by means of combustion gas of
oxygen and hydrogen. As a result of oxidation, the
25 single crystal silicon film came to show a thickness of

210nm. Then, this silicon wafer and a second silicon

wafer on which a silicon oxide film was formed by
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cleansing operation that is popularly used in a silicon
device process to produce a clean surface (bonding
5 surface). The surfaces (bonding surfaces) were
activated by nitrogen plasma before they were washed
with water and dried. The two silicon wafers were then
bonded together. The silicon wafer assembly obtained
by bonding the two wafers was placed in a heat
10 treatment furnace, where it was heat-treated at 400°C
for 10 hours to enhance the bonding strength at the
interface. Then, the silicon wafer assembly was
scraped from the rear surface of the first silicon
wafer to expose the porous silicon layer. Then, the
15 silicon wafer assembly was dipped into a mixture
solution of HF and hydrogen peroxide to etch out the
porous silicon. It was then subjected to a wet
cleansing operation and cleansed well. It was found
that the single crystal silicon film had been
20 transferred onto the second silicon wafer with the
silicon oxide film to produce an SOI wafer.
For each of the specimens, the film thickness of
the transferred single crystal silicon film was
measured at intra-planar 10mm lattice points to find
25 that the average film thickness was 210nm with a

deviation of +7nm. When a lpm square area and a 50um

square area of the surface were observed through an
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5 concentration was measured by means of secondary ion

mass spectrography (SIMS), it was found that the boron
concentration in the single crystal silicon film was
1.2x10%®/cm?.
All the obtained SOOI wafers were placed on

10 respective SiC trays 31 as shown in FIG. 7 and put into
a vertical heat treatment furnace shown in FIG. 9 and
comprising a furnace tube made of fused quartz. Gas
was made to flow from above to below in the furnace.
The wafers were arranged horizontally on the respective

15 SiC trays in such a way that the rear surface of each
of the trays supporting an SOI wafer thereon faces the
surface of the SOI layer of the SOI wafer located
directly below it and the oppositely disposed surfaces
are separated by a gap of 6mm, the center of each of

20 the wafers agreeing with the center line of the furnace
tube. A commercially available silicon wafer 3 was
arranged on a tray, which was then placed on top of the
SOI wafers, keeping the above pointed out gap to
separate it from the top SOI wafer. After replacing

25 the atmosphere in the furnace by hydrogen, the
temperature in the furnace was raised to 1,000°C and

held to that level for 15 hours before the temperature
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decrease in the film thickness of each of the SOOI
wafers was less than lnm for all the SOI wafers.
5 After the heat treatment, the specimens were
observed through an atomic force microscope for surface
roughness. The root mean square of surface roughness
(Rrms) of each of the specimens was 0.1llnm for a lum
square area and 0.50nm for a 50pm square area to
10 indicate that the specimens had been smoothed to the
level of commercially available silicon wafers. After
the heat treatment, the boron concentration of the
single crystal silicon film of each of the specimens
was observed by secondary ion mass spectrography (SIMS)
15 to find that the boron concentration had been reduced
to less than 1x10%%®/cm® to prove that the specimen could
feasibly be used for manufacturing electronic devices.
(Example 10: WJ separation/epitaxial layer
transfer/vertical furnace)
20 For each specimen, the surface of an 8-inch
boron-doped Si wafer having a specific resistance of
0.017 Qcm and a (100) orientation was anodized in a
solution containing 49% HF and ethylalcohol mixed to a
ratio of 2:1 to produce a 3um thick porous silicon
25 layer on the wafer surface. To be more accurate, the

porous silicon layer included a 2um thick highly porous

layer having a porosity of about 45% and a lum thick
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surface of the low porosity porous layer and the wall
surfaces of the pores located near that surface.
Subsequently, the silicon wafer was dipped into a 1.25%
HF aqueous solution for 30 seconds to remove the very
10 thin oxide film formed on the surface of the low
porosity porous layer and the wall surfaces of the
pores located near that surface. The silicon wafer was
then washed well with water and dried. Thereafter, the
silicon wafer was placed in an epitaxial growth system
15 and heat-treated at 1,100°C in a hydrogen atmosphere by
adding silane gas at a very small rate to shut almost
all the pores on the surface of the low porosity porous
silicon. Then, a single crystal silicon film was
formed on the low porosity porous silicon having shut
20 pores to an average thickness of 310nm+5nm by adding
dichlorosilane as silicon source gas to the hydrogen
gas. The silicon wafer was then taken out of the
epitaxial growth system and placed in an oxidizing
furnace. Thus, the surface of the single crystal
25 silicon film was oxidized to produce a 200nm thick
silicon oxide film by means of combustion gas of oxygen

