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SENICONDUCTOR SUBSTRATE HAVI NG COVPOUND SEM CTOR. g&%E
PROCESS FOR | TS PRODUCTI ON, AND ELECTRONI C THIS SHEEDENASBEENBR 2R E -
SEM CONDUCTOR SUBSTRATE 5 BACKGROUND OF [THE | IRZENTTEN Field
of the invention This invention Iel bres—to~a SEFHCPHEUs!
substrate and a process for its production. More particularly, it
relates to a sem conductor substrate 10 conprising a silicon substrate
and a single-crystal conpound sem conductor formnmed thereon, suited
for the fabrication of electronic devices and fornation of
I ntegrated circlSEMICONRUCTOR SURSERATE G(IAVING COMPOUND GREMICONDUCTORI SO
relates to an electronic device 15 fabricated on this sem conductor
substrate. TAYER c PERCESS ORI %3 PRODUCTION, ANDBLEGIRONI®:NtS
bel onging to G oup IV of the periodic table, such as Si and Ge, have
been used from DEGIGE tHARRIGATER QY iSEMLGANDUGHOR (SURSTRARE ers) for
20 sem conduct or devi ces and have highly advanced. At pr esent
t 0o, as wel | known, a variety of electronic devi ces such as DRAMs,

MPUs, | ogic | 0 re fabricated on silicon (Si)
substrate? ﬁ%ﬁ?ﬁ%@@ﬂﬁb %F g@F@ﬁgﬂF§T§P§ utilized as materials for active
regi ons 1g]%%e% NE§y55%n§'St0rs and bi pol ar transistors. '

These C}oup | v omever Pe not suited for maki ng up
light-emtting diod9fis invention relates to a semiconductor

’

o

substrate and a process for its production. More
particularly, it relates to a semiconductor substrate
10 comprising a silicon substrate and a single-crystal
compound semiconductor formed thereon, suited for the
fabrication of electronic devices and formation of
integrated circuits, and to a process for its
production. It also relates to an electronic device
15 fabricated on this semiconductor substrate.
Related Background Art
Groﬁp IV.elements belonging to Group IV of the
periodic table, such as Si and Ge, have been used from
old times as materials for substrates (wafers) for
20 semiconductor devices and have highly advanced. At
present too, as well known, a variety of electronic
devices such as DhAMs, MPUs, logic ICs and analog ICs
. are fabricated on silicon (Si) substrates, and these
elements are utilized as materials for active regions
25 of diodes, MOS transistors and bipolar transistors.
These Group IV eleménts, howevér, are not suited for

making up light-emitting diodes.
This Sheet Has Been R

T




- 2- Meanwhile, Goup IIl-V or Il-VI conpound

semi conductors as typified by GaAs, GP, InP, &GN and ZnSe are very
suited for light-emtting devices such as LEDs and | asers.
Researches are nade thereon in great 5_ 2vgriety, and LEDs and

sem conductor | asers have al ready been put into practical use. Also,
HEMIs ( Hi gh El ectron Mobility Transistors) are prepared using these
conmpound sem conductors, and high-frequency circuits that can be
used at GHz band regions have been put into 10 practical use.

Conpound semni conduc tiMears+Hislie,atGrHug) QIR .o aVB-VI compdithd OW a mechani cal
strength that it is difficult to produce | arge-area wafers of

conmpound sen cawshiciordictors as Aypirfiiied)lby Gakd), VGHREr SIdRV &GN faid | y
smal l er size 15 than silicon wafers, and hence are obtained at a | ower
producti on effiZsiSesh@re merwisuited Woelighdcemidsting devidds enadr ,as he

production cost of the wafer thensel ves is alittle nore than 10
times that of diERshd\diagers. Reseapghef tare fade sthareorpdn great To
overcome such problens, it is attenpted to nmake het er oepi t axi a

growt h of Sconmpdiftfd- e KU JIERS S semiconquetan |1aspFss disste fleeadiat
wafore, ag | beeh Hit inpq practe B TN B ol 08y 2s
O 9N T a5 b AN S Dioneg, B R,
on silicon subygpiihd'@enfi¢onductors, and high-frequency circuits
that can be used at GHz band regions have been put into
10 practical use.
Compound semiconductor substrates, however, have
so low a mechanical strength that it is difficult to
produce large-area wafers of compound semiconductors.
Accordingly, such wafers have a fairly smaller size
15 than silicon wafers, and hence are obtained at a lower
production efficiency than silicon wafer processes.
Moreover, the production cost of the wafer themselves
is a little more than 10 times that of silicon wafers
having the same size.
20 To overcome such problems, it is attempted to make
heteroepitaxial growth of compound semiconductors on
the silicon substrates that have a high mechanical
strength and enable production of large-area wafers, as
typified by GaAs on Si. This technique is a method by
25 which light-emitting devices or high-speed electronic
devices such as LEDs and lasers making use of compound

semiconductors are formed on silicon substrates having



- 3- a high mechanical strength and al so bei ng i nexpensive

and stitl also having a high thermal conductivity, t hereby aim ng at
i mprovenent of productivity, achi evenent of cost reduction and so
forth and spread 5 of these devices. _n addition, since such
light-emtting devices and hi gh-speed el €ctYonic devi ces can be

I ntegrated on the sane substrates as t hose of highly advanced
Si-LSIs, it becones possible to realize Opto-Eletronic Integrated
Crcuits (CEICS). 10 However, sone problens are pointed out in

respect af h&%ﬁf ﬁé&%ﬁieﬁlc Q@PQHB@hS 8RHCaRdHC BQE.ﬁgO En@k&ﬁ@n§hve

and there are many ficulties in the fabrication of devi ces by the

use of the conpgradsenicanddChaving’ 8WRigh therRfBlStondketivity, One of
themis the occurrence of antiphase domai ns caused by

pol ari ty/ non- pokheirepy ehmihgcatsémprogement of produtesiviey, |l attice

I nperfections in epitaxial |ayers. The other is the presence of a
difference in achievewmehti ofenbstf reflectibneapdnspofioatt anflaspreed 20

m smat ch, which causes a stress or lattice I nperfections between
silicon substrapésthagecéppdgrs. In addétiobndsince sSuchs. The
former can be restrained by using silicon substrates having

of f-angl es. Thelfghtspmdiking: dg¥ices andsbighsgr@panedgSEronig many
research institates n various stal growth

have r
t echni ques, but 9€Vices cap BPe%EﬁFgréﬁﬁgnBP 3 Plﬁaﬂﬁeﬁﬂbﬁﬁgaﬁﬁ§r & of
1O[e”]/cn{e”]those of highly advanced Si-LSIs, it becomes possible

to realize Opto-Eletronic Integrated Circuits (OEICs).

10 However, some problems are pointed out in respect
of the growth of compound semiconductors on such Si,
and there are many difficulties in the fabrication of
devices by the use of the compound semiconductors grown
on Si.

15 One of them is the occurrence of antiphase domains
caused by polarity/non-polarity, which causes a great
stress or lattice imperfections in epitaxial layers.
The other is the presence of a difference in
coefficient of thermal expansion and a lattice

20 mismatch, which causes a stress or lattice
imperfections between silicon substrates and compound
semiconductor films.

The former can be restrained by using silicon
substrates having off-angles. The latter can not be

25 settled with ease, and many research institutes have
made studies on various crystal growth techniques, but,

at present, can not still break the barrier of 10°/cm?



-4- Wi th ease in respect of the dislocation density that

can be ah indication of crystal quality. This is said to be due a

| attice strain caused by di sagreenent in | atti ce constant between
silicon substrates and 5 conpound sem cgnductor |ayers. Lattice
defects brought in at a high densify nmay deteriorate device
characteristics such as light-emtting characteristics and lifetine,
and are not practical. Accordingly, it is sought to formon silicon
substrates, IIl1-V or 1I-VI 10 conmpound sem conductor thin filnms having a
| ow def ect wi€leNSddd LRMPEEFEE P QENPILbIYRE LSS density that Many
studi es on single-crystal sem conductor filns of 1V-1V conpounds

such as Si C and &akcbérs#n alsdication ¢£pEryechRsqhaphty em Thisoisredeid al s,
and these 15 si ngl e-crystal conpound-sem conductor filnms are al so

desired to be fotodse oduesid i Tavttbodsstrdias . cailmesd bwprdisagreenemt | Hm

reasons, it has been strongly demanded to decrease such crystal

def ects al so whekettice constapbpetwesnisilicomesyisiFakespramic | V-1V
conpound type 20 ones are forned on silicon substrates.

di scussed above ¢9WER¥%@ISGW¥EP¥§#ﬁﬁﬁFf%ﬁYerS° L#ﬁﬁ%ﬁ%ﬁﬂﬁ??ﬁﬁstRFQWHQ#I
single crystals haV|ng a crystal quality are, grown on silicon
substrates is atigyatah %g‘?’?’l‘%’v’é‘f m%td?m’ep’?%t%tq?‘f“?ﬁul y a |l ow

PSS DL LY, 20 opafboBSRERlas it s e ey Rt BRSBE B, 0 O
and lifetime, and are not practical. Accordingly, it
is sought to form on silicon substrates, III-V or II-VI
10 compound semiconductor thin films having a low defect
density comparable to compound wafers.

Many studies on single-crystal semiconductor films
of IV-IV compounds such as SiC and SiGe are also
reported as light~emitting materials, and these

15 single-crystal compound-semiconductor films are also
desired to be formed on silicon substrates. Thus, for
similar reasons, it has been strongly demanded to
decrease such crystal defects also when the
single-crystal films of SiGe or SiC IV-IV compound type

20 ones are formed on silicon substrates.

As discussed above in detail, the demand for
heteroepitaxy by which single crystals having a good
crystal quality are grown on silicon substrates is at a
high level, but there is still only a low possibility

25 of accomplishing it.

Many reports are made on heteroepitaxial growth on

such silicon substrates.



- 5- Some reports have presented an attenpt to forma

porous silicon |layer on the surface of a silicon substrate and make
het er oepi taxi al growh on that |ayer so as to decrease the crystal
def ect s. 5 Chmachi et al. have regorted in The Society of
Applied Physics 1987 20ax5, "GaAs G owth on“Porous Si", NTT ECL Y.
Ohmachi, W Watanabe, Y. Kadota and H. Okanoto, that there are

di fferences in surface properties and half w dth between an of f set
substrate 10 and a just substrate when crystals are grown by MOCVD

(Metal GOrganic Chem Gglyme/aRiio e Gfldd PreddtttdPlan attemg /Bl Cri EBeam

Epi taxy) on 10 pmthick porous silicon substrates. S

al so known t hat,pa¥iiis G¥SLddY Stafer Hrf the surfHdavod)a AT wonl 0 [ er r] m
thi ck porous S|I|con substrat es, their cross-sectional TEM

observati on revealisstdete and ma:lte&mmﬁpimmelaﬂefgamvsth haamn Beets Iaypest al s
grown on silicon substrates under the sanme conditions.

Thus, sone atteng sas cdto MEpansass \idten | cxystial \dafect. t he use of porous
S|I|con are reported. Al though the crystal strain of conpound

senm conduct@r | ayers Qoparhil et al. B&ﬁ%t@RﬂﬁQ%ﬂfth% crciesn ofe

relieved in sone i nst ances, the conpound sem conductors have so poor

a cryst alARREAG \PRYRACT (1% 1RAFP v e1GPAR [FTXMER QR Porpus Sl y
Substrates o NTRERH G QR RO plindsae h i dfr ect i on,
Okamoto, that there are differences in surface
properties and half width between an offset substrate
10 and a just substrate when crystals are grown by MOCVD
{Metal Organic Chemical-Vapor Deposition) and MBE
(Molecular-Beam Epitaxy) on 10 pm thick porous silicon
substrates.
It is also known that, when GaAs crystals are
15 grown by MBE on 10 uym thick porous silicon substrates,
their cross-sectional TEM observation reveals the
presence of more defects than GaAs crystals grown on
silicon substrates under the same conditions.
Thus, some attempts to improve crystal quality by
20 the use of porous silicon are reported. Although the
crystal strain of compound semiconductor layers formed
by heteroepitaxial growth can be relieved in some
instances, the compound semiconductors have so poor a
crystal quality that it has been very difficult to
25 apply them to devices.
In hetercepitaxial growth on silicon substrates

having a main plane of {(100)-plane in plane direction,



the filnms grown commonly have rough surfaces. To sol ve this probl em
It has' been necessary to use what is call ed an of fset substrate, in
whi ch t he pl ane direction is angled by sone degrees fromthe 5
(110)-plane. The PA of Fig. 3 shows an off-angle dependence of
surface roughness (average square roughness). In order to attain
good surface nor phol ogy, the off-angle nust be precisely controll ed.
Such precise control has tended to bring about an 10 i ncrease in yield
and in substrate cost as well. Meanwhi | e, in honpepitaxy on

porous siliconthe filuslRFow eommdhEyD HaSRN rdugle Budifadea.e dic Gultied
t hat, In silicon honoepitaxial growh by heat CVD using a

source gas di | uide prioblendr dge hast beety ywicess@ryl itioy uskb whatcds be

i nproved when surface pores are stopped up by hydr ogen prebaki ng
carried out i mediledelanp lofifmed substrate, doumbdchathes pdamsl i ed (N Sat o,
K. Sakaguchi, K. Yamagata, Y. Fujiyama and T. Yonehara, J.

El ectrochem directdem imangiledspy somelglegreps from therjgs. 2A and 2B

are diagrammatic illustrations to . describe a process in conventional
techni que®. | n(110)-plengs FReyFd of FighodfPOWHAY TR Rt es a

por ous %;&Fr orous. silicon subs rat%%; 21, walls of the
porous |ayer; 2%l eo1°ft ﬁé’lrﬁélc&,lfqugélé’ﬁs 4avgTage squame| o cryst al
coMpoUn Ser QML Limaet Wl o, apradly S SEARS
morphology, the off-angle must be precisely controlled.
Such precise control has tended to bring about an
10 increase in yield and in substrate cost as well.
Meanwhile, in homoepitaxy on porous silicon
substrates, the present inventors have discovered that,
in silicon homoepitaxial growth by heat CVD using a
source gas diluted with hydrogen, the crystal quality
15 can be improved when surface pores are stopped up by
hydrogen prebaking carried out immediately before the
source gas 1s supplied (N. Sato, K. Sakaguchi, K.
Yamagata, Y. Fujiyama and T. Yonehara, J. Electrochen.
Soc. 142 (1995), p.3116).
20 Figs. 2A and 2B are diagrammatic illustrations to
describe a process in conventional techniques. In
Figs. 2A and 2B, reference numeral 20 denotes a porous
layer (porous silicon substrate); 21, walls of the
porous layer; 22, pores of the porous layer; 24, a
25 single-crystal compound-semiconductor film; and 25,
crystal defects.

First, a porous silicon substrate 20 is prepared



-7-

(Fig. 2A). Next, the porous silicon substrate 20 is

pl aced in a reaction chanber of a CVD apparatus, and a
single-crystal film24 of a conpound sem conduct or such as GaAs
formed by heteroepitaxial growmh on the _ _ porous silicon substrate

using trinmethyl gallium

(Fig. 2B).

24 thus fornmed, crystal defects 25 due to strain,

In the single-crystal conpound sem conductor fi

and grain boundaries are produced on 10 the side of the surface 26

the porous sili¢Phg. 2A). SNéft|atheZPorous silic&\dibYtthtdHEO| NYENTI ON

An object of the present invention is to provide a 15 sem conduct o
substrate as a piagedaimaasréacthon chambeubefrat@VbBnapbaratas, and a
si ngl e-crystal conpound- sem conductor film having | ess crystal

def ects

uni formty, I . :
Anot her obj ect 8F EARSpigséarmedyvent hereraepptarial gppwihdenathRocess by

whi ch a single-crystal
surface and

singbe-¢oyatali iilmh24hofr adoemboung semiegnductor such
under a high controllability and at a low 20 cost.

ound- sem conductor fi snoot

co m hayi n
po °P§s§i%?99PaFuggFE€F§'cHﬁiB% FB%W%EhﬁL %afgfﬁg-area

ol parts cul ar | yTaRG oF oo tne”ChetY ' sonticl R iste B wors,

pr esent

10

15

20

25

In the single-crystal compound semiconductor film
24 thus formed, crystal defects 25 due to strain,
lattice mismatch and grain boundaries are produced on
the side of the surface 26 of the porous silicon

substrate 20.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a
semiconductor substrate as a large-area silicon
substrate on which a single-crystal
compound-semicénductor film having less crystal defects
can be formed in a high productivity, a high
uniformity, under a high controllability and at a low
cost.

Another object of the present invention is to
provide a process by which a single-crystal
compound-semiconductor film having smooth surface and
less crystal defects can be formed on a large-area
silicon substrate where the offset (off-angle of plane
direction) is not particularly specified.

To achieve the above objects, the present

is

I m

| attice m snatch

of

r

h
25

n)

t he

(TMZ) or arsine (AsH err]) as a source gas

S



- 8- I nvention provides a sem conductor substrate conprising

a silicon substrate having a porous region, and a sem conduct or

| ayer provided on the porous region, wher ei n; 5 t he

sem conductor | ayer conprises a single-crystal conpound

semi conductor and is formed on the surfacé & ~ t he porous region with
Its pores having been seal ed at t he surface. The present
i nvention al so provides a process for 10 produci ng a sem conduct or
substrate, conprising the steps of; heat-treating a

silicon substratenhartREnapPBLP48s a s%%i&§§&98t0£Osﬁ?é&r&@éeéoﬁﬁrigfng

surface of the porous region; a ormng a

single-crystal cqanaeyuidofc8ibQBLHEEOhaving a pE¥8LsP¥e§ebR! O8R4t AXi al
growt h on the porous region havi ng”t he pores seal ed by the heat

treatnent. semicondGe66di Dgyép pHevpaesesh th¥epbreis BegosROUN

sem conduct or | ayer having a good crystal quality and a 20 snoot h
surface can be fwheedinver a |l arge area on a silicon substrate the
of f-angl e of plane direction of which is not particularly specified.
In particular, the cotheusemiconduntortbayénycomprises favingléothyatgbod
crystal quality and a snooth surface 25 can be formed by

het er oepi t axi al gpBRPUndyeemicoadyetor and jgecfonmrednent the syefaes of

substrates having a |l ow ,off-anglef e.g., silicon substrates_having
an of f-angl e he porous region with its pOres having been sealed at

the surface.
The present inventibn also provides a process for
10 producing a semiconductor substrate, comprising the
steps of;
heat-treating a silicon substrate having a porous
region, to seal pores at the surface of the porous
region; and
15 forming a single-crystal compound-semiconductor
layer by heteroepitaxial growth on the porous region
having the pores sealed by the heat treatment.
According to the present invention, a compound
semiconductor layer having a good crystal quality and a
20 smooth surface can be formed over a large area on a
silicon substrate the off-angle of plane direction of
which is not particularly specified.
In particular, the compound semiconductor layer
having both a good crystal quality and a smooth surface
25 can be formed by heteroepitaxial growth over a large
area at one time even on substrates having a low

off-angle, e.g., silicon substrates having an off-angle



-9- wWithin 1[err] wth respect to the (100)-plane, which are

commercially available in variety. According to the present

i nvention, a sem conduct or device, a sem conductor substrate and a

5 process for its production can be prqybdgd whi ch can answer the
probl ens the prior art has had. Mre specifically, conmpound

sem conduct or substrates with a hi gh quality can be produced using

i nexpensi ve silicon substrates, and, using such substrates, conpound
10 sem conductor devices with good characteristics can be

fabricated at a wothinsl® with resp&BtEtoDERER! POb Php (ind HEWREANY AGS
Figs. 1A, 1B and 1C are diagranmatic 15 cross-sectional views to

descri be a procesemmérchally avaibpabienini varhetpn. Figs. 2A
and 2B are diagrammati c cross-secti onal views to describe a process
of the prior art. AccordingFtq. thej presgntphnvention, tée rel ationship
bet ween 20 of f-angl es and surface roughness of substrates.

Fig. 4 is a crosSemiepPnéuatoy davifea aofepieenductor substrappodndl actric
t ransducer gphotovoltaic devi ¢ according to the gresent i nvention

e
Fig. 5 is adcrosBFeeessohaF %F%&PE@d%ﬂtiEB>%§nab oBrovided whicheang

devi ce accor di ng.fg (e RLe3EM1ens the! BYESE 9Pt has haa. mofbd 619 @

specifically, compound semiconductor substrates with a
high quality can be produced using inexpensive silicon
substrates, and, using such substrates, compound

10 semiconductor devices with good characteristics can be

fabricated at a low cost.

BRIEF DESCRIPTION OF THE DRAWINGS
Figs. 1A, 1B and 1C are diagrammatic
15 cross-sectional views to describe a process of the
present invention.

Figs. 2A and 2B are diagrammatic cross-sectional
views to describe a process of the prior art.

Fig. 3 is a graph showing the relationship between

20 off-angles and surface roughness of substrates.

Fig. 4 is a cross-sectional view of a solar cell
as a photoelectric transducer (photovoltaic device)
according to the present invention.

Fig. 5 is a cross-sectional view of an LED as a

25 light-emitting device according to the present
invention.

Fig. 6 is a cross-sectional view of a



-, 10 - sem conductor |laser as a light-emtting device

according to the present invention. Fig. 7 is a cross-sectional
view of an HEMI as a transi stor according to the present invention.
5 DESCRI PTI ON OF THE PREFERRED ENﬁEPtNENTS In an

enbodi nent of the present invention, before a single-crystal
conpound sem conductor |ayer is forned by heteroepitaxial growth on
a porous silicon 10 substrate, the substrate is heat-treated in an

at nosphere of hydrogen, whereby a single-crystal conpound

seni conduct or seyitondgttedlager rastal Light-enittaing Ydewicde formed on the
silicon substrate, the conpound sem conductor |ayer with a good
crystal 15 acpmtding cen e fmresshtonidventsidncon substrate

surpassingly in view of productivity, uniformty, controllability
and econonmi cal advadikgges,isiml chagssectionakeriewmfiRHENDAS @ e
producti on process can be . proposed which can be applied to
conventional CEffRAREOD RCCORIRG Fil fehe iPRRSARe SLRFRM el @hsuring their
advant ages. I n anot her enbodi nent of the present invention,
pores at R he surface of porous silicon forned by processing a

silicon substr el kﬁgiﬁﬁyLna a..goqd tal quality are
seal ed by heatnqéf%ﬁw i | e 25T R pIWE’Iﬂ_ e amount of silicon,
to formthereon a rn on SHASHEELY UAlfO AU S SIAQNHGL OTpdAysr Wi th 2
good qual i ty. us, a large nunbeér Substrates can be

a single-crystal compound semiconductor layer is formed

by heteroepitaxial growth on a porous silicon

10 substrate, the substrate is heat-~-treated in an
atmosphere of hydrogen, whereby a single-crystal
compound semiconductor layer improved in crystal
quality can be formed on the silicon substrate, the
compound semiconductor layer with a good crystal

15 gquality can be formed on the silicon substrate
surpassingly in view of productivity, uniformity,
controllability and economical advantages, and also a
semiconductor substrate production process can be
proposed which can be applied to conventional compound

20 semiconductor devices while ensuring their advantages.

In another embodiment of the present inwvention,

pores at the surface of porous silicon formed by
processing a silicon substrate originally having a good
crystal quality are sealed by heat treatment while

25 supplying a trace amount of silicon, to form thereon a
single-crystal compound-semiconductor layer with a good

quality. Thus, a large number of substrates can be



processed at one tine, and their crystal quality can be | nproved to
a |l evel conparable to or higher than that of single-crystal
conmpound- sem conduct or substrates t hensel ves without |owering their
productivity and 5 econoni cal advant ages. In the present

I nvention, pores at the surface of porous silicon forned by
processing a silicon substrate originally having a good crystal
quality are seal ed by heat treatnment while supplying a trace anount
of 10 silicon, to formthe single-crystal conpound- sem conduct or
| ayer over a | gprmcessad adtoome time, andethéihottyHtaloqiglitytden be

si ngl e-crystal conpound- sem conduct or | ayer any crystal defects due
to st r ai impmroveditte ce hewahtcdmpdiaisle ptotoel etgher thHén that
transducers such as solar cells, light-emtting devices such as

| asers and | i gRf esinglercuystrlt cempound-senicordectes substzatedEMIs can
be formed on such si ngl e-crystal conpound-sem conductor |ayers while
ensuring the chﬂ?%ﬁ%l“f%?i"&gé‘b‘% cpRing thetneredugbivityard they are
formed on single-crystal conpound- sem conduct or substrates

t hensel ves andPapgpical adY%RFTﬁ£$Drned surpassingly in view of

The present | nvent | R W BASSRng PR BB e S0 E B aEaf 19F 70°
i agr ammat i o crEtoSe RELIGH ALY procesaing 3 wPEicdf SihdediE . .
sem conductor  originally having a good crystal quality are sealed by
heat treatment while supplying a trace amount of
10 silicon, to form the single-crystal
compound-semiconductor layer over a large area at one
time without bringing in the single-crystal
compound-semiconductor layer any crystal defects due to
strain and lattice mismatch. Thus, photoelectric
15 transducers such as solar cells, light-emitting devices
such as lasers and light-emitting diodes and
transistors such as HEMTs can be formed on such
single-crystal compound-semiconductor layers while
ensuring the characteristics comparable to instances
20 where they are formed on single-crystal
compound~semiconductor substrates themselves, and also
can be formed surpassingly in view of productivity,
uniformity, controllability and economical advantages.
The present invention will be described below in
25 detail with reference to the accompanying drawings.
Figs. 1A to 1C are diagrammatic cross-sectional

views showing a process for producing a semiconductor



substrate as a preferred enbodi ment of the present I nvention
In Figs. 1A to 1C, reference nuneral 10 denotes a silicon substrate
havi ng a porous regi on, which has 5 pores 12 of the porous regi on and
wal s 11 that form the pores. In the4lrawing, the pores 12 are
illustrated in a.sinple formfor the purpose of easy under st andi ng.
Actual ly, in many cases, the pores 12 have a conplicated formlike
branched open pores. 10 As shown in Fig. |A first, the silicon
substrate 10 having a porous region is prepared (Fig. 2A). Such
a silicon substratpstbat@yabeaopiraefectedyetibodineény af the pressnonly
avai l abl e silicon wafer (non-porous silicon substrate), whereby the
whol e waf er or obhyehhtosurface 15 portion of the wafer can be nade
por ous. Next, the silicon substrate 10 havi ng a porous
region i s heat-treat eini Figs. alAvsphtCe véféyenogenumeral 10Adenotesuat of
this heat treatnent in an atnosphere of hydr ogen, native oxide filns
unwant edl y f or megiibhconesubgtrate jhavteg of PHEOUS HEEFEER, avkickhdaed. The
native oxide filps are renoved by the follow ng reaction in a
hi gh- t enperat ur ePeFRBshhePE BRepAFeYEnregion and walls 11 thagy £pFp + g -
2SiJerr] e he eat nent | n_ at nos hf#e of hydrogen is

u

Th
25 further coﬁ??n%%ﬁ?smhef%u%%ﬁ ﬁ%wﬁ?%Pa_'%hp%¥e e at ons
takes place at tPf]dﬁg{:{gﬁgdointQesfﬂéfé'sf&'n{l'fc?:? the pur9s&Soke§LpOt hen

fine roughness to decrease surface
understanding. Actually, in many cases, the pores 12

have a complicated form like branched open pores.
10 As shown in Fig. 1A, first, the silicon substrate
10 having a porous region is prepared (Fig. 2A). Such
a silicon substrate 10 may be obtained by anodizing a
commonly available silicon wafer (non-porous silicon
substrate), whereby the whole wafer or only the surface
15 portion of the wafer can be made porous.
Next, the silicon substrate 10 having a porous
region is heat-treated in an atmosphere of hydrogen.
As a result of this heat treatment in an atmosphere of
hydrogen, native oxide films unwantedly formed on the
20 surface of the substrate are removed. The native oxide
films are removed by the following reaction in a
high-temperature atmosphere of hydrogen.
Si0, + Si -~ 28i017
The heat treatment in an atmosphere of hydrogen is
25 further continued, whereupon the migration of surface
atoms takes place at the surface of the porous silicon

so as to smoothen fine roughness to decrease surface



- 13 - energy. As the result, the pores at the surface are

st opped up and a surface portion 13 is fornmed in which t he pore
density has renmarkably decreased. This surface portion 13 can
al so be regarded as a 5 very thin, non-pprous silicon |ayer as shown in
Fi g. 1B. This silicon layer is sufficiently thinner than . t he
conpound sem conductor |ayer forned |ater. Next, as shown in
Fig. 1C, a single-crystal conmpound sem conductor film 14 is fornmed
by 10 het er oepi taxial growh on the silicon substrate having t he
porous regi on wheasergp! eAftthderdsiif ©C CthaVSoREeat the sEHORREOR AP Of

seal ed. As descri bed above, as a result of the formation

of the singl e-crysipped ompcamil- s esmrcack gpaxrtiod mMd 4s fidrmed alty wHsH al
defects 15 that nay be brought in because of the lattice m smatch
with silicon, theheirpgrefdensity haspoamarkably cledreasdds ni ng t enperature
to room tenperature and the difference in coefficient of

t hermal expansi on ar E'k® Rfage ogtior A\ roan FHkso d regatdesbrag ayer 13
that seals the pores aof, porous silicon and are not brought in the

single-crystal very t RER-RIFAUD Rk fckann riavsrlAs Bhayn sihdidise t he
very thin silic | ayer. 13 formed on the porous, regiaon . which is nore
fragil e than the bul éﬁ?ﬁ isc'%]ﬁlq? f]a?ryerﬁ)r:'egp SZBEU ic erg’&'g}ix RipRex Hhan

si ngl e-crystal Stelpiy - 1 conduct o film14. nce, the crysta
defects 15 are gre ergﬁ|¥ﬁ9%ﬁﬁﬁ§ﬁﬁﬂﬁa¥%F{£ﬂ§?§§#1§§ﬁF1ayer 13.

Next, as shown in Fig. 1C, a single-crystal

compound semiconductor film 14 is formed by

10 heterocepitaxial growth on the silicon substrate having
the porous region whose pores at the surface have been
stopped up or sealed.

As described above, as a result of the formation

of the single-crystal compound-semiconductor film 14,

15 any crystal defects 15 that may be brought in because
of the lattice mismatch with silicon, the drop of
temperature from film-forming temperature to room
temperature and the difference in coefficient of
thermal expansion are brought in only the very thin

20 silicon layer 13 that seals the pores of porous silicon
and are not brought in the single-crystal
compound-semiconductor film 14. This is because the
very thin silicon layer 13 formed on the porous region
which is more fragile than the bulk silicon is far more

25 fragile than the single-crystal compound-semiconductor
film 14. Hence, the crystal defects 15 are

preferentially brought in this silicon layer 13.



- 14 - In this way, the crystal defects 15 are

preferentially brought in the silicon layer 13, so that t he

si ngl e-crystal conpound-sem conductor film 14 having | ess crystal
defects can be obtained al so by 5 heterpgepi t axi al grow h.

In the above treatnent to seal the pores 1% t he substrate is
heat-treated in an at nosphere of hydrogen where no gases contai ning
silicon atons are present. Alternatively, it may be heat-treated in
an atnosphere 10 of hydrogen to which a trace anmobunt of gas containing
silicon atons has bedm dided wa$t,atthe spyatialcdldfiscts 15 are may be
heat-treated in an atnosphere of, e.g., hydrogen only, a m xed gas

of hydrogen and nrﬁeﬁqregaaalémmwt in thes sdfldopdy dgyerald,sidd ahat
conpound, or a mxed gas of 15 hydr ogen, inert gas and silicon conpound.
If residual oxyd®® &“\ﬁ&@ﬁpré'&w&mcwqmﬁmﬂewcpnductor fideedd in t he

at nosphere for %%g_hea treatnent may react with silicon to
formsilicon ox grystal dFﬁ@°F§a@PPbF£3&9§@&ﬂﬁ§ #Bdsehd¥above
schene may furt%% %% % that the silicon may be etched
dependi ng oOn 14 f ESW ‘and the heat treatnment tenperature

and hence the pores ap, g a%%sti«ggftagg.t”%g,S 1810%ne, poresid, cine

Accordingly, in the present 1 nvention

heat -treated thh%s%&%ﬁ%niéthﬁQtLQQeated 1§'Eh99%mb%§he5% B&Sh¥%§93e§?5“'t

of etching, or while supplying silicon a litt n exces
this where no gases containing silicon atoms are present.

Alternatively, it may be heat-treated in an atﬁosphere
10 of hydrogen to which a trace amount of gas containing

silicon atoms has been added. Stated specifically, it

may be heat-treated in an atmosphere of, e.g., hydrogen

only, a mixed gas of hydrogen and inert gas, a mixed

gas of hydrogen and silicon compound, or a mixed gas of
15 hydrogen, inert gas and silicon compound.

If residual oxygen or water content is unwantedly
present in the atmosphere for the heat treatment, these
may react with silicon to form silicon oxide, and also
the reaétion according to the above scheme may further

20 proceed, so that the silicon may be etched depending on
the size of pores and the heat treatment temperature
and hence the pores at the porous surface may not be
sealed.

Accordingly, in the present invention, the

25 substrate may be heat-treated while compensating the
silicon that is lost as a result of etching, or while

supplying silicon a little in excess of it. 1In this



- 15 - heat treatnment, not only silicon atonms on the porous

surface but also silicon atons adsorbed on the porous silicon
surface mgrate so as to decrease the surface energy, so that the
pores at the surface are stopped up 5. jsand the surface portion in which
the pore density has remar kably decreased is forned.

Steps that can be enployed in the process for produci ng the

sem conduct or substrate of the present invention will be detailed
bel ow. 10 - Porous Silicon - On porous silicon, since
Its di scovery heat96#ebyment, nothbnlyesidiconeatamshes kheppagouss
application to FI POS process in mnd have been nmade in 1970's. Al so,
si nce discover§uufapﬁobutuniﬁeseéhteoofapom3usdsorbeénon15he poyousT.
Canham et. al. group and U. Cosele et. al. group, researches
aimng at its ﬁbb%?@ﬁtﬁﬂﬁfﬁﬁe mlgrat?lgﬁta§n$9tdﬁgreé$¢c§33h59§f§@€n made
in 1990's. In the researches on light-emtting device systens,
nferr]-type SReTI¥ngSP[ EPRE- F?ﬁeng?Fc%% §Bﬁs§?§?§§ea?ﬁep?E?EP?@d“pCh t he

20 t her hand th wh t al
fornedoongporggg&s*ﬂ?cﬁﬁrgsgg p°g£lﬂ3t p %?%éx?éggﬁ?ﬁﬁﬁﬂenﬁfg¥y$agy;ea;ﬁd
p[err]-type S|Léﬁggkablzbg?gggééégtfglgégmeaeferred to the n[err]-type and

p-type I'con s n~Vview of Structural stablllty of 25

fge crystal's and 9°§?e§§y§ﬁ§£ 8%ﬁg£éye8§1698599ht@ﬁ a%rocess plicon
yer. The porous si on intended I n the |nvent|on S
substanti al | y ppgas@iiRgathéNgeRiconductor substrate of the present
invention will be detailed below.
10 - Porous Silicon -
On porous silicon, since its discovery in 1964 by
Uhlir et al, researches keeping its application to
FIPOS process in mind have been made in 1970's. Also,
since discoverf of photoluminescence of porous silicon
15 by L.T. Canham et. al.'s group and U. Gosele et. al.'s
group, researches aiming at its application to
light-emitting devices have been made in 1990's. 1In
the researches on light-emitting device systems, n -type
and p -type silicon substrates are preferred. On the
20 other hand, in the case where non-porous single
crystals are formed on porous silicon by
heteroepitaxial growth, n'-type and p'-type silicon
substrates are preferred to the n -type and p -type
silicon substrates in view of structural stability of
25 the crystals and good crystal quality of the epitaxial
silicon layer. The porous silicon intended in the

present invention is substantially the same as these



- 16 - porous silicon having been studied until know, and can

be produced by anodi zation or the |ike process, which, however, has
no limtations on the inpurities, plane di rection, production
process, etc., of the substrate 5 so.ong as it is porous silicon.

The pore density on the porous surface may differ depending on its
production process and the inpurity density of the substrate. For
exanple, it is about 10[err] to 10[err]/cmerr]. 10 When
the porous silicon is formed by anodi zati on, an aqueous sol ution

conposed chi ef Ippmfudisilicon HdWaHPBesH istwitich drbtis8chdié, Ahd@ gl zi ng
sol ution. An al cohol such as ethanol is conmmonly added to make

the contact andie mrodumedibdy coodiadticnm grais 1ike Kroceddatyhainh bubbl es
adsor bed thereon can be elimnated at a higher rate to make the
anodi zat i on unii¥tewsr .t fias no limigiafionsOiore dives dmourd thiersgu plstrraict ur e
can be fornmed _, also without use of the al cohol. The porous silicon in
the present i nWEHRETH IRy RFASUSHIY DRpRess . p@tssit o Ahe suhsigrattehan t hat
used in the FIPOS process (a porosity = of about 50* or less, and nore
pr ef er abl % 300 J@E)as it is popousysiliiganed to it. The

porous silicon is fqrnmed by the tion Q electrolytic etching in
t he anodization, an l}?er?(%yel t‘%"sg%y ony EOTRHS FUTHRCS Sdgh L so at
(e Pt Ot copenasd) 8 WA BOLEROER MR i 1l Rl =
density of the substrate. For example, it is about 10%°
to 10%2/cm?.
10 When the porous silicon is formed by anodization,
an aqueous solution composed chiefly of HF
(hydrofluoric acid) is used as an anodizing solution.
An alcohol such as ethanol is commonly added to make
the contact angle on the silicon surface greater so
15 that any bubbles adsorbed thereon can be eliminated at
a higher rate to make the anodization uniformly take
place. Of course, the porous structure can be formed
also without use of the alcohol. The porous silicon in
the present invention may preferably have a porosity
20 lower than that used in the FIPOS process (a porosity
of about 50% or less, and more preferably 30% or less),
but not limited to it.
The porous silicon is formed by the action of
electrolytic etching in the anodization, and hence its
25 surface has a fine roughness also at the part other
than the pores when observed with a Field Emission Type

Scanning Electron Microscope (FESEM).



- 17 - - Preoxidation - The wal |l s bet ween

adj oi ning pores in the porous silicon have a very small thickness of
fromseveral nm to tens of nm and hence rearrangenent of pores in

t he 5 interior of the porous |ayer- gy -t ake place at the tine

of epitaxial growh and at the tinme of thernal oxi dation of the
surface of the epitaxially grown | ayer, as well as at the tine of
heat treatment in the subsequent step, so that characteristics of
speed-up 10 etching of the porous silicon may be damaged.

Accordingly, after ThHE9R¥AtLeRiton has been forned, thin

protective filnms m revjously be forped on the ) || surfaces of
pore wal |l s by therrﬁ?gdﬁjdla‘fi%%t"fﬁe’f J°lnlngli?c?<1ée$r’d&e‘£€? PHi¥¢S estrai ns
the pores from becom 15 rough.., I.n the for ion of the ot ective
b e i SEPROOR Mavd 2a velif 1Bk hd kgl BE L AL odlEedt e

silicon i n;i detrs h@er?é); %u ,l San&_r}!f@ncé rieeﬂlcgrgtfédln%rg% -of 2%01:4&1, lﬂ? %i be in

a layer thicknéss 0 several nm S step

(preoxi daf i on), fav,. 16 Q8 t)ed ;&%ﬂa layer md raﬁ’*%%ég%%{ ﬁ]ﬂ@r@me is

made suffi cient y’ﬁomer any ‘struc e porous

silicon is of epPifAdN G rowth and at the HiddBf Stidrmal 25 .
Because of the above preoxidation or any native oxi dation occurring

after the formtiddtidn (& 1 BiSrface of StHd GEph t4LHEGE ightovrt | M8 such as
silicon oxide filns
layer, as well as at the time of heat treatment in the
subsequent step, so that characteristics of speed-up

10 etching of the porous silicon may be damaged.
Accordingly, after the porous silicon has been formed,
thin protective films may previously be formed on the
wall surfaces of pore walls by thermal oxidation or the
like process. This restrains the pores from becoming

15 rough. In the formation of the protective films, it is
essential to leave the regions of single-crystal
silicon inside the pore walls. Thus, the protective
films may be in a layer thickness of about several nm
at most.

20 This step (preoxidation) may be omitted if the
heat treatment temperature is made sufficiently lower
and any structural change of the porous silicon is
restrained.

- HF Immersion -

25 Because of the above preoxidation or any native

oxidation occurring after the formation of the porous

silicon, protective films such as silicon oxide films



- 18 - are formed on the surface of the porous silicon and the

i nner wall surfaces of the pores in the porous silicon. Hence, this
porous silicon is imersed in an aqueous HF solution to renove the
protective filns fromonly the 5 vi ci-nilt8y -of the surface of the porous
regi on. Accordi ng to the present process, the oxide filns on the
pore walls at the inner part of the porous silicon are not

renoved, and hence the pores in the porous interior can be wel |
restrai ned from beco ough even when the 10 subsequent hea
treatment is rracf’ereatgnoar“%‘{]ﬁ’g the syrface Qf, e porous si Ollco%é the

Tr eat nent - In the reser}it i.nvention,, i order to se

pores at the surflsF d"fajt]hesﬁfofr |%9 %r‘f‘nt psolr
silicon reglonléé suﬁ?gceEE&.q$ silicon ﬁfyhﬁgyge&rfguégﬂgﬁg the

pores at the porous silicon region may carrled out
1 an at mospher e Ao & 48RO BtV Eiims £rd YL Ehr esent

or in an atnosphere of hydrogen which cont ai ns gases contai ni ng

silicon at®rs. vicinity of Wi @atfédeeaime | porusA tra e eaddoryipgen
where no gases containing silicon atons are present may be nade at a

tenperature of fH#omndPrgdn® tprocekl)| athid Gxiatel films omprieHeerpdrey from
900[err]Cto 1,200[err]C. There are no 25 particular limtations on the
pressure, and prefldisaldty the innarheardatof rided portoumsild aray rAms ekt at
t he at nospheric pressure or bel ow. Hydrogen gas used may

removed, and hence the pores in the porous interior can

be well restrained from becoming rough even when the

10 subsequent heat treatment is made at a high

temperature.