and hydrogen. As a result of oxidation, the single
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thermal oxidation process to form a 200nm thick silicon
oxide film on the entire surface thereof and each of
5 the wafers was subjected to a wet cleansing operation
that is popularly used in a silicon device process to
produce a clean surface. Then, the two silicon wafers
were bonded together. The silicon wafer assembly
obtained by bonding the two wafers was placed in a heat
10 treatment furnace, where it was heat-treated at 1,100°C
for 1 hour to enhance the bonding strength at the
interface. An atmosphere of a mixture of nitrogen and
oxygen was used for the heat treatment. Then, the
silicon wafer assembly was separated along the highly
15 porous layer under the fluid wedge effect by applying a
high pressure water jet stream a lateral side of the
assembly to expose the porous layer on the single
crystal silicon film of the second silicon wafer. It
was found that the single crystal silicon film had been
20 transferred onto the second silicon wafer with the
silicon oxide film to produce an SOI wafer having a
residual porous silicon layer. The silicon oxide film
on the rear surface of all the obtained SOI wafers
having a residual porous silicon layer was etched out
25 in advance by means of hydrofluoric acid and the SOI
wafers were put into a vertical heat treatment furnace

as shown in FIG. 10. Gas was made to flow from above
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way that the rear surface of each of the S0I wafers
faces the surface of the SOI layer of the SOI wafer
5 located directly below it and the oppositely disposed
surfaces are separated by a gap of about 6mm, the
center of each of the wafers agreeing with the center
line of the furnace tube. A commercially available
bulk silicon wafer from which the natural silicon film,
10 if any, had been removed was arranged on top of the SOI
wafers, keeping the above pointed out gap to separate
it from the top SOI wafer. After replacing the
atmosphere in the furnace by hydrogen, the temperature
in the furnace was raised to 1,100°C and held to that
15 level for 4 hours before the temperature was lowered to
take out the wafers and observe the film thickness of
the SOI of each specimen again.
After the heat treatment, the specimens were
observed through an atomic force microscope for surface
20 roughness. The root mean square of surface roughness
(Rrms) of each of the specimens was 0.12nm for a lpum
square area and 0.34nm for a 50um square area to
indicate that the specimens had been smoothed to the
level of commercially available silicon wafers. After
25 the heat treatment, the boron concentration of the
single crystal silicon film of each of the specimens

was observed by secondary ion mass spectrography (SIMS)
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feasibly be used for manufacturing electronic devices.
As described above by way of examples, according
5 to the invention, the surface of a semiconductor
article having a single crystal silicon film can be
smoothed to the level of commercially available silicon
wafers, minimizing the reduction in the film thickness
of the single crystal silicon film on the surface to
10 practically nil without introducing crystal defects
such as a distorted layer that may be produced by an
ordinary smoothing operation. In short, with a method
and an apparatus according to the invention, the
surface of a semiconductor article such as an SOI
15 substrate can be smoothed and the boron concentration
of the article can be reduced without damaging the
uniform film thickness of each and every wafer.
Additionally, the above pointed out effect of
minimizing the reduction ins the film thickness can be
20 ensured when a plurality of semiconductor articles
comprising a single crystal silicon film formed on an
insulator are collectively processed without increasing
deviations in each and among all of the articles.
Thus, for example, the surface of a number of SOI
25 substrates can be smoothed and their boron
concentration can be reduced collectively, maintaining

the uniformity of film thickness.
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Still additionally, since the temperature level
involved in a method according to the invention is the
one that is normally observed in ordinary semiconductor
processes, the present invention can be applied to

5 existing semiconductor heat treatment processes for
manufacturing semiconductor devices. The heat
treatment process to be conducted for a method
according to the invention can be used in conjunction
with some other appropriate process.

10 Finally, a method according to the invention can
smooth local single crystal regions such as bottom
areas of recesses produced on the surface of a
semiconductor article as a result of surface treatment
that can not be smoothed by ordinary polishing.