- Heat Treatment -

In the present invention, in order to seal the
pores at the surface of the porous silicon region, the

i5 porous silicon region is heat-treated.

The heat treatment to seal the pores at the
surface of the porous silicon region may be carried out
in an atmosphere where no gases containing silicon
atoms are present or in an atmosphere of hydrogen which

20 contains gases containing silicon atoms.

The heat treatment in an atmosphere of hydrogen
where no gases containing silicon atoms are present may
be made at a temperature of from 600°C to 1,400°C, and
preferably from 900°C to 1,200°C. There are no

25 particular limitations on the pressure, and preferably

the heat treatment may be carried out at the

atmospheric pressure or below. Hydrogen gas used may



- 19 -

be a gas having a dew point of -92[err]C or bel ow.

Hydr ogen gas with a high dew point has residual oxygen and wat er
content in a large quantity. Such gas, however, oxidizes silicon and
the silicon oxide thus 5 formed i s—r&Boved by reaction.

Consequently, it follows that silicon is etched in excess. Once it

occurs,

the quantity of silicon atons
pores beconme short, resulting

necessary for sealing the
in a decrease of pore density.

Attention nustbgeﬁggg%oPégﬁgg Bahgwt80iﬂ¥ B$ﬁ§92n9”5§h3398&§ so that the

eat treatnent atnosphere

dew poin

used in the pr

hydr ogen

t

Layenti e o] p f
ﬁ?g%Fgen gas FQ%ﬁ ) H?g%aﬁea pBQ?t RbY §§S§Hﬁﬁi Bﬁ? el

, blt also an atfosphere of a m xed gas of h

and inert gas gHahwateal g8Rt8htNehi HMargknglah®ety. sucht gasphere is

affected by the residual water, oxygen
m xed gas havi pgwaveey prifizes siliebn- 83BethkCsolibehovxideushdsal so in
this instance.

| eaks by any chance.
t akes pl ace

and so forth 1n the gas,

rogen

a

When the m xed gas is used, hydrogen is in a | ower
20 congent r égbrmad dsdrbmpvedshiergac&hobe rmade hi gher in case it

The m gration of surface silicon atons
Conshauven&)y, Wwhsr €bjlowe pbeéssaliche dgr ehcbhedf inhe

porous region are sealed. The silicon layer thickness 25  required to
seal the poreseksess-nufRcenilt] ogeurs, bshe quantitgspineidirpnegtamsto, or

not |arger than, the

100 nm

10

15

20

25

necessary for sealing the pores become short, res ing
in a decrease of pore density. Attention must be well
paid to any leak from chambers so that the dew point
may not rise.

The heat treatment atmosphere used in the present
invention may be not only an atmosphere of hydrogen
only, but also an atmosphere of a mixed gas of hydrogen
and inert gas such as argon or helium. Since the
atmosphere is affected by the residual water, oxygen
and so forth in the gas, a mixed gas having a dew point
of -92°C or below is used also in this instance. When
the mixed gas is used, hydrogen is in a lower
concentration, and hence safety can be made higher in
case it leaks by any chance.

The migration of surface silicon atoms takes place
in this way, whereby the pores at the surface of the
porous region are sealed. The silicon layer thickness
required to seal the pores is so much small as to be
substantially equal to, or not larger than, the

diameter of each pore, and stated specifically 100 nm

15

di apeter of each pore, and stated s E%Lfically



- 20 - or smaller, and preferably 30 nmor smaller. The

surface where the pores have been seal ed stands a surface having
gentle irregularities (undulations) with an anplitude of about 1 to
10 nm at periods of from0.5 5 to-5@0%m preferably from1 to 9
[err]m and typically several pm Observation of this surface by the
use of an atomc force mcroscope reveals that atom c steps

are formed along the irregularities. These irregularities

(undul ations) have and ttg undﬂﬁl ations can be

1
made | arger i P Sma l%ﬁfﬁlﬂ‘ﬁfgﬁ%?gﬁqqﬁ’g 33['rgjeg{llﬂctedr"'ea‘(“tmrraeln dt nosphere i s
trolled | t t heri
control | ed prefgraply @ezgebﬂ.&x%silgr%ﬁ%ta@ ?ﬁ%fn é@élfe%&;%tzaéxgsrgra mospheri ¢

pressure, and nore prefer a“pressure o r to 0.001

Torr. As the rgstdoe Hiink gentdd 1351 4R CMAUHH IS SN wakd f11m

f or med t hereon can have the norphol ogy as shown in Fig. 3,

where the surfa¢ el i ¥ ddvut ihalo afo ak idtSipEdds of £rom @14 he
bulk silicon free of off-angles and does not depend on of f-angl es.

This is mesurmpl30 atayaefdrabli0 fror @ Rl IOl aehtdypicalagul arities
(undul ati ons) nakes the step density higher like the off substrate
even if severad funanglOdseavatsioal lof this surfacd byrider use @fevent
unwat ed nitridation or oxi dation of silicon surface, it is also
desired that 226 atomie farge mismosnepeameavedis Chals famia gliedsed by
hydrogen at the tinme of_ tenperature rise and drop before and after
the step of hége thaxmagmlang £ha dgppgularities. These

irregularities (undulations) have a pressure

10 dependence, and the undulations can be made larger in
amplitude when the heat treatment atmosphere is
controlled preferably at a pressure not higher than the
atmospheric pressure, and more preferably a pressure of
from 200 Torr to 0.001 Torr. As the result, the

15 surface of the compound semiconductor film formed
thereon can have the morphology as shown in Fig. 3,
where the surface is smoother than that of an instance
CE on the bulk silicon free of off-angles and does not
depend on off-angles. This is presumably because the

20 formation of gentle irregularities (undulations) makes
the step density higher like the off substrate even if
the off-angles are small.

In order to prevent unwated nitridation or

oxidation of silicon surface, it is also desired that

25 the heat treatment atmosphere has been replaced by
hydrogen at the time of temberature rise and drop

before and after the step of heat treatment in a steady



-, 21 - state, when it stands at |east at a tenperature of
800[err] C or above, and preferably 600[err]C or above. In the
heat-treating step used in the present i nvention, a trace anount of
a gas containing silicon 5 at ons ﬁa?1b€ supplied so that the porous
siliconis heat-treated in an atnosphere to which a trace anount

of the gas containing silicon atons has been added. This step of
heat treatnment will be described belom/ As to the atnosphere at

the tine of he@gatelo erd At e+ t(frmre %ﬁfﬁey Iany be

made in a non- OX|dat|ve a nDs ere, n an

at mospher e corgd &ehPfaliell 0aaM ﬁeff%&%ﬁ%cﬂﬂfb% abgve. | Nert gas.

Alternatively, it my be dore 1n vacuo. a result of the heat
treatment in any ofid R@&e neax- tréﬁﬁﬂiﬁﬁ%@uééﬂ? ROrafe Prddunmwsurface of
porous silicon are seal ed owever, residual oxygen or water
content is pressaintiod ha atrasp micudtnof e geaitcontainidg ediflivtdn t hese

may react with silicon to formsilicon oxi de, and al so this reaction
may furtiger praooses mago belGsuppliea ddhetkst ithen poouse sdtlclosh airel hence t he
pores at t he porous surface may not be seal ed.

Accordingly, iheatrecngatsghtin mremtimpsphere gy evhiiich a tragehemrdus
surface is sealed by heat-treating the substrate while conpensating
the silicon tiff the |gag corgraining $ildaan ajong (‘hfﬁstheQﬂ agdad suppl yi ng
silicon a little in excess of it. In this at tre nt on the
Surface of thdid GRER 91 JRnt dreatmeritwbihe draribed below.

As to the atmosphere at the time of heat

10 treatment, the heat treatment may preferably be made in
a non-oxidative atmosphere, and more preferably in an
atmosphere comprised of hydrogen, or hydrogen and an
inert gas. Alternatively, it may be done in vacuo. As
a result of the heat treatment in any of these

15 atmospheres, the pores at the surface of porous silicon
are sealed. If, however, residual oxygen or water
content is present in the atmosphere for the heat
treatment, these may react with silicon to form silicon
oxide, and also this reaction may further proceed, so

20 that the silicon may be etched and hence the pores at
the porous surface may not be sealed.

Accordingly, in the present invention, the pore at
the porous surface is sealed by heat-treating the
substrate while compensating the silicon that is lost

25 as a result of etching, or while supplying silicon a
little in excess of it. In this heat treatment, on the

surface of the porous silicon, the silicon atoms on the



- 22 - porous surface mgrate so as to snoothen the fine
roughness and decrease the surface energy and, anong silicon atons
supplied fromthe gaseous phase, the - 292 silicon atons adsorbed on the
porous silicon surface 5 al so nigrat% SO as to decrease the surface
energy, Sso that the pores at the surface are stopped up and the
surface portion in which the pore density has remar kabl 'y decreased
is formed. The migration of silicon atons on the surface is

attributabl e t@ordRis HirfacklRilgrate@d! a@"¥l¥%moothen the filie the present
I nvention, in order to cause especially the surface silicon atons to

mgrate in a roughngeed aeld ideiceetse the Reatfacetainsgly @, plationtigabl y be
carried out at a relatively high tenperature of the 15 mel ti ng point of
silicon or | oweilicBnatatthms suppldeecifiromalthe, gaiseoms phefseraldhye be done at
a tenperature of frome600[err]Cto 1,400[err]C, nore preferably

f rom 800[ er r ] Cstid ito20@toms| 8dsamipest ionl timer Pogosise sddiigony gwrface 1, 000C
to 1,200[err]C. There are also no particular 20 limtations on the
pressure, Sand PlePeMdigiiptensoha@g to decregse,fthen SURfpase eOQTgYed SSUt  at

t he at nospheric pressure or below. A snpoth surface tegps to be

f or med &hgdcithe Pores, A taithss SNETAcC RS SHPPRfdEyaRd the

After this heat treatnent, .as i.s seen_.from 25 observation of
cross- sect i onaSYFEATE £PF 1% lb‘o?’gﬁfh tha POr S&nﬁr’%yr ins, only the

pores at the S%%H%%i&%f% decreaé%%?h%gfogﬂ%da t@%@.ﬁﬂdfﬁ%l&ﬂ'&?““th a very

smal |
silicon atoms on the surface is attributable to the

10 supplied heat energy.
In the present invention, in order to cause
especially the surface silicon atoms to migrate in a
good efficiency, the heat treatment may preferably be
carried out at a relatively high temperature of the
15 melting point of silicon or lower. Stated
specifically, it may preferably be done at a
temperature of from 600°C to 1,400°C, more preferably
from 800°C to 1,200°C, and still more preferably from
1,000°C to 1,200°C. There are also no particular
20 limitations on the pressure, and preferably the heat
treatment may be carried out at the atmospheric
pressure or below. A smooth surface tends to be formed
especially in an atmosphere containing hydrogen.
After this heat treatment, as is seen from
25 observation of cross-sectional structure, the porous
structure remains, only the pores at the surface are

sealed, and a thin silicon film with a very small



- 23 - thi ckness of from1l nmto 100 nmis formed on the

surface. The surface where the pores have been sealed in

this way stands a surface havi ng undul ati ons (gentle 5 irregularities)
with an anplitude of about 1 to 10 nm = 23 at periods of fromO0.5 to 50
[err]m preferably from1l to 9 pm and typically several [err]m
bservation of this surface by the use of an atom c force m croscope
reveal s that atom c steps are forned al ong the 10 irregularities.

Th dul I d
{he. andul at | ons CF<BRSS o sxpih pa, 5o, 1PR"EnorB BREHRRAETRRSTCLT

treat nent s %8 phere is controlled preferably at a pressure not
hi gher than the Ut hoSpheri c pressure, and nore 15 preferably a pressure

of 200 Torr or bel owy agRa®bqt
conpound sen1cgndﬁgfgﬁcﬁlrhé?orneg ?Eg%%oﬁhggnsﬁgéeggaegd o8

nor phol ogy as Sgﬁ% B Fbﬂanas whgleskbe ﬁﬁfriﬂgeuhaulatlonssl(f'géhlﬁﬂé and
does | ess depend on of ? angl es than that of an instance CE on the

bulk silicgn freerghularitieshf wansl aa. aﬂib[titu&epbesamhtylbeoam&enmhe
formation of undul ations makes the step density higher like the
of f substrate ewenperiblle offf fapgl 6s5ate SOejim, preferably fromt hetpn8t ance
where the silicon is supplied from 25 t he gaseous phase in excess of
the silicon thapm,sandstypicallyf sewerhd porouSbsegrvesian afr &bdBt of
etching, a very thin filmof silicon is fornmed concurrently with the
surface by the use of an atomic force microscope
reveals that atomic steps are formed along the
10 irregularities. These undulations (irregularities)
have a pressure dependence, and the undulations can be
made larger in amplitude when the heat treatment
atmosphere is controlled preferably at a pressure not
higher than the atmospheric pressure, and more
15 preferably a pressure of 200 Torr or below.

As the result, the surface of the compound
semiconductor film formed thereon can have the
morphology as shown in Fig. 3, where the surface is
smoother and does less depend on off-angles than that

20 of an instance CE on the bulk silicon free of
off-angles. This is presumably because the formation
of undulations makes the step density higher like the
off substrate even if the off-angles are small.

In the instance where the silicon is supplied from

25 the gaseous phase in excess of the silicon that is lost

from the porous region as a result of etching, a very

thin film of silicon is formed concurrently with the



- 24 - sealing of pores. If such a very thin filmcones to

have a | arge | ayer thickness, the crystal defects may be brought in
t he conpound sem conductor |ayer, too, when the singl e-crystal
conpound- sem conductor layer is 5 Foffted. This di sagrees with the

obj ect of the present i nvention. Such a very thin film my
preferably be in a |l ayer thickness snmaller than that of the conpound
sem conductor |ayer, e.g., not nore than 1/5, and nore preferably

not more than LelQingf odeh@orait.er 1£5kakeda Yory thRecisinmbbhes o

t hi ckness may be sel écted fromthe rangé of 1 nmto 100 nmwhile

t aki ng account nakrel B large lay@yerhilbkeleaess the chegstanpdefectenmagnduct or
| ayer. When a silicon gas such as SiHerr]dJ[err], SiHerr],
SiC[err] or be broighi ¢nr lthies compduad semippndustorcdagersi ltobogn at ons,
the 15 flowrate of the source gas may be so set that the very

thin silicon | when thef simgdeatrysiadwchmpauadotetdconductogmlayeroisbel ow,
preferably 10 nmmn or bel ow, and nore preferably 2 nmmn or

bel ow. I n3a fiEPrmedni nFhis disagrgessvyith kheckRbigetspfEi &68 PFesepd i ed
froma solid 20 source and the substrate tenperature is_as |ow. as
800[err]C inventierow, Suehi @ VREYCASEDofidRe IRBEPEPEEEERLY| Perdp
Prel ey D oo Ru a0 ik MY BeOkme compgBhC o1
The single-oryslal SAMANA] S80LCONUGEO" ook more +nbAl 158, PUnlPRAROT MEE
preferably not more than 1/10, of the latter. Stated
10 specifically, its thickness may be selected from the
range of 1 nm to 100 nm while taking account of the
layer thickness of the compound semiconductor layer.
When a silicon gas such as SiH,Cl,, SiH,, SiCl; or
SiCl, is used as a supply source of silicon atoms, the
15 flow rate of the source gas may be so set that the very
thin silicon layer is formed at a growth rate of 20
nn/min or below, preferably 10 nm/min or below, and
more preferably 2 nm/min or below. In a film-forming
process in which the silicon is supplied from a solid
20 source and the substrate temperature is as low as 800°C
or below, as in the case of the MBE process, it may
preferably be formed at a growth rate of 0.1 nm/min or
below.
- Heteroepitaxial growth of compound semiconductor
25 single crystal -

The single-crystal compound semiconductor is

formed by MOCVD or MBE on the silicon substrate having



- 25 - the porous silicon | ayer whose pores at the surface

have been seal ed. |In usual heteroepitaxial growh on singl e-crystal
silicon wafers, the wafers are heat - treated to about 1,200[err]Cin
ul tra-high vacuumin order 5 to remdPe mative oxide films fromthe
silicon surfaces before growh. In the present invention, because of
use of the porous silicon, which tends to thermally change in
properties, the substrate may preferably be heat-treated at a

tenperature sufficiently | ower than 10 1,200[err] C. The
native oxide f?ﬂwm%é%fbgaﬁe%msf gores aféovc{\gfe SR ure by
previously i rsi t he substrat ' ; . |4 ve the
native oxi de%?‘ﬁ% beer Seﬁlﬁgeeér'ef _r]'glmuasﬁ“(fi ll %T%(ﬁfa?%lyéi%%]i %(%Vﬁceﬂ substrate
ina 15 heﬁrféié-?éfgzé’éaf%ﬁ[&ﬁ{ we L LY fiRatyd S 1% Higat-
substrate using gas "having a | ow dew pol nt t enperat ure.

Al ternatively, ttdec st DS raisutTay, 250 11 oMl QUiStda-high vt Redin odderand
thereafter placed in an atnosphere of 20 hydrogen with a high purity,

wher eby tdie nagd eemddlthative odfiddrstdings rerew echd\siheromelsasfauen at a
| ow tenperature of about 800[err]C and thereafter the
het er oepi t axi abefpavdrdgiticeedn the present iSiventiadi erbetawss yof Wi t hout
exposing the silicon 25 substrate to the air after the above heat
treat nent, use dfiethe |pamus wiksticire, mhidie tEabedo nthexmmidier used
for gromng a single crystal of the conpound
- 26 - change in properties, the substrate may preferably be

heat-treated at a temperature sufficiently lower than

10 1,200°C.

The native oxide films can be removed at such a
lower temperature by previously immersing the substrate
in HF or the like to remove the native oxide films
therefrom and immediately setting the substrate in a

15 heat treatment container, and by heat-treating the
substrate using H, gas having a low dew-point
temperature.

Alternatively, the substrate may be previously
dipped in HF and thereafter placed in an atmosphere of

20 hydrogen with a high purity, whereby the native oxide
films are removed by themselves even at a low
temperature of about 800°C and thereafter the
heteroepitaxial growth proceeds.

Still alternatively, without exposing the silicon

25 substrate to the air after the above heat treatment,

the silicon substrate may be placed in a chamber used

for growing a single crystal of the compound



sen conductor, whereby the native oxide filnms can be remar kabl y
restrained frombeing forned and hence the above heat treatnent for
renoving native oxide films is not required. Preferably, the heat
treatnment in an 5 at rosphere of hydr @§err and the growth of the
conpound sem conductor single crystal may be carried out in the
sane chanber; this is a good nethod. More preferably, I n the course
of the heat treatnent in an atnosphere of hydrogen and t he growth of

t he conmpound seni conductar _ 10 ingle crystal, Jd.is..nece ry for the
substrate Se“f’é’r?dgf"ﬁliﬁ’re %}eﬁe}ybgcm%dv\% ot’?%:ftiné t le%‘[%e?rcp?ag}aeure
that is |ower t}'eetrﬁ%pcﬂ} '}e &Maﬁ.rn%%esf%%% beirﬁ fox:medf \g}ﬁqéléhﬁece the

uctor I ormed 1 n the manner

si ngl e-crystal conpoun&isen1con mis

as described ahgyge tl'{l;lfat IFreatnfditS i)y dInRRlhd HaltiRRY 538 Y Rudhls 111y

because of the attice msmatch with silicon, the drop of

temperature  not ddqiiiddd.M frfdBd¥ RIS Heht CrcidrTer ainir e and
the difference in coefficient of thermal expansion are brought in

only the wery tdinbspHdrorod ayeirddeil sivblthe 2frowtH lef priree sapfpquordous
silicon and are not brought in the si ngl e-crystal

conmpound- senm cawhiciardddton shrigdd rystal niegyc duss edrtmied outt Him ®id i con
| ayer forned on the porous region which is nore fragile than the
bul k si |samen ghanfher orhel s risyid gadthmetied ndlare prafgrady,
conpound-sem conductor film and hence the crystal defects can_ be
readi | y broughtini thehgmoungeeof the heat trepfmgntdo@n @ieosphpre of

characteristics, the - 27 -
hydrogen and the growth of the compound semiconductor

10 single crystal, it is necessary for the substrate
temperature not to become lower than the temperature
that is lower between the both processes.

When the single-crystal compound-semiconductor
film is formed in the manner as described above, the

15 crystal defects that may be brought in because of the
lattice mismatch with silicon, the drop of temperature
from film-forming temperature to room temperature and
the difference in coefficient of thermal expansion are
brought in only the very thin silicon layer that seals

20 the pores of porous silicon and are not brought in the
single-crystal compound-semiconductor film. This is
because the wvery thin éilicon layer formed on the
porous region which is more fragile than the bulk
silicon is far more fragile than the single-crystal

25 compound-semiconductor film, and hence the crystal
defects can be readily brought in that layer.

To bring out the above characteristics, the



si ngl e-crystal

conpound- sem conductor filmformed by het er oepi t axi al

gromh may preferably have a | arge t hi ckness, and may preferably be
at | east 50 nmthick, and nore preferably at | east 200 nmt hi ck. 5
The conpound seni conductor herein referr@ to may be typically
selected from but not limted to, II1-V conpounds such as GaAs,

@GP, InP and GalnAs, 11-VI conpounds such as ZnTe, ZnSe, ZnS, CdTe,
HgTe and CdHgTe, and | V-1V conpounds such as SiGe and SiC. 10

- Fabrication of Vi ces

- The sj l.e-cryst al
&SR compou’}%ﬁwqor?cﬂ%etorﬁné/nélr"?afsor % B%ed above

conpound- sem
may be used

i f r'gﬂﬂ@o L =8 J tH i such as
light-emtti ng'_‘ed‘f%xéf’e%p%n 1sazii)n'dcon l?c'?“oagJ I“;allsersr ano‘; }&E df:/lg -Speed
el ectroni ¢ de%ﬁ@«?é@, And TS prMRIRETE be at 1dddtN SRt @¥HIdIDUL e tO
0

t he achi evenent characteristics conparable to or better than

those in
sen conduct or

t he case of
strain.

and Mfora SEravierdihatsi s Aocat gormound

itself is used, in the case of 20 honoepi t axi al growth
made on tdhe singl e-THey ddthpound sentidifiniutkee Memith atafersedss ttatmazor in

het eroepi taxial growth having a very small lattice

be typildel Xy esslwctiaed eitonpn it Inde ¥imited Wesciilbdd 25
bel ow by gi ving Exanpl es. Exanmple 1 Four p-type

(repl aceabl e wempound®ejuch jggaAs, GaP, InP and GalnAs, II-VI

10

15

20

25

compounds such as ZnTe, ZnSe, ZnS, CdTe, HgTe and
CdHgTe, and IV-1IV compounds such as SiGe and SiC.

- Fabrication of Devices -

The single-crystal compound-semiconductor film
formed in the manner as described above may be used in
the fabrication of light-emitting devices such as
light-emitting diodes and semiconductor lasers and
high-speed electronic devices such as HEMTs, where the
film can contribute to the achievement of
characteristics comparable to or better than those in
the case where the single-crystal compound
semiconductor itself is used, in the case of
homoepitaxial growth made on the single-crystal
compound-semiconductor substrate or in the case of
heteroepitaxial growth having a very small lattice
strain.

The present invention will be further described
below by giving Examples.

Example 1

Four p-type (replaceable with n-type) 6-inch

28



di aneter (100) single-crystal silicon substrates each havi ng a

t hi ckness of 615 [err]mand a specific resistance of 0.01 [err] . cm
were anodi zed in a solution of HF diIuteg wi th al cohol to form
porous silicon layers on its 5 oné- ¢Bda specul ar mai n surfaces.

The substrates were anodi zed under the follow ng condi ti ons.

Current density: 7 mA/cnferr] Anodi zi ng sol ution: HF: H0: C2HOH =
1:1:1 10 Time: 12 mnutes Thi ckness of porous silicon layer: 10

pm Por Qi tes? (0100) single-ASttall RA 1SN At el dlaeh Were

oxidized in an nospher € of oxygen at 400[err]C for 1 hour. As a

result 15 kY @ Q:Hl@%trﬂe%% JfN@1is e avdl la spdcadas Q-ﬁaél@t@ﬂﬁ:e
silicon were coveréd with very thin thernmal oxide filmns.

Next, two of iJ¥e os501sSiy.ahe ety andddizeld da @d stilution ofl HIS@iduted at 760
Torr for 10 mnutes in an atnosphere of 20 hydrogen (Herr]) with a dew
poi nt of -95[ erirghiCalicohedalta erm poroususiiddeomoleyerdhen gt ni ng two
substrates were heat- treated at 1,050[err]C at 760 Torr for 10

m nut es SN an one-sideatspespilare nafichwhrf@ees-H err]) with a dew point of
-90C or bel ow, to seal the surface pores. The atnosphere of 25

hydr ogen was used &hso substrates seser zRgks ungeFethe folloyH®ddr opped.

In this state, each one of the above two sets of
- 29 . conditions.

Current density: 7 mA/cm’
Anodizing solution: HF:H,0:C,HOH = 1:1:1
10 Time: 12 minutes
Thickness of porous silicon layer: 10 pm
Porosity: 20%
Next, the resultant substrates were oxidized in an
atmosphere of oxygen at 400°C for 1 hour. As a result
15 of this oxidation, the inner wall surfaces of porous
silicon were covered with very thin thermal oxide
films.
Next, two of the substrates were heat-treated at
1,050°C at 760 Torr for 10 minutes in an atmosphere of
20 hydrogen (H,) with a dew point of -95°C, to seal the
surface pores. The remaining two substrates were heat-
treated at 1,050°C at 760 Torr for 10 minutes in an
atmosphere of hydrogen (H,) with a dew point of -90°C or
below, to seal the surface pores. The atmosphere of
25 hydrogen was used also when the temperature was raised
and dropped.

In this state, each one of the above two sets of



substrates was taken out and its surface roughness was measured with
an atomc force mcroscope, where undul ations with an anplitude of 3
nm at peri ods of about 2 pn1mere_o§§e1ved. The remai ni ng substrates
not 5 put to this observation were brought to the subsequent

step. Next, on this porous silicon, single-crystal GaAs

was epitaxially grown by MOCVD (Metal Organic Chem cal Vapor
Deposition) in a thickness of 1 [errlm It was growmn 10 under the

fol | ow ng condigiibg8fates was EAKERCOUFBSandMViBsAsUBfaBe roughn&s8s wagssure:
80 Torr Tenperature: 700[err]C As a result of

Cross-secti onameabaeedakrith ant temidSforcer mbenbssopa, ewbetreon m croscope,
it was confirned that no crystal defects were brought in the GaAs

| ayer and a  undul&udensayéthwanhhampgdbuder 9€t 3l nquati pgriadsfofnmed. At
the sane tine, it was also confirnmed that a very cl ear and snoot h
interface was &bpwtd2bpmveenet pbseoveds 7Phe rempining pubhskratasenonith
silicon at its surface and the GaAs | ayer. A region of 50 pm square
of the Gads put tpapbisyabservetienswpee RrPughReta: Bhecsrbpeguent

m croscope to find the surface roughness. The roughness of the
surface of theSt8Bstrate heat-treated 25 i'n an at nosphere of hydrogen

L0, %, cew ol nt ol 88 g snss ifndla B S iablt, SPBRTErssTAs R o
- 30 - was epitaxially grown by MOCVD (Metal Organic Chemical
Vapor Deposition) in a thickness of 1 pm. It was grown
10 under the following conditions.
Source gas: TMGa/AsH,;/H,
Gas pressure: 80 Torr
Temperature: 700°C
As a result of cross-sectional observation with a
15 transmission electron microscope, it was confirmed that
no crystal defects were brought in the GaAs layer and a
GaAs layer with a good crystal quality was formed. At
the same time, it was also confirmed that a very clear
and smooth interface was formed between the porous
20 silicon layer sealed with silicon at its surface and
the GaAs layer. A region of 50 um square of the GaAs
layer was also measured with the atomic force
microscope to find the surface roughness. The
roughness of the surface of the substrate heat-treated
25 in an atmosphere of hydrogen with a dew point of -95°C
and on which the compound semiconductor layer was

formed was 0.3 nm as average square roughness (Rrms),



whi ch was much snoot her than the surface roughness of 3.5 nm found
in an instance where the porous silicon was not formed and the GaAs
| ayer was directly forned on the silicon substrate (an instance of
off-angle of O 5 degree), and was bgt% r _than the surface roughness of
0.42 nmfound in an instance of off-angle of 4 degrees.

Crystal defects actualized by defect-actuali zing et hcing were al so
counted on an optical mcroscope to find defect density, which was
found to be about 1 x 10 10[err]/cnferr]. Meanwhi l e, in the
i nstance where widchulbslsr afueh\amoother theal thetauedace adughmeshere of
hydrogen with a dew point of -90[err]C or below, the surface
roughness was 0335 nm foumd dmd anhdndthece dhesie theaporbagt silXcon
10[err]/cnferr]. 15 Exanpl e 2 A p-type (repl aceabl e
with n-type) 5-W@hngitafersed and thel Gapssilayes- wags tidresitilyc dormeldst r at e
of O degree in of f-angl e, having a thickness of 625 pmand a
specific oredhe: giddcon substrate] (em iastansei o&doff-angdeunifol of
20 HF diIutegﬁyﬁth al cohol to forma gprous silicon |ayer on its
one-si de sPecul SP9FERH  sGPFaWes better than the sysfers: songhngssdred

d the fol | ow diti : Cu t Lty: 7 my rr
25" Anodi 21 ng s BRuPRofoun AR B TBPCRBFR) EPITCRRELs. 9214 deoeeting.
}ZBT]?UteS Thb§§g%§i ﬂgfggkgugc%hgiiggdl%%eﬁéfégtgghtualizing

ethcing were also counted on an optical microscope to
find defect density, which was found to be about 1 x
10 10%/cm?.
Meanwhile, in the instance where the substrate was
heat-treated in an atmosphere of hydrogen with a dew
point of -90°C or below, the surface roughness was 0.9
nm and the defect density was about 1 x 10%/cm?.
15 Example 2
A p-type (replaceable with n-type) 5-inch diameter
(100) single-crystal silicon substrate of 0 degree in
off-angle, having a thickness of 625 pm and a specific
resistance of 0.01 Q.cm was anodized in a solution of
20 HF diluted with alcohol to form a porous silicon layer
on its one-side specular main surface.
The substrate was anodized under the following
conditions.
Current density: 7 mA/cm?
25 Anodizing solution: HF:H,0:C,H,OH = 1:1:1
Time: 12 minutes

Thickness of porous silicon layer: 10 um



Porosity: 20% Next, the resultant substrate was oxidized in an
at nosphere of oxygen at 300[err]C for 1 hour. As a result of this
oxi dation, the inner wall surfaces of porous 5 silicon were covered
with very thin thermal oxide films. Next, this substrate
was imrersed in a 1.25% HF sol ution ﬂbr 20 seconds to strip off the
very thin thermal oxide filns forned on the porous surface and on

10 the inner wall surfaces of the pores in the vicinity t her eof ,
followed by rinsing with pure water and then spi n-dryi ng.

Next, this poroumrdditgon veoR heat-treated at 1,050[err]C at 80 Torr
for 10 mnutes in an atnosphere of 15 hydrogen (Herr]) with a dew

poi nt of -92[err] C omNe¥ti,0vthd @esultants albdtiatlWaal oxidied in an

In this state, the substrate was taken out and its surface roughness
was neasured w tatmospitege ©f amygen at 300°C xofde honrer e Asndulmatsudts Wit h
an anplitude of 4 nm 20 at periods of about 4 [err]mwere observed. A
substrate ofi riddise @Hidlations arkherdmner pallinsurfisceso afhipprous
observation was brought to the subsequent step Next, on this
porous sili%on, Sdldgon Hers soverad with Veﬁéls "é‘ﬂ-lnt Shemmal @xdde by MOCVD
(Metal Organic Chem cal 25 Vapor Deposition) in a thickness of 1
[err]m It mas5E;%Wﬁr under the follow ng conditions. Sour ce

gas: TMea/AsH err]1/H@L  this substrate was immersed in a 1.25% HFZ

solution for 20 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on

10 the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,050°C at 80 Torr for 10 minutes in an atmosphere of

15 hydrogen (H,) with a dew point of -92°C or below, to
seal the surface pores.

In this state, the substrate was taken out and its
surface roughness was measured with an atomic force
microscope, where undulations with an amplitude of 4 nm

20 at periods of about 4 pym were observed. A substrate
treated in the same manner but not put to this
observation was brought to the subsequent step.

Next, on this porous silicon, single-crystal GaAs
was epitaxially grown by MOCVD (Metal Organic Chemical

25 Vapor Deposition) in a thickness of 1 pm. It was grown
under the following conditions.

Source gas: TMGa/AsH,/H,



Gas pressure: 80 Torr Tenperature: 700[err]C As a result
of cross-sectional observation with a transm ssion el ectron

m croscope, it was confirmed that 5 no crystal defects were brought in
the GaAs |ayer and a GaAs | ayer vgt&a_good crystal quality was
formed. At the sane tine, it was also confirnmed that a very cl ear
and snooth interface was forned between the porous silicon | ayer
sealed with silicon at its surface and 10 the GaAs |l ayer. A region of
50 [err] msquare of the GaAs | ayer was al so nmeasured with the atom c

force M G4 SEepesite f | gD thwrsur f ace roughness. The surface
roughness was 0.4 nm as average square roughness (Rrs), which was
much snoot her tTempétetiwrsf ZRO°AS roughness of 3.5 nmfound in an

I nstance where the porous silicon was not formed and the GaAs | ayer
was direct |y Asraetesnlt ef giossrsacbional cofservatiomcelth a  of
of f-angle of 0 degre % and was substantially equal to the surface
roughness of 0.ZensRESTARRN elegtray nicrestepre bF WA %QEF%F@ﬁd AERRHr ees.

Cryst al def ects actual i zed def ect -actual i zi ng i n vvere al so
counted orP an R iErstR Qf%%‘ifb"est"@re br°“9‘|”?1d“&le’f"é"ctg?l%$ls4? =T\ @R 1R was

AT N A CHTE PG vy it
_S' ggl_e crystal 'Lsﬁé'g% %&éra{_@ v?és afi&grc?&xffrmed that a very clear
and smooth interface was formed between the porous
silicon layer sealed with silicon at its surface and
10 the GaAs layer. A region of 50 uym sguare of the Gaas
layer was also measured with the atomic force
microscope to find the surface roughness. The surface
roughness was 0.4 nm as average sgquare roughness
(Rrms), which was much smoother than the surface
15 roughness of 3.5 nm found in an instance where the
porous silicon was not formed and the GaAs layer was
directly formed on the silicon substrate (an instance
of off-angle of 0 degree), and was substantially equal
to the surface roughness of 0.42 nm found in an
20 instance of off-angle of 4 degrees.
Crystal defects actualized by defect-actualizing
ethcing were also counted on an optical microscope to
find defect density, which was found to be about 1 x
10*/cm?.
25 Example 3
A p-type (replaceable with n-type) 5-inch diameter

{(100) single-crystal silicon substrate of O degree in



of f-angl e, having a thickness of 625 pmand a specific resi stance of
0.01 [err].cmwas anodi zed in a solution of HF diluted wth al coho

to forma porous silicon |ayer on its one-side specular nmain surface.
5 The substrate was anodi zed undgg the foll ow ng condi tions.
Current density: 7 mA/cnferr] Anodi zi ng sol ution: HF: H20: C2HOH =
1:1:1 Time: 12 mnutes 10 Thi ckness of porous silicon layer: 10
pm Porosity: 20% Next, the resultant substrate was
oxidized in an at nosphere of oxygen at 300[err]C for 1 hour. As a
resul t oFff aligd enX hddtingn a thd.ckiess \od 1625uinees af specdific 15
silicon were covered with very thin thernmal oxide films.

Next, this subksisiattanges cfmieilded icm wak anvdiEed in a solutiom fodr 20
seconds to strip off the very thin thermal oxide filns formed on the
porous surfac@Fadd lorted2@ith tleaohoietonfiorms @ Pareusosiliicosodayem t he
vicinity thereof, followed by rinsing with pure water and then

spi n-dryi ng. on its one-sidie spefiudazomeid FUNEEGE -was heat-treated at
1,050C at 80 Torr for 10 m nutes in an atnosphere of . 25 hydr ogen (H2)
with a déw poi nt oﬁhﬁgfﬁgﬁﬂnsﬁﬁ’ﬂﬁﬁ(§NQQ3Z§@ander the o por es,
and the tenperature was dropped to 700[err]Cas it was. On this
porous siljcofonditions. - 34 -

Current densitf: 7 mA/cm?
Anodizing solution: HF:H,0:C,HOH = 1:1:1
Time: 12 minutes

10 Thickness of porous silicon layer: 10 pm
Porosity: 20%

Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 300°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous

15 silicon were covered with very thin thermal oxide
films.

Next, this substrate was immersed in a 1.25% HF
solution for 20 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on

20 the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,050°C at 80 Torr for 10 minutes in an atmosphere of

25 hydrogen (H,) with a dew point of -92°C or below to seal
the sﬁrface pores, and the temperature was dropped to

700°C as it was. On this porous silicon,
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of cross-sectional observation with a
was confirmed that 10 no crystal defects were brought

m cr oscope,

the GaAs |ayer and a
the sane tine, it was also confirnmed that a very cl ear

fornmed. At

and snoot h i nt exifrayle-way StarimGhAwe twee fepgitaid U5 grown bysiMoovan | ayer

It

GaAs was epitaxially grown by MOCVD (Metal Organic
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As a result of cross-sectional observation with a
transmission electron microscope, it was confirmed that
no crystal defects were brought in the GaAs layer and a
GaAs layer with a good crystal quality was formed. At
the same time, it was also confirmed that a very clear
and smooth interface was formed between the porous
silicon layer sealed with silicon at its surface and
the GaAs layer. A region of 50 ym square of the Gaas
layer was also measured with an atomic force microscope
to find the surface roughness. The surface roughness
was 0.4 nm as average square roughness (Rrms), which
was much smoother than the surface roughness of 3.5 nm
found in an instance where the porous silicon was not
formed and the GaAs layer was directly formed on the
silicon substrate (an instance of off-angle of O
degree), and was substantially equal to the surface
roughness of 0.42 nm found in an instance of off-angle
of 4 degrees.

Crystal defects actualized by defect-actualizing

ethcing were also counted on an optical microscope to

et hcing were al so



find defect density, which was found to be about 5 x 10[err]/cnferr]
. Exanpl e 4 A p-type (replaceable wth n-type)
5-inch di aneter 5 (100) single-crystal silicon substrate of 0 degree
in of f-angl e, having a thickness of36§25 [err]mand a specific

resi stance of 0.01 [err].cm was anodized in a solution of HF dil uted
with alcohol to forma porous silicon |ayer on its one-side specular
mai n surface. 10 The substrate was anodi zed under the follow ng
condi ti ons. Current density: 7 mANcnierr] Anodi zi ng sol ution
HF: H err] O ( er fikfedefékit=dén&ity, whichTwas: fbdndi sot be abbut 5Tki ckness
of porous silicon layer: 10 [err]m Porosity: 20% Next ,
the resultant sdB¥omft.e was oxi di zed in an at nosphere of oxygen at
300[err]C for 1 hour. As a result of this oxidation, the inner wal
surfaces of porous EBamplgj#jcon were covered with very thin thermal oxide
films. Next, this substrate was imersed in_a, l. 25% HF

sol ution for 20 secoftdB” F§p§tFFﬁpﬁ?Fe?H%evEF§htﬂlﬁYpe) 5-1pgl, HhPUSkPHe
(1L LB OnL 38, PR RueoUrt 86g a8 lon s o' BECE, HRbkoZLLL2CSS O
ggt?r and then off—angfglnhgexﬁaga thickness of 625 uym and a specific
resistance of 0.01 Q.cm was anodized in a solution of
HF diluted with alcohol to form a porous silicon layer
on its one-side specular main surface.
10 The substrate was anodized under the following
conditions.
Current density: 7 mA/cm®
Anodizing solution: HF:H,0:C,H OH = 1:1:1
Time: 12 minutes
15 Thickness of porous silicon layer: 10 um
Porosity: 20%

Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 300°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous

20 silicon were covered with very thin thermal oxide
films.

Next, this substrate was immersed in a 1.25% HF
solution for 20 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on

25 the inner wall surfaces of the pores in the vicinity

thereof, followed by rinsing with pure water and then

spin-drying.



Next, this porous silicon was heat-treated at 1,050[err]C at 80 Torr

for 10 mnutes in an atnosphere of hydrogen (Herr]) with a dew
point of -92[err]C or below to seal the surface pores, and the
tenperature was dropped to 5 700[err]C as it was. On this porous
silicon, single-crystal Al GaAs wa3 #PiTaxially grown by MBE

(Mol ecul ar Beam Epitaxy) in a thickness of 1 pm As a result of
cross-sectional observation with a transm ssi on el ectron m croscope,
it was confirmed that 10 no crystal defects were brought in the A GaAs
| ayer and an As e . o t u f or med.

At the sane tine, |tﬁ%g? aféggcgo?b %lggggna&§§ ﬁLa@ %kég¥F§§§tand snoot h

interface was ferggge éeh»efe@a t82r for 10IOHE.HH%e§' &hcaﬂ B%iﬁ@&pﬁ@i‘laegfw' th
silicon at its surface and the Al GaAs layer. A region of 50

square of the hydro é?)'@i/ﬂﬁ Aaterd| SOL AT aSEIr €90 YE Lo e B RS ééﬁfe
m croscope to find t e surtace roughness. The surface roughness was

0.41 nm as aver gge sGu@acer pogbBesand the tékpebhtuvki ehswdgoppel sgoot her
than the surface 20 roughness of 3.7 nmfound in an instance where the
porous sil&con Waé°aoasf datmedsandohhéhAsCadsoligysilieen, directly
formed on the silicon substrate (an instance of off-angle of O
degree), and wasingbetanysiblyAdGads was epitaxihdlyugtaws bPyuMYBEess of
0.42 nmfound in an 25 i nstance of off-angle of 4 degrees.