15
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having a silicon surface comprising a step of:
heat-treating said SOI substrate in a
hydrogen-containing reducing atmosphere, with keeping
said SOI substrate in a state disposed opposite to a
plane comprising a material comprised of a non-oxidized
silicon as a main component with a predetermined

distance separating them.

2. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
said material is selected from a group consisting of

silicon, silicon carbide and silicon nitride.

3. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein

said silicon surface is an unpolished surface.

4. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
said silicon surface has a surface roughness

attributable to a porous silicon layer.

5. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein

said silicon surface has a surface roughness

10
10@
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having a silicon surface according to claim 1, wherein

5 said SOI substrate has a buried insulation film
obtained as a result of oxygen ion implantation and

heat treatment.

7. A method for heat-treating an SOI substrate
10 having a silicon surface according to claim 1, wherein
said plane surface is obtained by removing a natural

oxide film.

8. A method for heat-treating an SOI substrate

15 having a silicon surface according to claim 1, wherein
a plurality of said SOI substrates are arranged so as

to have their said respective silicon surfaces arranged

in parallel with each other.

20 9. A method for heat-treating an SOI substrate
having a silicon surface according to claim 8, wherein
each of said SOI substrates is arranged to face a rear
surface of an adjacent SOI substrate from which rear
surface any oxide film is removed.

25

10. A method for heat-treating an SOI substrate

having a silicon surface according to claim 8, wherein
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arranged to face said silicon surface of the leading

SOI substrate.

12. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
15 said SOI substrate is placed in a container having an

inner wall surface of non-oxidized silicon.

13. A method for heat-treating an SOOI substrate

having a silicon surface according to claim 1, wherein

20 said SOI substrate is placed in a container comprising
an outer tube comprised of silicon oxide and an inner

tube having an inner surface comprised of non-oxidized

silicon.

25 14. A method for heat-treating an SOI substrate
having a silicon surface according to claim 13, wherein

hydrogen gas is supplied into said inner tube and
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% 15. A method for heat-treating an SOI substrate
5 having a silicon surface according to claim 1, wherein
a plurality of said SOI substrates are supported by a
support member having a surface comprising non-silicon
oxide so as to be arranged in parallel with each other

in a container having an inner wall surface also

10 comprising non-oxidized silicon.

16. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
the root mean square of surface roughness in lpm square

15 area of said silicon surface is made to be not greater

than 0.4nm after the heat treatment.

17. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
20 a plurality of said SOI substrates, each having a
silicon surface, are arranged coaxially in parallel
with each other at predetermined intervals to face a
same direction and a dummy substrate having at least a
non-oxidized silicon surface is arranged foremost to

25 face the silicon surface of the leading SOI substrate.

18. A method for heat-treating an SOI substrate
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said S0OI substrate has an Si layer formed by epitaxial

growth.

5 19. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
said SOI layer of said SOI substrate has a thickness of

not greater than 450nm.

10 20. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
a flow rate of gas running near and in parallel with a
principal surface of said SOI substrate is made smaller
than a flow rate of gas running perpendicularly

15 relative to a principal surface in an outer peripheral

area of the S0I substrate.

21. A method for heat-treating an SOI substrate
having a silicon surface according to claim 20, wherein
20 the flow rate of gas running near the principal surface

of said SOI substrate is made practically equal to O.

22. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
25 a silicon oxide film of a rear surface of said SOI
substrate is removed to expose the non-oxidized silicon

of the rear surface.
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23. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
a plurality of said SOI substrates are arranged such

that each S0I substrate is placed on a tray having a

rear surface of non-oxidized silicon with the SOI layer

facing upward and vis-a-vis the rear surface of the

tray located immediately thereabove.

24. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
a counter-surface constituting member containing
silicon carbide as principal ingredient is arranged
opposite to the SOI substrate with hydrogen gas

interposed therebetween for heat treatment.

25. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
the hydrogen-containing reducing atmosphere
substantially contains hydrogen or hydrogen and inert

gases.

26. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
said hydrogen-containing reducing atmosphere shows a

dew point not higher than -92°C.

27. A method for heat-treating an SOl substrate
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28. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
said SOI substrate is so arranged in the container as
to make its principal surface stand perpendicular

10 relative to a main stream of gas introduced into the

container.

29. An etching apparatus for carrying out a heat
treatment method according to claim 1.
15
30. An etching apparatus according to claim 29,
which comprises a furnace having an inner surface
comprising non-oxidized silicon and adapted to contain
an SOI substrate and reduce the internal pressure.
20
31. A method of preparing an SOI substrate, which
comprises a steps of:
smoothing a surface of the SOI substrate by a heat
treatment method according to claim 1.
25
32. A method of preparing an SOI substrate, which

comprises a step of:
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reducing an impurity concentration of an SOI layer
of the SOI substrate by a heat treatment method
according to claim 1.

33. A method of preparing an SOI substrate having
a silicon film, which comprises steps of:

bonding a second article and a first article
containing a separation layer for defining a separating
position;

transferring said silicon film onto said second
article by separating the bonded first and second
articles at the layer defining said separating
position;

arranging a plane surface of non-silicon oxide
opposite to said silicon film transferred onto said
second article and heat-treating said silicon film in a

hydrogen-containing reducing atmosphere.

34. A method of preparing an SOI substrate having
a silicon film, which comprises steps of:

bonding a first article and a second article;

removing a part of said first article from said
bonded first and second articles so as to leave a
silicon film on said second article; arranging a plane
non-oxidized silicon surface opposite to an unpolished
surface of said silicon film; and heat-treating said

silicon film in a hydrogen-containing reducing
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crystal silicon film to the second article, and

removing said porous silicon prior to an etching step.

15
37. A method of preparing an SOI substrate having

a silicon film according to claim 33, wherein said

separation layer is a porous layer and said heat

treatment step is conducted after selectively etching

20 the residual porous layer remaining on said silicon

£film after the separation.

38. A method of preparing an SOI substrate having
a silicon film according to claim 33, wherein said
25 separation layer is a porous layer and said heat
treatment step is conducted with the residual porous

layer remaining on said silicon film after the
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20 42. A method of preparing an SOI substrate having
a silicon film according to claim 34, wherein the
surface of said silicon film is a surface subjected to

plasma etching after said removal step.

25 43. A method of preparing an S0I substrate having
a silicon film according to claim 33 or 34, wherein

said silicon film surface has a root mean square of
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47. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein
said SOI substrate is supported by a member containing
25 Si, SiC or SiN at least on the surface as principal

ingredient.
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A% () +’_'/012%3. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein the
root mean square of surface roughness of said silicon
surface is made to be not greater than 0.4nm in a lum

10 square area after the heat treatment.

54. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein a
plurality of SOI substrates, each having a silicon
15 surface, are arranged coaxially in parallel with each
other at predetermined regular intervals to face a same
direction and a dummy substrate having at least an
non-oxidized silicon surface is arranged foremost to

face the silicon surface of the leading SOI substrate.

20
55. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein
said silicon surfae is an SOI layer formed by epitaxial
growth.
25

56. A method of preparing an SOI substrate having

a silicon film according to claim 33 or 34, wherein
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said silicon surface before etching has a thickness of

not greater than 450nm.

57. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein

said SOI layer of said SOI substrate has a thickness

.between 20nm and 250nm.

58. A method for heat-treating an SOOI substrate
having a silicon surface according to claim 1, wherein
the temperature of said heat treatment is higher than

300°C and lower than the melting point of silicon.

59. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
the temperature of said heat treatment is higher than

800°C and lower than the melting point of silicon.

60. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein the
temperature of said heat treatment is higher than 300°C

and lower than the melting point of silicon.

61. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein the
temperature of said heat treatment is higher than 800°C

and lower than the melting point of silicon.
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62. A method of preparing an SOI substrate having
a silicon film according to claim 33 or 34, wherein the
flow rate of gas flowing along the outer peripheral
area of said silicon film article in the furnace is not
smaller than 10cc/minecm? and not greater than

300cc/mine cm?.

63. A method of preparing an SOI substrate having
a silicon film according to claim 33, wherein further
comprising a step of:

blowing fluid to a lateral surface of the bonded

first and second articles to mechanically cleave them.

64. A method of preparing an SOI substrate having
a silicon film according to claim 63, wherein said
separation layer includes at least a pair of layers

having different porosities.

65. A method for heat-treating an SOI substrate
having a silicon surface according to claim 19, wherein
said SOI layer of said SOI substrate has a thickness

between 20nm and 250nm.

66. A method for heat-treating an SOI substrate
having a silicon surface according to claim 1, wherein
said SOI substrate is transferred to a container
without exposing the inside of said container to

oxidizing atmosphere.