Cryst al defects(ﬁ@%ﬁ&PF?EdBS?dePé§PXHétEBIPz h§ckness Ogtﬁcpﬁg were al so

counted on an optlcal n1crosc %e
- 37 - a resu of cross-sectional observation with a

transmission electron microscope, it was confirmed that

10 no crystal defects were brought in the AlGaAs layer and
an AlGaAs layer with a good crystal quality was formed.
At the same time, it was also confirmed that a very
clear and smooth interface was formed between the
porous silicon layer sealed with silicon at its surface

15 and the AlGaAs layer. A region of 50 pm square of the
AlGaAs layer was also measured with an atomic force
microscope to find the surface roughness. The surface
roughness was 0.41 nm as average square roughness
{Rrms ), which was much smoother than the surface

20 roughness of 3.7 nm found in an instance where the
porous silicon was not formed and the AlGaAs layer was
directly formed on the silicon substrate (an instance
of off-angle of 0 degree), and was substantially equal
to the surface roughness of 0.42 nm found in an

25 instance of off-angle of 4 degrees.

Crystal defects actualized by defect-actualizing

ethcing were also counted on an optical microscope to



find defect density, which was found to be about 1 Xx

10[err]/cnmferr]. Exanple 5 A p-type (replaceabl e
with n-type) 5-inch dianeter 5 (100) single-crystal silicon substrate
of O degree in of f-angl e, having %?thickness of 625 [err]mand a
specific - resistance of 0.01 [err]."dmwas anodi zed in a sol ution of
HF diluted with al cohol to forma porous silicon |ayer on its
one-si de specular main surface. 10 The substrate was anodi zed
under the follow ng condi tions. Current density: 7 mA/cnferr]

Anodi zi ng sol ugi g ad¥edt eddddd ¢ e idierwd Hcurld kd be aboutlim® 12
m nutes 15 Thi ckness of porous silicon layer: 10 [err]m

Porosity: 20%10%/cm?. Next, the resultant substrate was oxidized in an
at nosphere of oxygen at 400[err]C for 1 hour. As a result of this
oxi dation, the inneExample Surfaces of porous 20 silicon were covered
with very thin thermal oxide films. Next, this substrate
was i nmersed in a 1A 5% e (replaceshiteé oritflom-2ypelr dhdnaly digngtexf f t he
very thin thermal oxide filnms fornmed on the porous surface and on
25 t héd i nnet1QR) | sing¥eremyshal ilbran sybstrate @hiQ ydegree in hereof
followed by rinsing with pure water and then spi n-drying.. .
- 38 - off-angle, having a thickness of 625 um and a ‘specific
resistance of 0.01 Q.cm was anodized in a solution of
HF diluted with alcohol to form a porous silicon layer
on its one-side specular main surface.
10 The substrate was anodized under the following
conditions.
Current density: 7 mA/cm?
Anodizing solution: HF:H,0:C,HOH = 1:1:1
Time: 12 minutes
15 Thickness of porous silicon layer: 10 pm
Porosity: 20%
Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 400°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous
20 silicon were covered with very thin thermal oxide
films.
Next, this substrate was immersed in a 1.25% HF
solution for 20 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on
25 the inner wall surfaces of the pores in the vicinity

thereof, followed by rinsing with pure water and then

spin-drying.



Next, this porous silicon was heat-treated at 1,150[err]C at 760 Torr
for 10 mnutes in an atnosphere of hydrogen (H err]) with a dew point
of -92[err]C or below to seal the surface pores. Thereafter, on this

porous silicon, 5 single-crystal GaP was epitaxially growmn by a

| i qui d- phase growth process in a thickne38 of 1 pm As a result
of cross-sectional observation with a transm ssion el ectron

m croscope, it was confirmed that no crystal defects were brought in

the GaP | ayer and a 10 GaP | ayer with a good crystal quality was forned.
At the sane tine, ,it. was _al so_cqnf] { A L \er and
snooth interface \AA}?”fmgr r‘f@d'sngfv%é‘r? tsﬁg'q'ﬁlgr;louss Ii@;‘atat\séﬁal)ﬁc‘f?ogn%q:;yer seal ed

with silicon gt lﬁéglgtf%% W r for 10 HENGARd d¥elan AthR@pheref o0 pm

square of the Ga ~ layer was al so neasured with an atomic force
m croscope hgdr&gét{ iidyt PecRUsl 86 pOUAENEES-9Zhe 61T halewr 6H0BaLSS
ver ag

was 0.4 nm as e sqdare roughness (Rrns), which was mnmuch

snmoot her t han (s sutdaREe goredIneahedlea¥ter)Mon this fpowmts mididdist ance
where the porous silicon was not 20 formed and the GaP | ayer was
directly & or ned rfl d-efrystal GaF hiazorepitesticitly @@ovimdiyarce of of f-angl e
of O degree), and was substantially equal to the surface

roughness of Qidfimdinghased gnowth iprsicasse igf softhipkgiess of 1 wsf- 4 degrees.
25 Crystal defects actualized by defect-actualizing . et hci ng
were al so counted d8 @ rssuildaloficnosscaestional obsemvipdifsy aditthyénsity,
whi ch was found to be about 1 x - 39

- transmission electron microscope, it was confirmed that

no crystal defects were brought in the GaP layer and a

10 GaP layer with a good crystal quality was formed. At
the same time, it was also confirmed that a very clear
and smooth interface was formed between the porous
silicon layer sealed with silicon at its surface and
the GaP layer. A region of 50 um square of the GaP

15 layer was also measured with an atomic force microscope
to find the surface roughness. The surface roughness
was 0.4 nm as average square roughness (Rrms), which
was much smoother than the surface roughness of 3.5 nm
found in an instance where the porous silicon was not

20 formed and the GaP layer was directly formed on the
silicon substrate (an instance of off-angle of 0
degree), and wés substantially equal to the surface
roughness of 0.42 nm found in an instance of off-angle
of 4 degrees.

25 Crystal defects actualized by defect-actualizing
ethcing were also counted on an optical microscope to

find defect density, which was found to be about 1 X



10[err]/cnferr]. Exanpl e 6 Fig. 4is a
cross-sectional diagrammmatic view of a solar cell as a photovoltaic
devi ce according to the 5 present invention. In Fig. 4, reference
nuneral 41 denotes a silicon sub§p§ te; 42, a porous layer; 43, a
silicon | ayer as the pore-seal ed portion Ot the porous | ayer; 44, a
p-type GaAs |ayer; 45, a p[err]-type In@&EP | ayer; 46, a p-type GAAs
| ayer; 47, an n[err]-type GaAs 10 | ayer; 48, an n -type InGaP | ayer;
49, an n[err]-type A InP | ayer; 410, an anti-reflection |ayer; and
411 and 412, 310*/cm?*first and second el ectrodes. A process for fabricating
the device of the present Exanple wll be descri bed bel ow. 15

A p-type 5-inch di apeamplé 160) singl e-crystal silicon substrate
havi ng a thickness of 625 pmand a specific resistance of 0.01
[err].cmwas anodi ZBiigi ndals a crosstsecbhontl HR agrampatifctvilewcofior to
forma porous silicon layer on its one-side specular main surface.
20 Theselasteall ansapbatoeal tadierdevice orPeRr@ing to the

condi tions. Current density. 7 _mA cnf Anodi zi n sglution:

HF: H er r |© (] cP¥¢$pRtrjoyeation. 1 In Flg-ﬁm?eﬁﬁrﬂ?ﬂ%t%‘émeﬁgl L Thi ckness

AR INE QR L A L T

- 40 - silicon layer as the pore-sealed portion of the porous
layer; 44, a p -type GaAs layer; 45, a p'-type InGaP
layer; 46, a p-type GaAs layer; 47, an n'-type GaAs

10 layer; 48, an n'-type InGaP layer; 49, an n'-type AlInP
layer; 410, an anti-reflection layer; and 411 and 412,
first and second electrodes. A process for fabricating
the device of the present Example will be described
below.

15 A p-type 5-inch diameter (100) single-crystal
silicon substrate having a thickness of 625 pm and a
specific resistance of 0.01 Q.cm was anodized in a
solution of HF diluted with alcohol to form a porous
silicon layer on its one-side specular main surface.

20 The substrate was anodized under the following
conditions.

Current density: 7 mA/cm?
Anodizing solution: HF:H,0:C,H;OH = 1:1:1
Time: 12 minutes

25 Thickness of porous silicon layer: 10 pm

Porosity: 20%

Next, the resultant substrate was oxidized in an



at nrosphere of oxygen at 400[err]C for 1 hour. As a result - of this
oxi dation, the inner wall surfaces of porous silicon were covered
with very thin thernmal oxide filmns. Next, this substrate
was imrersed in a 1.25% HF solutlgg%for 30 seconds to strip off the
very thin thermal oxide filns for on the porous surface and on
the inner wall surfaces of the pores in the vicinity t her eof ,
followed by rinsing with pure water and then 10 spi n-dryi ng.

Next, this porous silicon was heat-treated at 1,100C at 760 Torr for

10 mnutes in Q@m@&?ﬂé?@eéf 8kygen at @Ugﬁégfar(tQﬁoMtlh Rsdgwresunt of
-92[err]C or below to seal the surface pores. Thereafter, on this

porous Silicones #his ofiagteo! ysha! 1Gde WAELepitoabes| yEgporoudy a
| i qui d- phase growth process in a thickness of 5 [err]m On this

| ayer, the p[esilitgpewbné&afoveyed,witik petypthin ther@alsokiger, the
nferr]-type GaAs | ayer, the n[err]-type I nGaP | ayer and the
nferr]-type A EhPmsayer were further 20 superposingly fornmed, and the
first electrode and the anti-reflection |ayer were forned on the
surface of the Nexp| | fpisagubsipatenwaneinaexsed iReastt2ednHEubstrate
41, the second el ectrode was forned. Thus

cel] ,was
fabricated. 28clution f?ﬁe3@|F?c?ﬁéﬁoFooFtFﬁPs°§8lE?BCE?FYmEélﬁeasured to
confirmthat it, was structure

8 t th '
was formed on thrga£e0§+93|gg€m§2?g?3§$|9eoﬁge BSrout *surface $ha"S

-4l the inner wall surfaces of the pores in the vicinity

thereof, followed by rinsing with pure water and then
10 spin-drying.

Next, this porous silicon was heat-treated at
1,100°C at 760 Torr for 10 minutes in an atmosphere of
hydrogen (H,) with a dew point of -92°C or below to seal
the surface pores. Thereafter, on this porous silicon,

15 single-crystal GaAs was epitaxially grown by a
ligquid-phase growth process in a thickness of 5 pm.

On this layer, the p*-type InGaP layer, the p-type
GaAs layer, the n'-type GaAs layer, the n’'-type InGaP.
layer and the n'-type AlInP layer were further

20 superposingly formed, and the first electrode and the
anti-reflection layer were formed on the surface of the
AlInP layer 49. On the back of the silicon substrate
41, the second electrode was formed. Thus, a solar
cell was fabricated.

25 The fill factor of this solar cell was measured to
confirm that it was 0.831 in an instance where the like

structure was formed on the same single-crystal silicon



substrate as the above except that the porous silicon | ayer was not

formed; 0.807 in an instance where the porous silicon |ayer was
formed but the pores at the porous surface were not seal ed; and
0.870 in the 5 present Exanpl e accogdhfg_to the present invention,
showi ng an inprovenent in characteristics. Exampl e 7

Fig. 51s a cross-sectional diagrammtic view of an LED as a
light-emtting device according to the 10 present invention. In Fig.
5, reference nuneral 51 denotes a silicon substrate; 52, a porous

layer; 53, a  substthltbCcaB kaMehbade! BRcBptethadl eHePpbibR 8f1iBBnporous
| ayer; 54, an n[err]-type GAl As | ayer; 55, a p[err]-type GRAl As

| ayer; 56, p[erohybypaSaAblstbeyed; and037inebacinedanceAwhébe thpr ocess
for fabricating the device of the present Exanple will|l be described
bel ow. porons sifljypenblapel waanfbemed1b0r thaegberesystathe

silicon substrate having a thickness of 625 éerr]nland a specific
resi stance of OPOropsr sPréareayenfotPcgephed:; apd 0.83Puipothef HF dil uted

with alcohol to forma Eorous silicon |ayer on its one-side specul ar
mai n surfafe. Ppresent Examplesggserdibgnwie HR8dPFRECBRIEARVERELPBY | owi ng
condi tions.

gurrent_densitx: 7 nA/cg%grr& 25. . Anodi zi ng splution:
HF: H err] O ([ er FPPFEPP] B 1mprovement in GhRXacySTAShiLE, Thi ckness
?f420fous silicon Iaﬁgghpléo7[err]m
Fig. 5 is a cross-sectional diagrammatic view of
an LED as a light-emitting device according to the
10 present invention. In Fig. 5, reference numeral 51
denotes a silicon substrate; 52, a porous layer; 53, a
silicon layer as the pore-sealed portion of the porous
layer; 54, an n"-type GaAlAs layer; 55, a p -type GaAlAs
layer; 56, p -type GaAlAs layer; and 57, electrodes. A
15 process for fabricating the device of the present
Example will be described below.
An n-type 5-inch diameter (100) single-crystal
silicon substrate having a thickness of 625 pm and a
specific resistance of 0.0l Q.cm was anodized in a
20 solution of HF diluted with alcohol to form a porous
silicon layer on its one-side specular main surface.
The substrate was anodized under the following
conditions.
Current density: 7 mA/cm®
25 Anodizing solution: HF:H,0:C,H,OH = 1:1:1
Time: 12 minutes

Thickness of porous silicon layer: 10 pm



Porosity: 20% Next, the resultant substrate was oxidized in an
at nosphere of oxygen at 400[err]C for 1 hour. As a result of this
oxi dation, the inner wall surfaces of porous 5 silicon were covered
with very thin thermal oxide films.4 Next, this substrate
was imrersed in a 1.25% HF sol ution*fof 30 seconds to strip off the
very thin thermal oxide filns forned on the porous surface and on

10 the inner wall surfaces of the pores in the vicinity t her eof ,
followed by rinsing with pure water and then spi n-dryi ng.

Next, this porowg gkliitgOn wag heat-treated at 1,100C at 760 Torr for
10 mnutes in an atnosphere of 15 hydrogen (H err]) with a dew point of
-92[err] C or bel ow t ge&@al the resulkantushBserBeeewasTbaiaakbar inoant his
porous silicon t hus pore-seal ed, single-crystal n[err]-type GaAs was
epi taxi al |y growtmbgphelrequifdoghgen gtowobD°pr doess hobuz. As a ibealifess of
5[errlm 20 The n[err]-type GaAl As | ayer and the p-type GaAl As

| ayer were furt bér thipeppddatgbn, f theednhbeer vahl sndfaces off pprbuand
second el ectrodes were fornmed on the surface of the GaAl As | ayer 56
and the babk of sihéconl wesm coveredswhthr yesysthipetpesmplepyid®hus, a
light-emtting 25 di ode was fabricated. As a result, red-I|ight

em ssi on fadmgn i ntensity equivalent to that of an instance where
such device structure was forned on a GaAs substrate. |
- 43 - Next, this substrate was immersed in a 1.25% HF

solution for 30 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on

10 the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,100°C at 760 Torr for 10 minutes in an atmosphere of

15 hydrogen (H,) with a dew point of -92°C or below to seal
the surface pores. Thereafter, on this porous silicon
thus pore-sealed, single-crystal n -type GaAs was
epitaxially grown by a liquid-phase growth process in a
thickness of 5 pm.

20 The n-type GaAlAs layer and the p -type GaAlAs
layer were further superposingly formed thereon, and
first and second electrodes were formed on the surface
of the GaAlAs layer 56 and the back of the silicon
substrate 51, respectively. Thus, a light-emitting

25 diode was fabricated. As a result, red-light emission
at an intensity equivalent to that of an instance where

such device structure was formed on a GaAs substrate.



Exanpl e 8 Fig. 6 is a cross-sectional diagramatic view of a
sem conductor laser as a light-emtting device according to the
present invention. In Fig. 6, 5 reference nuneral 61 denotes a silicon
substrate; 62, a por ous | ayer; a silicon |ayer as the

por e- seal ed portion of the porous4|ayer 64, an n[err]-type GaAs

| ayer; 65, a p[err]-type GaAs |l ayer; 66, an n[err]-type ZnSe buffer

| ayer; 67, an n[err]-type ZnMgSSe | ayer; 68, a ZnSSe/ ZnCdSe 10 | ayer;
69, a p[err]-type ZnMySSe | ayer; 610, a p[err]-type ZnSe | ayer; 611,
a plerr]-type ZnSe@ggHbﬂéngﬁ; 612, a p[err]-type ZnTe | ayer; and
613, electrodes. A process for fabricating the device of the present

Exanple wi |l be S idetdyl-Bdctibhal diagrafnatile peidw idER
di anmeter (100) si ngl e crystal silicon substrate having a thickness

of 625 pm and semiconductjpatifdser e H dnicghtofenfi i rddvicya was anodi zed in
a solution of HF diluted with alcohol to forma porous

silicon | ayer amcandingndoeithe gresdrdr imiention.acdn Fg. 6, The
substrate was anodi zed under the foll ow ng condi ti ons.

Cur r ent dbnmrqpferenwanﬁumeqal 51 deﬂﬂﬁﬁﬁzﬁrﬂ}%ﬂﬂqnlﬁﬂ?Strate' 62, a

HF:H err]0: Cferr]Herr] OH = i me: 12 mnutes 25 Thi ckness
of porous sil |R9ﬁ9‘+sa9@rYer'1(§3pma Silicqur]d"éﬁﬁl .agJfpe pore-sealed,i he

rezzl 'Eant substy 6'112[:1.60nV\'%})Sf Ot edlpzoezgodsn layer, 64, an n"-type GaAs layer:

65, a p'-type GaAs layer; 66, an n"-type ZnSe buffer
layer; 67, an n -type ZnMgSSe layer; 68, a ZnSSe/ZnCdSe

10 layer; 69, a p-type ZnMgSSe layer; 610, a p™-type ZnSe
layer; 611, a p -type ZnSe/ZnTe layer; 612, a p -type
ZnTe layer; and 613, electrodes. A process for
fabricating the device of the present Example will be
described below.

15 An n-type 5-inch diameter (100) single-crystal
silicon substrate having a thickness of 625 pm and a
specific resistance of 0.01 Q.cm was anodized in a
solution of HF diluted with alcohol to form a porous
silicon layer on its one-side specular main surface.

20 The substrate was anodized under the following
conditions.

Current density: 7 mA/cm?
Anodizing solution: HF:H,0:C,HOH = 1:1:1
Time: 12 minutes

25 Thickness of porous silicon layer: 10 pm

Porosity: 20%

Next, the resultant substrate was oxidized in an



at nosphere of oxygen at 400[err]C for 1 hour. As a result of this

oxi dation, the inner wall surfaces of porous silicon were covered
with very thin thernmal oxide filmns. 5 Next, this substrate
was imrersed in a 1.25% HF sol ution for 30 seconds to strip off the
very thin thermal oxide films forn®& on the porous surface and on
the inner wall surfaces of the pores in the vicinity t her eof ,
followed by rinsing with pure water and then 10 spi n-dryi ng.

Next, this porous silicon was heat-treated at 1,000[err]C at 10 Torr

for 10 m nut esaltiﬂegghg anehskggeh at 400° Ey%egqnhsuwrkg W thsaidew

point of -92[err el ow to he surface pores. Thereafter,
on this porousggi kh§@Noxidationsi RELE1AMKS! abm[ slilratsRe o€ poras

epitaxially grown by MBE in a thickness of 5 [err]m The
plerr]-type GaAsihewar ward thoerbar ¢lithypergntainayhermal oxigere further
superposingly forned thereon, and then the nferr]-type ZnSe | ayer
was patterned gadmsenoved in stripes. 20 Thereafter, the n-type ZnMySSe
| ayer, the ZnSSe/ ZnCdSe | ayer, the p-type ZnMySSe | ayer, the p-type
ZnSe 5 layer, Nextp-this BuBstIate Wapeimmgxgedndnpat Jpd53nHE

| ayer were further fornmed thereon. On the surface of t he upper nost

| ayer, a f|rstSAﬁPP@PPdf@Fe§Qr§@@°Wé§ tos stripookfd thenyegy thénback a
second In electrode t hen a pul se voltage was applied. As a result,

li ght was eEWPﬂtéﬁlgﬁ F&&Wﬁt@ﬁﬁ@?&tGPetP%k€°§Ru§n§F£ﬁ@€ewﬁBpe°§uch

- 45 -

the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then
10 spin-drying.

Next, this porous silicon was heat-treated at
1,000°C at 10 Torr for 10 minutes in an atmosphere of
hydrogen (H,) with a dew point of -92°C or below to seal
the surface pores. Thereafter, on this porous silicon,

15 single-crystal n -type GaAs was epitaxially grown by MBE
in a thickness of 5 pm.

The p -type GaAs layer and the n -type ZnSe layer
were further superposingly formed thereon, and then the
n-type ZnSe layer was patterned and removed in stripes.

20 Thereafter, the n-type ZnMgSSe layer, the ZnSSe/ZInCdSe
layer, the p-type ZnMgSSe layer, the p '-type ZnSe
layer, the p-type ZnSe/ZnTe layer, and the p-type ZnTe
layer were further formed thereon. On the surface of
the uppermost layer, a first An/Pt/Pd electrode was

25 | formed, and on the back a second In electrode, then a
pulse voltage was applied. As a result, light was

emitted at room temperature like an instance where such



devi ce structure was fornmed on a GaAs substrate. The t hr eshol d

current density was 210 A/cnferr] in either case. Exanple 9
Fig. 7 is a cross-sectional diagrammtic view of 5 an HEMI (Hi gh

El ectron Mobility Transistor) as a transi stor according to the
present invention. In Fig. 7, ref &r &%cé& nuneral 71 denotes a silicon
substrat e; 72, a porous l|layer; 73, a silicon |ayer as the

por e-seal ed portion of the porous layer; 74, a 10 single-crystal GaAs

| ayer; 75, a non-doped GaAs | ayer; 76, an n-type Al GaAs |ayer; 77,

an n-type GaAs |d'@(§{]c'c? structur® géd%%neﬁi)l&?% YR 'R¥trabe 2N T Jate

el ect r ode; 710, an Au rain. A process for fabricating the

device of the praseidhdi@MireaMt ladisidgsardd e el iASeither cabl.

n-type 5-inch diameter (100) single-crystal silicon substrate having
a thickness of 625 pBswble 9 specific resistance of 0.01 [err].cm was
anodi zed in a solution of HF diluted with alcohol to forma porous
silicon layer on its Rige- 9 des spendsa-semtiowlf abdagraimatic viewllns
substrate was anodi zed under the foll ow ng condi ti ons.

Current derfsity:ary HENT f{Hégl] Electromiehidiity Sitansigtor) as a
HE-Herr]Oderr]Herr]OH = 1:1:1 Time: 12 m nutes 25 Thi ckness
of porous silicdFangigtor aFrqaRding to phearepentygnvention. InnE4G- t he

resul tant substrate s oxidized in an
- 46 - 7, reference numeral 71 denotes a silicon substrate;

72, a porous layer; 73, a silicon layer as the
pore-sealed portion of the porous layer; 74, a
10 single-crystal GaAs layer; 75, a non-doped GaAs layer;
76, an n-type AlGaAs layer; 77, an n-type GaAs layer:
78, an AuGe source electrode; 79, an Al gate electrode;
and 710, an AuGe drain. A process for fabricating the
device of the present Example will be described below.
15 An n-tfpe 5-inch diameter (100) single-crystal
silicon substrate having a thickness of 625 pym and a
specific resistance of 0.01 Q.cm was anodized in a
solution of HF diluted with alcohol to form a porous
silicon layer on its one-side specular main surface.
20 The substrate was anodized under the following
conditions.
Current density: 7 mA/cm?
Anodizing solution: HF:H,0:C,HOH = 1:1:1
Time: 12 minutes
25 Thickness of porous silicon layer: 10 um
Porosity: 20%

Next, the resultant substrate was oxidized in an



at nosphere of oxygen at 400[err]C for 1 hour. As a result of this

oxi'dation, the inner wall surfaces of porous silicon were covered
with very thin thernmal oxide filmns. 5 Next, this substrate
was imrersed in a 1.25% HF solution for 30 seconds to strip off the
very thin thermal oxide films formefbon the porous surface and on
the inner wall surfaces of the pores in the vicinity t her eof ,
followed by rinsing with pure water and then 10 spi n-dryi ng.

Next, this porous silicon was heat-treated at 1,000[err]C at 1 Torr

o 0o Noses el AR RCLS b at 400PYEBECH BELE.IThshal Beudgl

poi nt of -92[er?] oW to the "Surface pores

on this porous %FL%%&@’oxlaft%o%kPQh%’iﬁ%ﬁ&abagﬁﬁéuW@%c%QiE&ngkgﬁfgromm by

MBE in a ness o The non-doped ayer,

the n-type A Gagdshavel were covaled! ke th Wke Eadh hAvemalebilger t her
formed thereon. The gate, the source and the drain were fabricated

20 thereon t&igg.up an HEMI. As a result, it operated at a high
speed |i ke an instance where such device structure was forned on a
GaAs subst sat e. Next, thEsaspbsti@te was immers@do inwbsflr.25&s Hihong
three p-type (replaceable 25 with n-type) 6-inch dianmeter (100)
singl e-crystal solutiosi lfiogoR0ssecondsesoestiripavifdy thet Neawndddnof 615 pm
and a specific resistance of 0.01 [err].cmwere anodi zed in
- 47 - thermal oxide films formed on the porous surface and on

the inner wall surfaces of the pores in the vicinity

thereof, followed by rinsing with pure water and then

10 spin-drying.

Next, this porous silicon was heat-treated at
1,000°C at 1 Torr for 10 minutes in an atmosphere of
hydrogen (H,) with a dew point of -92°C or below to seal
the surface pores. Thereafter, on this porous silicon,

15 single-crystal GaAs was epitaxially grown by MBE in a
thickness of 5 pm.

The non-~-doped GaAs layer, the n-type AlGaAs layer
and the n-type GaAs layer were further formed thereon.
The gate, the source and the drain were fabricated

20 thereon to set up an HEMT. As a result, it operated at
a high speed like an instance where such device
structure was formed on a GaAs substrate.

Example 10

Two substrates among three p-type (replaceable

25 with n-type) 6-inch diameter (100) single-crystal

silicon substrates each having a thickness of 615 pm

and a specific resistance of 0.0l Q.cm were anodized in



a solution of HF diluted with al cohol to form porous silicon |ayers

on its one-side specular main surfaces. The substrates were
anodi zed under the foll ow ng condi tions. 5 Current density: 7
mA cnferr] Anodi zing solution: HF:HerrJO(err]Herr]OH ="1:1:1
Time: 12 m nutes Thi ckness of pordus silicon layer: 10 pm

Porosity: 20% 10 Next, the resultant substrates were oxidized in
an at nrosphere of oxygen at 400[err]C for 1 hour. As a result

of this oxidation, the inner wall surfaces of porous silicon were

covered with Vgré/oi&%{']oﬂ hGE "l &’iéilg?ed with %i%cggcr%rﬁcform ordlgxt, one of

these sub;trates was eat-treate . at f%o Torr for 1
mnute while f&oM O6h 280vers on idtd dhdisife deldRataiwadutfesded for 5

mnutes with addition of 50 sccmof SiHerr], to seal the surface
pores. Nex t sulpdti eSS i€ Canb @i dd alutde O ti®NESI BGEsy 20
(100) silicon substrates, single-crystal GaAs was epitaxially grown
by MOCVD ( Met atordpyeddes Chemi cal Vapor Deposition) in a thickness of
1 pm It was grown under the follow ng conditions. Sour ce
gas: TMGa8 AsHXwPres densghby pr edswhiom®* 80 Torr Tenper at ur e:
700[err]C As a result of cross-sectional observation with a

- 48 - Anodizing solution: HF:H,0:CHOH = 1:1:1

Time: 12 minutes
Thickness of porous silicon layer: 10 pm
Porosity: 20%

10 Next, the resultant substrates were oxidized in an
atmosphere of oxygen at 400°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous
silicon were covered with very thin thermal oxide
films.

15 Next, one of these substrates was heat-treated at
1,050°C at 760 Torr for 1 minute while flowing 230
1/min of H, and further heat-treated for 5 minutes with
addition of 50 sccm of SiH,, to seal the surface pores.

Next, on these three pre-treated or non-treated

20 (100) silicon substrates, single-crystal GaAs was
epitaxially grown by MOCVD (Metal Organic Chemical
Vapor Deposition) in a thickness of 1 uym. It was grown
under the following conditions.

Source gas: TMGa/AsH,/H,

25 Gas pressure: 80 Torr

Temperature: 700°C

As a result of cross-sectional observation with a



transm ssion el ectron mcroscope, it was confirnmed that no crystal

défects were brought in the GaAs | ayer formed on the porous silicon
heat-treated with addition of SiHerr] and a GaAs |ayer with a good
crystal quality was 5 formed. At the sane tinme, it was al so confirmed
that a very clear and snooth i nt er *8c& was forned between the

porous silicon |layer sealed with silicon at its surface and the GaAs
| ayer. Wth regard to the substrate on whi ch the porous surface was
formed but the GaAs | ayer 10 was formed without the heat treatnent with

addi tion of transalildsSid ’elgd%i%?'g?g.% o 'ts E.ét\/%so '&o‘Mpr‘.I}m%Ql “ﬂt\%ctt ron

m croscope revealed that the inter et weén orous silicon

and the GaAs | ayeloriRitdln qefacty YRire brought ih andl dallstNGSd" hei ght of
about 100 nm As for 15 the instance where the GaAs | ayer was forned

directly fotimed @rs itheC Qorowes igidliton hea- trdfatedd Wit RG4S on

| ayer, it was confirmed that countless twin defects, stacking faults
and di sl ocati omef \8aiy bndughGahs laper with &adeodageystabngqhdei 67/ ads
interface. 20 A region of 50 [err]msquare of the GaAs | ayer was
al so neasdr ed fommegh atAdnithef sage timessddparaiso aflisod confirmetdhehanr Bace
roughness. The roughness of the surface of the substrate
heat-treated i Vo3 SL953pRace sgpothdingexface was)formeddbgtpeen: the - 95C
and on which the conpound 25 sen conductor |ayer was fornmed was 0.3 nm
as average p°r9§%E§Pélﬁﬁﬁgﬂﬁ§§§ erRAdeR wifihe Biddsoruer divSosHEfackan

Ehzgs?rface ro%%gh%%% %%A%’ia@gktouagt nr%%a& S%%n%%e substrate on

which the porous surface was formed but the GaAs layer-

10 was formed without the heat treatment with addition of
SiH,, cross-sectional observation with an electron
microscope revealed that the interface:between the
porous silicon and the GaAs layer was in a disorder
with a difference in height of about 100 nm. As for

15 the instance where the GaAs layer was formed directly
on the silicon substrate without forming the porous
layer, it was confirmed that countless twin defects,
stacking faults and dislocations were brought in the
GaAs layer from the Si/GaAs interface.

20 A region of 50 ym square of the GaAs layer was
also measured with an atomic force microscope to find
the surface roughness. The roughness of the surface of
the substrate heat-treated in an atmosphere of hydrogen
with a dew point of -95°C and on which the compound

25 semiconductor layer was formed was 0.3 nm as average
square roughness (Rrms), which was much smoother than

the surface roughness of 3.5 nm found in an instance



where the porous silicon was not fornmed and the GaAs | ayer was
directly formed on the silicon substrate (an I nstance of off-angle
of O degree), and was better than t he surface roughness of 0.42 nm
found in an instance 5 of off-angle %b 4 degrees. Crysta
defects actualized by defect-actualizing et hcing were al so counted
on an optical mcroscope to find defect density, which was found to
be about 1 x 10[err]/cnferr]. 10 Meanwhi l e, in the instance
where the porous | ayer was not forned, the defect density was as

high as about where theX pHdd 11N lwasitbt EdriRd RHERR WL the
porous | ayer was fornmed but was not heat-treated with addition of

SiHerr], it wasayowasl ¢irEEN [foredl Idn thkd silicon sob¥fatelan

A p-type (replaceable with n-type) 5-inch dianeter (100)

si ngl e-cryst al isidtaywme afostfifatangife @fldyrdegrear ), and wafst batfler, thati ng a
t hi ckness of 625 pm and a specific resi stance of 0.01 [err].cm was
anodi zed i n a ddhaitsunfage rafighneags d¢iff @.d@ wm fainsola amo ingrtarecepor ous
silicon | ayer on its one-side specular nmain surface. The

substrat e vas &foRtHePngiFecs Ke dagnesti-ng condi ti ons.

CH:llér rHFg; r ?(Ca)nél[ te?/r] L[ g}wiry](%j?%- G]Pff'cfs acAtQ‘%dl%‘lz SOl Utflﬁtﬁteéc’tuallzlﬂﬂ ckness

Of porous Slll(u¥hél émﬁere Jiso counted on an optical microscope to - 50
find defect density, which was found to be about 1 x
10%/cm?,

10 Meanwhile, in the instance where the porous layer
was not formed, the defect density was as high as about
1 x 10°/cm?, and in the instance where the porous layer
was formed but was not heat-treated with addition of
SiH,, it was about 1 x 10°/cm?.

15 Example 11

A p-type (replaceable with n-type) 5-inch diameter -

(100) single-crystal silicon substrate of 0 degree in
off-angle, having a thickness of 625 pym and a specific
resistance of 0.0l Q.-cm was anodized in a solution of

20 HF diluted with alcohol to form a porous silicon layer
on its one-side specular main surface.

The substrate was anodized under the following

conditions.
Current density: 7 mA/cm?

25 Anodizing solution: HF:H,0:C,HOH = 1:1:1
Time: 12 minutes

Thickness of porous silicon layer: 10 pm



Porosity: 20% Next, the resultant substrate was oxidized in an

at nosphere of oxygen at 300[err]C for 1 hour. As a result of this
oxi dation, the inner wall surfaces of porous 5 silicon were covered
with very thin thermal oxide filmegy _ Next, this substrate
was imrersed in a 1.25% HF solution for 20 seconds to strip off the
very thin thermal oxide filns forned on the porous surface and on

10 the inner wall surfaces of the pores in the vicinity t her eof ,
followed by rinsing with pure water and then spi n-dryi ng.

Next, this porpgsositiyeon2e8s heat-treated at 1,050[err]C at 80 Torr

for 10 mnutes in an atnosphere of 15 hydrogen (H err]) while adding 20
sccmof SiHerr], tmNegeal thBeresultanBustibstrabécsas oxidized inlanthis

state, the substrate was taken out and its surface roughness was
nmeasur ed with atmaspherefofcexygen atnd@@dScHpe, 1whene. undal atresslwi th an
anplitude of 4 nm 20 at periods of about 4 [err]mwere observed. A

substrate of thigtenidatioe, sthe hanerrwall ferfpoestoeftppsous
observation was brought to the subsequent step. Next, on this
porous si?i conSikiagnecvergseavergdswith VerﬁagthiFﬁﬁF@Piyoﬁ%éﬂn by MOCVD
(Metal Organic_Chem cal 25 Vapor Deposition) in a thickness of 1 pm
It was grown films. ynder the foll ow ng conditions. Sour ce gas:

TMza/ AsH3/ H2 Next, this substrate was immersed ifi‘a 1.25% HF

solution for 20 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on

10 the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,050°C at 80 Torr for 10 minutes in an atmosphere of

15 hydrogen (H,) while adding 20 sccm of SiH,, to seal the
surface pores.

In this state, the substrate was taken out and its
surface roughness was measured with an atomic force
microscope, where undulations with an amplitude of 4 nm

20 at periods of about 4 ym were observed. A substrate
treated in the same manner but not put to this
observation was brought to the subsequent step.

Next, on this porous silicon, single-crystal GalAs
was epitaxially grown by MOCVD (Metal Organic Chemical

25 Vapor Deposition) in a thickness of 1 uym. It was grown
under the following conditions.

Source gas: TMGa/AsH,/H,



Gas pressure: 80 Torr Tenperature: 700 C As a result of
cross-sectional observation with a transm ssion el ectron m croscope,
it was confirned that 5 no crystal defects were brought in the GaAs

| ayer and a GaAs layer with a gogdggrystal quality was formed. At
the sane tine, it was also confirnmed that a very cl ear and snoot h

I nterface was forned between the porous silicon | ayer sealed with
silicon at its surface and 10 the GaAs layer. A region of 50 pm square
of the GaAs | ayer was al so nmeasured with the atom c force

m croscope to thBdprbesawelacgor evghness. The surface roughness was
0.4 nm as average square roughness (Rrms), which was much snoot her
than the surfarempératureeugbdoess of 3.5 nmfound in an instance where the
porous silicon was not formed and the GaAs | ayer was directly forned
on the silicon subshAsageresnlitnofagross-sectiohadf pbaggratdpnowdslr gae), and
was substantially equal to the surface roughness of 0.42 nmfound in
an 20 i nst smooswHissipnagdectsprymiegpseope, 1t was confiymed) thatect s

actual i zed by defect-actualizing et hcing were %%%%aiountedngn an
optical nPcrosBgperygtal defeFFﬁdWGEFePF°H9H§|3? WEINE"Po e
about 5 x A

p-type (replacggﬁﬁe&%& 5 gk%pé)QQP%nEHYEFg&ESE?ig%Y Wé%(fBE ed. At

?lggl? crystal %blgg%g %1m%£r§Eew%E glg%gESQfEQmed that a very clear
and smooth interface was formed between the porous
silicon layer sealed with silicon at its surface and

10 the GaAs layer. A region of 50 pm square of the Gaas
layer was also measured with the atomic force
microscope to find the surface roughness. The surface
roughness was 0.4 nm as average square roughness
(Rrms), which was much smoother than the surface

15 roughness of 3.5 nm found in an instance where the
porous silicon was not formed and the GaAs layer was
directly formed on the silicon substrate (an instance
of off-angle of 0 degree), and was substantially equal
to the surface roughness of 0.42 nm found in an

20 instance of off-angle of 4 degrees.

Crystal defects actualized by defect-actualizing
ethcing were also counted on an optical microscope to
find defect density, which was found to be about 5 x
10%/cm?.

25 Example 12

A p-type (replaceable with n-type) 5-inch diameter

{100) single-crystal silicon substrate of 0O degree in



of f-angl e, having a thickness of 625 [err]mand a specific

resi stance of 0.01 [err].cmwas anodi zed in a solution of HF dil uted
with al cohol to forma porous silicon |ayer on its one-side specul ar
mai n surface. 5 The substrate anodi zed under the follow ng
condi ti ons. Current density: 7 mANcnjerr] Anodi zi ng sol ution:
HF: H20: C2HOH = 1:1:1 Time: 12 mnutes 10 Thi ckness of porous
silicon layer: 10 [err]m Porosity: 20% Next, the

resul tant substrate was oxidized in an at nosphere of oxygen at
300[err] C for lofdngiAs, chdwhtd ta thickndds tdf S6Z&idatamd, a tdgedifes wal |
surfaces of porous 15 silicon were covered with very thin thernmal oxide
filmns. residdnrice tdif O AL qUscs i was canodizdikaln td esd it dn of
1,050[er]rC at 80 Torr for 5 mnutes in an atnosphere of hydr ogen
(Herr]) and sUiBetjiuted wicth -akechel torfdrm 20 porgus sigkiown hLayklrt i on
of 20 sccmof SiHerr]C[err], to seal the surface pores. The
tenper at ure wasCRIrEHRRG IR WeF aR main surfag@s. On this porous

silicon, single- crystal was epit axi al %lkgr own bf_’ MOCVD ( Met al
Organi ¢ CRemi cal %ﬁ)‘?r%d’ﬁ 1zed, Yk ide FAIOWHRI 1t was
growmn 25 under.t h.e foI | ow ng condl t I ons. Sour ce gas:

TI\/Ga/AsH[err]/I% q‘]t * (Gas pressure: 80 Torr
- B3 -

Current density: 7 mA/cm?
Anodizing solution: HF:H,0:C,HOH = 1:1:1
Time: 12 minutes

10 Thickness of porous silicon layer: 10 um
Porosity: 20%

Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 300°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous

15 silicon were covered with very thin thermal oxide
films.

Next, this porous silicon was heat-treated at
1,050°C at 80 Torr for 5 minutes in an atmosphere of
hydrogen (H,) and subsequently heat-treated for 5

20  minutes with addition of 20 scom of SiH,Cl,, to seal the
surface pores. The temperature was dropped to 700°C as
it was. On this porous silicon, single-crystal GaAs
was epitaxially grown by MOCVD (Metal Organic Chemical
Vapor Deposition) in a thickness of 1 ym. It was grown

25 under the following conditions.

Source gas: TMGa/AsH,/H,

Gas pressure: 80 Torr



Tenperature: 700[err]C As a result of cross-sectional
observation with a transm ssion el ectron m croscope, it was
confirmed that no crystal defects were brought in the GaAs | ayer and
a b5 GaAs | ayer with a good crystal Qs ity was fornmed. At t he
sane time, it was also confirmed that a very clear and snoot h

I nterface was forned between the porous silicon | ayer sealed with
silicon at its surface and the GaAs layer. A region of 50 [err]m
square of the GaAs 10 | ayer was al so neasured with an atom c force

m croscope Temperafunes t durface roughness. The surface roughness

was 0.4 nm as average square rﬁﬁghness (Rrs), which . was much
smoot her than the &4 PadeFHdyifesrass-sertipnal obsexyatdiam wirth st ance

where the porqus sil.icaon wa fornmed and the GaAs | ayer was

t 15
directly forned BF¥HHRSLOD eslerégqqqrbmw,e 1(tar’f’aﬁ1§°&}ﬁ:1é'“!ﬁyd datangl e
f O d d bst anti.al | | t f
(r)oughness of 8%2%%%%)%??‘%?%;%%1%2% ﬁ@é}lg&%qg‘?'f -tg%glc%%ss Lirayae(:lgfarﬂi (?eﬁr ees.
20 Cr ' f - | ZI t hci
were al scf)3 cou)r(l';t%téf%LJ &%yf?%ﬁauﬁ%ﬁ%&é%qt ?aaﬁql}j%}fa:sﬁ:fo%é‘?e&'t (f?aiﬁsi tCIyng
which was fourghd Gdie AHE, I+ was also Uoirilnd SHde 2 yery clear Exanpl e

13 25 A p-type (replaceable with n-type) 5-inc
(100) singl e- angstsitloott iiGi T (st frnedl 8@ t8Redn the pordid -angl e,

having a thickness of 625 [err]mand a specific
- 54 - silicon layer sealed with silicon at its surface and
the GaAs layer. A region of 50 um square of the Gaas
10 layer was also measured with an atomic force microscope
to find the surface roughness. The surface roughness
was 0.4 nm as average square roughness (Rrms), which
was much smoother than the surface roughness of 3.5 nm
found in an instance where the porous silicon was not
15 formed and the GaAs layer was directly formed on the
silicon substrate (an instance of off-angle of 0O
degree), and was substantially equal to the surface
roughness of 0.42 nm found in an instance of off-angle
of 4 degrees.
20 Crystal defects actualized by defect-actualizing
ethcing were also counted on an optical microscope to

find defect density, which was found to be about 5 x

10%/cm?.
Example 13
25 A p-type (replaceable with n-type) 5-inch diameter

(100) single-crystal silicon substrate of O degree in

off-angle, having a thickness of 625 um and a specific



resi stance of 0.01 [err].cm was anodized in a solution of HF dil uted

with al cohol to forma porous silicon |ayer on its one-side specul ar
mai n surface. The substrate was anodi zed under the follow ng

5 condi ti ons. Current density 54 mA cn? Anodi zi ng
solution: HF-Herr]Oderr]Herr]OH=1:1:1 Time: 12 mnutes

Thi ckness of porous silicon layer: 10 pm 10 Porosity: 20%

Next, this substrate was inmersed in a 1.25% HF solution for 20

seconds to strip off very thin oxide films, formed qn the porous
surface and ofFgHestangs of 0.01 Ryqm K@% a?(ﬂé%‘i’tﬁeq He? ;?or%ﬁqq?‘%én{/i cinity

and._.t.hen

th f, 15 foll by .rinsi i th t _
spﬂl?gr yi ng. HF do-lluotveveéj "7\%133{ tar}tsclrﬂq'g’l\émoi?%d{@oué'}eﬁm&ﬂ?% ﬁ‘?@ﬁtq% SRYEF at

950[err] C at 20 Tary for 10, mput | t'r{B_sﬂp:%;e of hydr ogen
(Herr]) whil &a |Snngff([) s;ic%ermn%é%rgrﬁ}j@to seal the 20 surface
pores, and the tenpg{atdifWasALAPehdd ZPIBIdC the folwidg Was. O

this porous silicon, after supply gases wer e changed, single-crystal
Al GaAs was epidshdidtions. grown by MBE (Mol ecul ar Beam Epitaxy) in a

t hi ckness of 1 [errlm 25 As a result of cross-sectional
observati on wddrient densittynsIi s adin®el ectron m croscope, it was
confirmed that no crystal defects were brought in the Al GaAs | ayer
and Anodizing solution: HF:H,0:C,H,0B5= 1:1:1

Time: 12 minutes
Thickness of porous silicon layer: 10 pm
10 Porosity: 20%

Next, this substrate was immersed in a 1.25% HF
solution for 20 seconds to strip off very thin oxide
films formed on the porous surface and on the inner
wall surfaces of the pofes in the vicinity thereof,

15 followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
950°C at 20 Torr for 10 minutes in an atmosphere of
hydrogen (H,) while adding 30 sccm of SiH,, to seal the

20 surface pores, and the temperature was dropped to 700°C
as it was. On this porous silicon, after supply gases
were changed, single-crystal AlGaAs was epitaxially
grown by MBE (Molecular Beam Epitaxy) in a thickness of
1 pm.

25 As a result of cross-sectional observation with a
transmission electron microscope, it was confirmed that

no crystal defects were brought in the AlGaAs layer and



an Al GaAs | ayer with a good crystal quality was forned. At the sane

tine, it was also confirnmed that a very clear and snooth interface
was formed between the porous silicon |ayer sealed with silicon at
its surface 5 and the Al GaAs | ayer.- 36region of 50 [err] m square of
t he Al GaAs | ayer was al so neasured with an atomc force

m croscope to find the surface roughness. The surface roughness was
0.41 nm as average square roughness (Rrs), which was nuch snoot her
than the surface 10 roughness of 3.7 nmfound_ in an instance where the

porous silicon ¥sAHERAF o} HERT Wilithhe gPedcryafal quality was fesmedy

formed on the sjlicon substrate (an instqfce ) qé of f-angle of 0O

degree), and waltsEHBS:SRPP aFtYSeqhhl was also gopfirmed Hhat 3 ¥pfess of

0.42 nmfound inyan_ 1 L nst ance o ff-anglLe of [e

Cryst al de?eCtgcﬁé?ﬁa?géeﬁm%? e*%g ¥%2$%aY?§? %rmed4bggg?%§?ﬁﬁemere al so
{ od . : £ q 1y :

found o be aboretoly SLELESAOPEOP seated vl b §F1EEL SGELILY oibigceras

A p-type (§epl ageable vhiGakls | Yagds 5 | AHGl GHPGET50 ym sqhdf@)or the

si ngl e-crystal I con substrate of O degrée In angl e, having a

thi ckness of 62B1@aasntapesPResfalso measur&8i wiBNCENCAtOMPd E6FEL. CM Was
anodi zed in a solution o 25 HF diluted with al cohol to forma porous

silicon |ayer microsénpéttoofitndi tite sPecLihds roughsessaceThe surface  The
substrate was anodi zed under the foll ow ng
- 56 - roughness was 0.41 nm as average square roughness
| (Rrms ), which was much smoother than the surface
10 roughness of 3.7 nm found in an inétance where the
porous silicon was not formed and the AlGaAs layer was
directly formed on the silicon substrate (an instance
of off-angle of 0O degree), and was substantially equal
to the surface roughness of 0.42 nm found in'én
15 instance of off-~angle of 4 degrees.
Crystal defects actualized by defect-actualizing
ethcing were also counted on an optical microscope to
find defect density, which was found to be about 7 x
10%/cm?.
20 Example 14
A p~type (replaceable with n-type) 5-inch diameter
(100) single-crystal silicon substrate of 0 degree in
off-angle, having a thickness of 625 pym and a specific
resistance of 0.01 Q.cm was anodized in a solution of
25 HF diluted with alcohol to form a porous silicon layer

on its one-side specular main surface.

The substrate was anodized under the following



condi ti ons. Current density: 7 mANcnferr] Anodi zi ng sol ution

HF-Herrl]Oderr]Herr]OH = 1:1: 1 Time: 12 m nutes 5 Thi ckness
of porous silicon layer: 10 [err]m Porosity: 20% Next ,
this substrate was imersed in a 1. 25% HE 56 - solution for 20 seconds to
strip off very thin oxide films formed on the porous surface and on
the inner 10 wal | surfaces of the pores in the vicinity thereof,
followed by rinsing with pure water and then spi n-dryi ng.

Next, this porous silicon was heat-treated at 1,100[err]C at 760
Torr for 10 m nGPBEAitAORS-at nosphere of 15 4% H2: 96% Ar whi |l e addi ng 30
sccmof SiHerr], to seal the surface pores, and the tenperature was

dropped to 7ooccurrent densityss 7oMMYRMS porous silicon, after supply
gases were changed, sSingle-crystal. was _epitaxially
grown by MBE (@P@%&F&%ngg%“ﬁgPPax#@i’ 2%‘%%@@@53‘51? 1 20 1 [err]m

As a result of PLQaS- S %thggﬁke bservation with a transm ssi on

el ectron mcroscope, if was confirnmed that no crystal defects were
brought ingthe \Y 213 ggg;.la r.wth a good crystal
qual ity mag for?é%éﬁaggg gEA?B?ﬁgssgﬁél??#Q# It ﬁasxglgglconfirned that a
very cl eppragd tyivoRbgi nterface was formed between the por ous
silicon layer sealed with silicon at its surface

- 57 - Next, this substrate was immersed in a 1.25% HF

solution for 20 seconds to strip off very thin oxide
films formed on the porous surface and on the inner

10 wall surfaces of the pores in the wvicinity thereof,
followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,100°C at 760 Torr for 10 minutes in an atmosphere of

15 4%-H,:96%-Ar while adding 30 sccm of SiH,, to seal the
surface pores, and the temperature was dropped to 700°C
as it was. On this porous silicqn, after supply gases
were changed, single-crystal AlGaAs was epitaxially
grown by MBE (Molecular Beam Epitaxy) in a thickness of

20 1 pm.

As a result of cross-sectional observation with a
transmission electron microscope, it was confirmed that
no crystal defects were brought in the AlGaAs layer and
an AlGaAs layer with a good crystal quality was formed.

25 At the same time, it was also confirmed that a very
clear and smooth interface was formed between the

porous silicon layer sealed with silicon at its surface



and the Al GaAs |l ayer. A region of 50 pm square of the Al GaAs | ayer

was al so neasured with an atomc force m croscope to find the
surface roughness. The surface roughness was 0.41 nm as average
squar e roughness 5 (Rrns), which wa®/mrch snoot her than the surface
roughness of 3.7 nmfound in an instance where the porous silicon
was not formed and the Al GaAs | ayer was ' directly formed on the
silicon substrate (an instance of off-angle of 0O degree), and was

Tnstance of SR Dot A reaton S¥ BT 4 sqant & Fhtial [ zod
by el ot oL Wl dAd Saver yof {RABURESG) SR SRARSEGRLEY

15 10[err]/
(replaceabl e vﬁ ééoPe to f|1nx}: tcP aneter&elsrougl}riﬁ sin l‘g%e cré;as ¥
silicon subst rzﬂitfgtﬁieé)s%@ 41 nm as avids cfua:k@\@dmgrﬁuéég Ckness of

625 pmand a specific 20 resi stance of err].cmwas anodized in a
sol ution ®f  (RrmsHF which aehsinivo| eeihdo ﬁrfarrma:epcmﬁtfacse l'icon layer

on its one-side specular main surface. The substrate was
anodi zed underrdughrieds avf ). 7 nm fowshdirt iamsinstdnce wWhererthalensity: 7
mA cni err] Anodi zing solution: HFHerr]O(err]Herr]OH = 1:1:1
Tinme: 12 m nutReyrous silicon was not formed and the AlGaAs J@ayer was
directly formed on the silicon substrate (an instance
of off-angle of 0 degree), and was substantially equal
10 to the surface roughness of 0.42 nm found in an
instance of off-angle of 4 degrees.
Crystal defects actualized by defect-actualizing
ethcing were also counted on an optical microscope to
find defect density, which was found to be about 7 x
15 10%/cm?.
Example 15
A p-type (replaceable with n-type) 5-inch diameter
(100) single-crystal silicon substrate of 0 degree in
off-angle, having a thickness of 625 um and a specific
20 resistance of 0.01 Q.cm was anodized in a solution of
HF diluted with alcohol to form a porous silicon layer
on its one-side specular main surface.
The substrate was anodized under the following
conditions. |
25 Current density: 7 mA/cm?
Anodizing solution: HF:H,0:C,H,OH = 1:1:1

Time: 12 minutes



Thi ckness of porous silicon layer: 10 [err]m Porosity: 20%

Next, the resultant substrate was oxidized in an at nosphere of
oxygen at 300[err]C for 1 hour. As a result 5 of this oxidation, the

i nner wall surfaces of porous si-l sgon were covered with very thin

t her mal oxi de filmns. Next, this porous silicon was

heat -treat ed at 1, 150C for 10 mnutes in ultra-high vacuumwth a

10 degree of ultinmate vacuumof 1 x 10[err] Torr while suppl yi ng
a trace amount of silicon, to seal the surface pores. Thereafter, on
this porous siThickmess of pogioug eiddporalagenrwadOep™ axially grown by a

| i qui d- phase growth process in a thickness of 1 [errlm 15 As a
result of croderasdtivonal2®Bbservation with a transm ssion el ectron

m croscope, it was _confirnged tha nQ crystal def.ecgts were brought in
the GaP | ayer and djgxt. the zasy t \ﬂ“ﬁ?%gad:\(/?oa'acsr fé‘t’%&z&&aﬁq Yhas
formed. At t he sa tine, it I onfir t a | ear

20 and smﬁwqﬁmg’% RYIE A éf.mczgr?% E"e h&r')grigusm%t 8 I'légsu‘?ﬁltfc‘on

| ayer seal ed wi iJi Iis f fades G A region
of 50 [e?gr] m S u?tcrhziso 9&2[]&5%259, end iﬁq’%ﬁ%\%/als Sarso rne*asur(gJ W tsh an

atom c force @iﬁri%?ﬁpgfefe coverdd kWitth Wagys WiHidc aHaw@INesa.deThe surface

roughness 25 was 0.4 nm as average square roughness (Rrns), which

was nuch snootdyamd.han the surface roughness of 3.5 nm found in an
I nstance where the porous silicon was not

- 59 - Next, this porous silicon was heat-treated at

1,150°C for 10 minutes in ultra-high vacuum with a

10 degree of ultimate vacuum of 1 x 107° Torr while
supplying a trace amount of silicon, to seal the
surface pores. Thereafter, on this porous silicon,
single-crystal GaP was epitaxially grown by a
liquid-phase growth process in a thickness of 1 pm.

15 As a result of cross-sectional observation with a
transmission electron microscope, it was confirmed that
no crystal defects were brought in the GaP layer and an
GaP layer with a good crystal quality was formed. At
the same time, it was also confirmed that a very clear

20 and smooth interface was formed between the porous
silicon layer sealed with silicon at its surface and
the GaP layer. A region of 50 uym square of the GaP
layer was also measured with an atomic force microscope
to find the surface roughness. The surface roughness

25 was 0.4 nm as average square roughness (Rrms), which
was much smoother than the surface roughness of 3.5 nm

found in an instance where the porous silicon was not



formed and the GaP | ayer was directly forned on the silicon

substrat'e (an instance of off-angle of 0 degree), and was
substantially equal to the surface roughness of 0.42 nmfound in an
i nstance of off-angle 5 of 4 degrees. 59 - Crystal defects
actualized by defect-actualizing ethcing were al so counted on an
optical mcroscope to find defect density, which was found to be
about 1 x 10[err]/cnferr]. 10 Exanpl e 16 ' A

solar cell as ah%hot ovol tai ¢ devi ce accordi n% to t he present
i nvention has tforaesdk aashdhe @afodayen was directly, figrmed ong the

Ref erence nuneral,_ 41 de or ous

Si L trate; .42,
: gyg:; 43, a szlﬁiegﬁor‘é%?‘&’%%r%’:@r (ff Fﬁ’létlﬁ%’r%% %g%é?%ﬁ%%eoﬁ%ﬁt hg Iporous |
; -type I 445, r ayer ;
46?/ a p- ?ﬁ?g%&s 4"&{/&%;5 %‘,bsé:r?;;n'ti grlr -te?g)gqé:r&lﬁh?y%ﬁzj ,an d

-t I : - Akl
gafirr]ref Iyggt [ 2%’354 er ?grsasng’%affliﬁlaznng‘sgrfga,“tn}/ilorqlé:gta\laalrpnE‘rl 20 ce g)éfgoon -eﬁngclter odes.

A process fgor ¥ icdddiedde device of the present Exanple w Il be
descri bed bel ow. _ gte A p-type 5-inch dianeter (100) single-crystal
silicon substrate hayrigtall Heleiiss ituadi 48 Yy defellt-actiRadiding

resi stance of 0.01 [err].cmwas anodized in a solution of HF diluted

wi th al cohol to dthicing Mer@lisalso couridd @on drayptimal el oroectipge tepecul ar
mai n surface. - 60 -
find defect density, which was found to be about 1 x
10%/cm?. |
10 Example 16
A solar cell as a photovoltaic device according to
the present invention has the same constitution as that
shown in Fig. 4. Reference numeral 41 denotes a
silicon substrate; 42, a porous layer; 43, a silicon
15 layer as the pore-sealed portion of the porous layer;
44, a p -type GaAs layer; 45, a p'-type InGaP layer; 46,
a p-type GaAs layer; 47, an n'-type GaAs layer; 48, an
n*-type InGaP layer; 49, an n'-type AlInP layer; 410, an
anti-reflection layer; and 411 and 412, first and
20 second electrodes.
A process for fabricating the device of the present
Example will be described below.
A p-type 5-inch diameter (100) single-crystal
silicon substrate having a thickness of 625 pm and a
25 specific resistance of 0.01 Q.-cm was anodized in a

solution of HF diluted with alcohol to form a porous

silicon layer on its one-side specular main surface.



The substrate was anodi zed under the follow ng condi ti ons.

Cur r enf density: 7 mAcnferr]

Anodi zi ng sol ution:

HFHerr]O:Cerr]Herr]OH = 1:1: 1 5 Time: 12 mnutes Thi ckness
of porous silicon layer: 10 pm Roregsity: 20% Next ,
resul tant substrate was oxidized in an at nosphere of oxygen at

400[ err] C for

1 hour. As a result 10 of this oxidation, the inner

surfaces of porous silicon were covered with very thin thernal

filmns.

Next, this substrate was immersed in a 1.25% HF

t he

wal |
oxi de

solution for 30 secHPRIsSYRSEYate vas anpdizad ynder the follRiRg oxide

films forned on t%h orous surface and on the inner wall surfaces of

the pores in tF&
wat er and the
was heat-trea

thereof, followed by rinsing with pure

Next, this porous silicon
(QFTgnt 2‘8&&‘%; 100

err’icanat 760 Torr fo 1 mnute in an

at mosphere of A dlzlﬁ%dé%?&érﬂ[ erﬁf}sgfh?n Sétif e.r]_tly heat-treated for 5
S I Her

m nutes with a fitrs
surface ppres.oipes eafd Ghin®fed hi S porous sili con

ccm of to seal the

GaAs was epitaxially growm by a 25 i qui d-phase growt h process in

t hi ckness of OSripigkness of poroud sillfcdmyRdyere ¥jai]-type I nGaP | ayer,
GaAs | ayer, the n[err]-type GaAs | ayer, the n[err]-type

the p-type
| nGaP
10
15
20
25

Porosity: 20% - 61 -

Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 400°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous
silicon were covered with very thin thermal oxide
films.

Next, this substrate was immersed in a 1.25% HF
solution for 30 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on
the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,100°C at 760 Torr for 1 minute in an atmosphere of
hydrogen (H,) and subsequently heat-treated for 5
minutes with addition of 20 sccm of SiH,Cl,, to seal the
surface pores. Thereafter, on this porous silicon,
single~crystal GaAs was epitaxially grown by a
liguid-phase growth process in a thickness of 5 pm.

On this layer, the p'-type InGaP layer, the p-type

GaAs layer, the n'-type GaAs layer, the n'-type InGaP

si ngl e-crystal

a



| ayer and the n[err]-type AlInP |ayer were further
formed,” and the first el ectrode and the

formed on the surface of the

Al Il nP | ayer 49. On the back of the

silicon substrate 5 41, the second-ebfkctrode was formed. Thus, a
sol ar

cel |

the |ike

substrate as t
fornmed; 0.807

0.870 in the

super posi ngly
anti-reflection | ayer were

cell was fabricated. The fill factor of this sol ar
was neasured to confirmthat it was 0.831 in an instance where
structure was formed on the same single-crystal silicon

10

T B T
formed. but tNesRBLeBoBinkly gormea, PRAGUE é“ﬁ? €, 4E68 D080 26 oEhe AN

res accor I ng resent 1 nvention, 15
show ng an '”D£H¥§Uféklé8tigﬁr§£§é£'ééf&sformed on the SYPFRLE df the
devi ce according to the present i1nvention

An LED as a light-emtting

has the sanme CRDihPtu&}réﬁ 25.theh the bacl‘éhQiVnthQ §iUicén Bghstpace nuneral

51 denotes a 20

| ayer as $he p4ale-shel edcpndt ébecofoddewaer fosmeédyerThus, a sdlaran

nferr]-type GaAl As | ayer; 55, a p[err]-type GaAl As | ayer; 56,
p[err]-type Gadebt wagefabmhdate€d. el ectrodes. A process for
fabricating the device of the present Exanple will 25 be descri bed
bel ow. Phenfijpefactorhofli thisesolanogel] ngee-wegsuned to

silicon substrate having a thickness of 625 pmand a

62 -

10

15

20

25

confirm that it was 0.831 in an instance where the like
structure was formed on the same single-crystal silicon
substrate as the above except that the porous silicon
layer was not formed; 0.807 in an instance where the
porous silicon layer was formed but the pores at the
porous surface were not sealed; and 0.870 in the
present Example according to the present invention,
showing an improvement in characteristics.

Example 17

An LED as a light-emitting device according to the
present invention has the same constitution as that
shown in Fig. 5. Reference numeral 51 denotes a
silicon substrate; 52, a porous layer; 53, a silicon
layer as the pore-sealed portion of the porous layer:;
54, an n -type GaAlAs layer; 55, a p ~type GaAlAs layer:
56, p"-type GaAlAs layer; and 57, electrodes. A process
for faﬁricating the device of the present Example will
be described below.

An n-type 5-inch diameter (100) single-crystal

silicon substrate having a thickness of 625 uym and a

i con substrate; 52, a porous |layer; 53, a silicon



speci fic resistance of 0.01 [err].cmwas anodized in a sol ution of

HF ‘di l ufed with al cohol to forma porous silicon layer on its

one-si de specul ar mai n surface. The substrate was anodi zed
under the follow ng 5 conditions. - 62 -Current density: 7 mA/ cn?
Anodi zing solution: HF:Herr]O:[err]Herr]OH = 1:1:1 Time: 12

m nut es Thi ckness of porous silicon layer: 10 [err]m 10

Porosity: 20% Next, the resultant substrate was oxidized in an

t h f 400[ err] C f As f thi
oxi dati on. the PRRELENE FOSiFFabEe °{f écﬁ%uéwm wds' §RBRLERA LR e cover cd
ith t hi h d bstr at
&gs ixﬁéyselenggiﬁgggapék HF &?lu |on °§813880ﬁ§§ é??ﬁpggff [ﬁee
very thin 5110860 ékdsnfikgsoﬁeLgﬁeeog éeﬁlaeraa§nsgﬁ @aseand on

the inner wall surtaces of the pores In e Vi |n| er eof

followed by rinsing whEhsGBE8rdREChadNEnbiehed undersahe ﬂb!laﬁin
Next, this porous silicon was heat-treated at 1,100[err]C at 760

Torr for 1sm nuggndftasnat nosphere of hydrogen (H err]) and
subsequently heat-treated continuously 25 for 6 mnutes with addition
of 20 sccm of Scuireenkt, denssegt 7 mA/chhe surface pores.

Thereafter, on this porous silicon thus

- 63 - Anpdigingabeliutiong| eHEr ¥ A HeQRr+ |1t ypk GaAs was
epitaxially
Time: 12 minutes
Thickness of porous silicon layer: 10 um
10 Porosity: 20%

Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 400°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous
silicon were covered with very thin thermal oxide

15 films.

Next, this substrate was immersed in a 1.25% HF
solution for 30 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on
the inner wall surfaces of the pores in the vicinity

20 thereof, followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,100°C at 760 Torr for 1 minute in an atmosphere of
hydrogen (H,) and subsequently heat-treated continuously

25 for 6 minutes with addition of 20 sccm of SiH,, to seal
the surface pores.

Thereafter, on this porous silicon thus



grown by a liquid-phase growh process in a thickness of 5 [err]m

The n[err]-type GaAl As | ayer and the p-type GaAl As 5 | ayer were
further superposingly fornmed thereon, and first and second

el ectrodes were formed on the surface = 63 ~of the GaAl As | ayer 56 and the
back of the silicon substrate 51, respectively. Thus, a
light-emtting di ode was fabricated. As a result, red-light em ssion
10 at an intensity equivalent to that of an instance where such
deV'C¢ struct 8¥¥@§e£9éa?d PRgfes ségfsﬁ{- e GaAs was epi 8y}8

A sem conductor [aser as a ?lgﬂt-en1 ting device according to“the

present | nvent gpgRaBy! 4e1240%a-gRase GROFLR! PEbEEsaSIAN! LRIGKRCLE Fi 0. 6.

Ref er ence nuneral 61 denotes a Silicon substrate; 62, a porous

| ayer; 63, a spfis | ayer as the pore-seal ed portion of the porous
| ayer; 64, an n[err]-type GaAs | ayer; 65, a p[err] -type GaAs | ayer
66, an n[err]-type Fhdenbiutiyfips dels lafer Zhd tlen pil-eype- GapeAZnMySSe

| ayer; 68, a ZnSSe/ ZnCdSe | ayer; 69, a p[err]-type ZnMgSSe | ayer;
610, a p[®rr]-1l3per ZnSecel| fyctheBlduperposingly| forhed ypheZeSr/ Zaié | ayer ;
612, a p[err]-type ZnTe | ayer; and 613, electrodes. A process for

fabricating t héirst anddse¢endtleqtrpdescverexfapnedpn| the gustaceed
bel ow. 25 pe.5-inch _dianpeter (100) single-crystal

si licon substr%fetﬂgc$£§£%$tﬁ?¥ﬁﬁe§§_%FdGEBe[%??¥n?§n g silicongpecific
1850 O Sungrdbont o FReRPYE T e 1 FRUPcoRoHLORETRRHFELRR ous
diode was fabricated. As a result, red-light emission
10 at an intensity equivalent to that of an instance where
such device structure was formed on a GaAs substrate.
Example 18
A semiconductor laser as a light-emitting device
according to the present invention has the same
15 constitution as that shown in Fig. 6. Reference
numeral 61 denotes a silicon substrate; 62, a porous
layer; 63, a silicon layer as the pore-sealed portion
of the porous layer; 64, an n -type GaAs layer; 65, a p~
-type GaAs layer; 66, an n'-type ZnSe buffer layer; 67,
20 an n -type ZnMgSSe layer; 68, a ZnSSe/ZInCdSe layer; 69,
a p -type ZnMgSSe layer; 610, a p -type ZnSe layer; 611,
a p’-type ZnSe/ZnTe layer; 612, a p -type ZnTe layer;
and 613, electrodes. A process for fabricating the
device of the present Example will be described below.
25 An n-type 5-inch diameter (100) single-crystal

silicon substrate having a thickness of 625 pm and a

specific resistance of 0.0l Q-cm was anodized in a



silicon layer on its one-side specular main surface. The
substrat e was anodi zed under the foll ow ng condi tions. 5

Current density: 7 mA/cnjerr] Anodi zi ng sol uti on:
HF-Herr]O:Clerr]Herr]OH = 1:1:1 - gme: 12 mnutes Thi ckness
of porous silicon layer: 10 [err]m Porosity: 20% 10 Next ,
the resultant substrate was oxidized in an at nosphere of oxygen at
400[err]C for 1 hour. As a result of this oxidation, the inner wall
surfaces of porous silicon were covered with very thin thermal oxide

films. 15 soluthion oft MFS diutied wd tihalichivls &d iform b Dordds
solution for 30 seconds to strip off the very thin t hermal oxi de

films fornmed omilieomlayerson dts amk-cide specullae mader swxlflaceur f aces of
the pores in the vicinity thereof, followed by rinsing with pure

wat er and then 20 Thesgubbshrpitegwas anodized uxder the Foddomingsi|icon
was heat-treated at 1,100[err]C at 760 Torr for 1 mnute in an

at rosphere of conditigpg.ogen (H err]) and subsequently heat-treated

conti nuously for 6 mnutes with gddition of 20 sccmof SiH4, to seal

25 t heSsur f faErsHtedensity: 7 mA/ffreafter, on this porous silicon,

. 'hinglkﬁ'eg;ysml Anodizing Somutrdds Gt R8T cRLEX! ‘i'é?é_lgro"‘“ by NEF L2

[err]m Time: 12 minutes

Thickness of porous silicon layer: 10 um
Porosity: 20%

10 Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 400°C for 1 hour. As a result
of this oxidation, the inner wall surfaces of porous
silicon were covered with very thin thermal oxide
films.

15 Next, this substrate was immersed in a 1.25% HF
solution for 30 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on
the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then

20 spin-drying.

Next, this porous silicon was heat-treated at
1,100°C at 760 Torr for 1 minute in an atmosphere of
hydrogen (H,) and subsequently heat-treated continuously
for 6 minutes with addition of 20 sccm of SiH,, to seal

25 the surface pores.,

Thereafter, on this porous silicon, single-crystal

n"-type GaAs was epitaxially grown by MBE in a thickness



The p-type GaAs | ayer and the n-type ZnSe | ayer were further
superposingly forned thereon, and then the nferr]-type ZnSe was
patterned and renoved in stripes. 5 Thereafter, the n-type ZnMySSe

| ayer, the ZnSSe/ ZnCdSe | ayer, the_.p-type ZanSSe | ayer, the p-type
ZnSe | ayer, the p[err]-type ZnSe/znTe | ayer, and the p-type ZnTe

| ayer were further fornmed thereon. On the surface of t he upper nost

| ayer, a first An/Pt/Pd el ectrode was 10 formed, and on the back a
second In electrode, then a pul se voltage was applied. As a result,
i ght was of ®Miyfi.ed at roomtenperature |ike an instance where such
device structure was fornmed on a GaAs substrate. The t hreshol d
current density was The) pA-egper GhAsnlaiyekeandatbe nlStype ZnSe Baywte 19
An HEMT (Hi gh Electron Mbility Transistor) as a transi stor
according to t e darthémeuperposiaglivhEormed thepeercoend tiherprthes t hat
shown in Fig. 7. Reference nunmeral 71 denotes a silicon substrate;
72, a porous 20-typeajefe was natteroed PB?eFe§§VFﬁeiﬁoF§r§E§Fed portion
of the porous |ayer; 74, a single- crystal GaAs | a

non- doped TaAs Theraaftas, a*ﬂ‘%—ri'ﬁi@% f@ry r, ‘the zf‘ﬁsea&r}&%e GaAs
| ayer; 78, a source electrode

t | ect X 710,
drain. A proces@¥ef, the p "FXBFl g&ﬁgﬁﬁe‘t Hngg‘v?Egegg’ [ﬁ%g%rzg@%%t Exaﬁpl e
mqll be d%ﬁﬁ¥'§§9 bel %ype ZnSe/ZnTe laye@ t&Bﬁ %hbn%h,g§ﬁgmi£§e(100)

si ngl e-crystal
sil igcon SﬁbSt rafapyé}.a\ﬁél% A e eSsrnla B3 dBNd Gh the surface of
the uppermost layer, a first An/Pt/Pd electrode was
10 formed, and on the back a second In electrode, then a
pulse voltage was applied. As a result, light was
emitted at room temperature like an instance where such
device structure was formed on a GaAs substrate. The
threshold current density was 210 A/cm? ih either case.
15 Example 19
An HEMT (High Electron Mobility Transistor) as a
transistor according to the present invention has the
same constitution as that shown in Fig. 7. Reference
numeral 71 denotes a silicon substrate; 72, a porous
20 layer; 73, a silicon layer as the pore-sealed portion
of the porous layer;'74, a single-crystal GaAs layer;
75, a non-doped GaAs layerf 76, an n-type AlGaAs layer:;
77, an n-type GaAs layer; 78, a source electrode; 79, a
gate electrode; and 710, a drain. A process for
25 fabricating the device of the present Example will be
described below.

An n-type 5-inch diameter (100) single-crystal



specific resistance of 0.01 [err].cmwas anodi zed in a sol ution of
HF di |l ut'ed with al cohol to forma porous silicon layer on its
one-si de specul ar mai n surface. 5 The substrate was anodi zed
under the follow ng conditions. _ oo Current density: 7 mA cn®
Anodi zi ng sol ution: HF: H20: C2HOH = 1:1:1 Time: 12 mnutes 10

Thi ckness of porous silicon layer: 10 pm Porosity: 20%

Next, the resultant substrate was oxidized in an at nosphere of
oxygen at 400[err]C for 1 hour. As a result of this oxidation, the

inner wal | surf asEbicdn PilRsratid havid | £ OthVEife SO S EER5V ind a6l Ya t hi n
t hernal oxi de filns. Next, this substrate was i mersed

ina l 25%HF specifixd utesistanicedbs @EOUN tcm Was areddizd® mery thin
thermal oxide filns fornmed on the porous surface and on 20 t he inner
wal | surfaces ofsalution exf HF tdiclwhied with alcohol hay efidrm feol pawends by
rinsing wth pure water and then spi n-dryi ng. Next, this
porous silicon vRsliren -3¥er n gits one-siderpegylar main murfdce. 5

m nutes in an atnosphere of 25 hydrogen'(tgerr ) while adding 10 sccm
of SiHerr]® to seal T substratg, wag angitize fehe folhlawing por ous
silicon, single-crystal GaAs was epitaxially grown by MBE in a

- 67 - cq '?Hﬂgé of 5 pm

Current density: 7 mA/cm?
Anodizing solution: HF:H,0:CHOH = 1:1:1
Time: 12 minutes

10 Thickness of porous silicon layer: 10 um.
Porosity: 20%

Next, the resultant substrate was oxidized in an
atmosphere of oxygen at 400°C for 1 hour. As a result
of this oxidation, the inner wall éurfaces of porous

15 silicon were covered with very thin thermal oxide
films.

Next, this substrate was immersed in a 1.25% HF
solution for 30 seconds to strip off the very thin
thermal oxide films formed on the porous surface and on

20 the inner wall surfaces of the pores in the vicinity
thereof, followed by rinsing with pure water and then
spin-drying.

Next, this porous silicon was heat-treated at
1,000°C at 1 Torr for 5 minutes in an atmosphere of

25 hydrogen (H,) while adding 10 sccm of SiH,, to seal the
surface pores. Thereafter, on this porous silicon,

single-crystal GaAs was epitaxially grown by MBE in a



The non-doped GaAs |ayer, the n-type Al GaAs | ayer and the n-type
GaAs | ayer were further formed thereon. The gate, the source and the
drain were fabricated 5 thereon to set up an HEMI. As a result,

oper at ed at

structure was forned on a GaAs substrate.

a high speed |ike an igistance where such device

detail, according to the present invention, the sem conduct or

devi ce, the

production can be provided which can overcone the
art has had. Mdclkpsss fofdd ym.

10 sem conductor substrate and the process for its
probl ens the prior
conpound sem conductor substrates

with a high quality can be produced using inexpensive silicon

substrat es,

15
devices with good characteristics can be fabricated at

In the presentathidift iIBTEYRMGRAT Layerwexs Eurther formed hapapn.

sem conduct or
substrate is
wher eby the

| ayer is éﬁ{ned on the(forous 20 silicon, substrate,

q#eq d BalFce an

Thel nansidaped ddaks bayer e sthe onperpeal AlGaAs nkagsor
a | ow cost.

it

As descri bed above in

t he

Hhensinta exshiEavricp 83 ogen,

i ngl e- tal ' tor, | ' d i
Crystal qual i (PERALIY FE HRANHEE naftf @ BRAILE, 1t SREEATIRGE  n the
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i nven e comnpound

éﬁ%ﬁﬂf&Eﬁ”dﬁh‘%iﬁﬁ%&rbn a GaAs substra

surface, a g
As described above in detail, according to the

present invention, the semiconductor device, the
semiconductor substrate and the process for its
production can be provided which can overcome the
problems the prior art has had. More specifically,
compound semiconductor substrates with a high quality
can be produced using inexpensive silicon substrates,
and, using such substrates, compound semiconductor
devices with good characteristics can be fabricated at
a low cost.

In the present invention, when the single-crystal
compound semiconductor layef is formed on the porous
silicon substrate, the substrate is heat-treated in an
atmosphere containing hydrogen, whereby the
single-crystal compound semiconductor layer improved in
crystal quality and surface smoothness having been
questioned in the prior art can be formed on the
silicon substrate.

In addition, according to the present invention,

the compound semiconductor layer having a smooth

In

.
crystal quality anJ:a cl ear and snoot h



interface between the substrate and the conpound sem conductor | ayer
can be forned even without use of the single-crystal silicon
substrate having off-angles 5 necessary for obtaining a snooth surface.
In particular, limtations on subggrates can be |essened

because, e.g., silicon substrates having an off-angle of about (100)
1[err] can be used which are w dely circulated in the market of
substrates having low 10 of f - angl es. According to the
present invention, the conpound sem conductor |ayer with a good
crystal quali prfaceiea good drywtad guallieysiandc an clelast aaide smookhssi ngl y
I n view of productivity, uniformty, controllability and 15
econoni cal advartexfese between the substaiate vpd Khepcempoundnvention, the
sem conduct or substrate production process can be proposed whi ch can
be applied toSESdFORGUSTAT é@ﬂﬁ@ §@n be forged; eyrduaidhoyd vgesokhil e

ensuring their advant ages. Acggrdln t resent |nvent|on
the pores at the si ‘Wﬁi@é‘ St 13&rgy Subsitr %@F’H’é‘@ pPBg €8ing a

il bstrat d t it
:La:ggnb uhZa%gé% 26 §8%§b& ea?%%gﬁ%kygugfathnsﬁﬁgrg gfyhsgfogen,
to formthe si i %&%&taHlm%ia§%%85p% %Esggk%ggguﬁkﬁbbbaig Sl a good

quality. rates can be processe

one tinme, a”dbEE%h%ePr£§bQL alidoh SABsREILER’ AS9ngOan off-angle
69 - | evel Conparable to or higher thant hat of
of about (100) %1° can be used which are widely
circulated in the market of substrates having low
10 off-angles.

According to the present invention, the compound
semiconductor layer with a good crystal quality can be
formed on the silicon substrate surpassingly in view of
productivity, uniformity, controllability and

15 economical advantages.

According to the present invention, the
semiconductor substrate production process can be
proposed which can be applied to conventional compound
semiconductor devices while ensuring their advantages.

20 According to the present invention, the pores at
the surface of porous silicon formed by processing a
silicon substrate originally having a good crystal
quality are sealed by heat-treating the substrate in an
atmosphere of hydrogen, to form the single-crystal

25 compound-semiconductor layer with a good quality.

Thus, a large number of substrates can be processed at

one time, and their crystal quality can be improved to



si ngl e-crystal conpound-sem conductor substrates t hensel ves wi t hout

| 'owering their productivity and econom cal advantages. 5

According to the present invention, the pores at t he surface of
porous silicon formed by processing a _ gg -Silicon substrate originally
havi ng a good crystal quality are sealed by heat-treating the
substrate in an at nosphere of hydrogen, to forma single-crystal 10
conmpound- sem conductor | ayer over a |arge area at one time. Thus,
phot oel ectric transducers such as sol ar cell s and phot osensors,
light-emtting devetesompaltadie to orl Aigheramtahi ghatewiftti ng di odes and
transi stors such as HEMIs can be fornmed on such single-crystal 15
conpound- sen sdngletcrylstpdr sompouadesenicogdubtor substrh&escteri stics
conparabl e to instances where they are formed on single-crystal
conmpound- seni thenseflves withoudyBowezdag theirepreduckiyizvs@ndhese can be
for med surpassingly in view of productivity, uniformty, 20

cont rol | abi | i egonsmicednadvanitaggdant ages. - 70 -
VWHAT IS CLAI MED I S; 1. A process for produging_a_sem_conduct or
substrat &, conprisPﬁ&°Fﬁén§t§ﬁbtPP;Pr%§en% 1nveH§§Per%§ﬁ Rﬁ?&sélqﬁcon

the porous  the SHE3EBR ot RoRowRs AeoR FraRec B RrtbsEslad g Cn
oo 071 2 10 BT, G5 hsl HaelAg oo, opesalr 00 o
S'r 28\1 ﬁ' crystalyality @@ RYHIES By HRRIUEreatiREethlY Sidlsdradiel Udxiad
atmosphere of hydrogen, to form a single-crystal
10 compound4semiconductor layer over a large area at one
time. Thus, photoelectric transducers such as solar
cells and photosensors, light-emitting devices such as
lasers and light-emitting diodes and transistors such
as HEMTs can be formed on such single-crystal
15 compound-semiconductor layers while ensuring the
characteristics comparable to instances where they are
formed on single-crystal compound-semiconductor
substrates themselves, and also these can be formed
surpassingly in view of productivity, uniformity,

20 controllability and economical advantages.



on the whol e surface of the porous region with undul ati ons havi ng an

anplitude of 1 to 10 nmat periods of fromO0.5 [errJmto 50 [err]m
15 —2. The process for producing a seni conduct e+
substrate accor wher ei n thgoskl i con THISISHEERHAS %EENAL
heat treat ed i nfﬂﬂmmmmm m substantially free ¢f a gBEPl#&iEDai njn
I1icon. . STh& process for producing a semTonauct or
substrate accordlng to clalntl mhlch further conprises, before the
heat - treatlng ste he step of renobving a native oxide film
fromthe 8?f5§ecéﬁlﬁﬁg B8Fous region. 4. The process
for prodUC|ng a sem conduct or substrate according to clalntl whi ch
further conpr tses? S@FépenﬁﬁgtHEaﬁupﬁ§§P¢ﬁg°9W§5131§9 a silicoge
step of oxidizing. inner of the pores
D7 the® Eeﬁeaetﬁwgmnpo SSROFOUT EROLAP-1 RRE & AEPACERYCSPT

silicon rennins 150 th rocess for

produci ng a sentcgﬁaugflnt ed’oR §h85PPﬁPESaESS%SPngWESQSFaun14 whi ch
further g5 CONprighes s e?%}:%?ub%rhié&ekr E@Ing aken: pipgle-cryst sthfhe

step of renoving an oxi de romth ace o e por

region. 10 compound®sefii@cRBAEess LRH E%OQBQm@ﬁ énS%EbCQHQEQE%rof
substrate according to claim1l, wherein the heat-

the porous region with its pores having been sealed at

the surface.

10 2. The semiconductor substrate according to claim
1, wherein the surface comprises a very thin silicon
film with a thickness smaller than the semiconductor

layer.

15 3. The semiconductor substrate according to claim
1, wherein the silicon substrate and the porous region

both comprises single-crystal silicon.

4. The semiconductor substrate according to claim
20 1, wherein the interface between the porous region and
the compound semiconductor layer has a roughness of 1

nm or smaller.

5. A process for producing a semiconductor
25 substrate, comprising the steps of;
heat-treating a silicon substrate having a porous

region, to seal pores at the surface of the porous

Sheet Has Been Reilaced
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treating step is the step of heat-treating the silicon substrate in
an at nosphere of—hydregen—w-th—a—dew point 15 of -92[err]C or bel ow.

7. The process f duci ng a sem conduct or subgt, L e QUAN AGEn
claim 3por 5, V\hggﬂmmﬂﬁﬂ' maluw of reppving an oxi d%'ﬁéﬁﬁﬁ'g H%I ve
oxide filmfrom et x| , of the porous region|is cg-tﬁEdﬁgﬂL_b¥J
immersing in a hydrofluoric acid solution the silicon substrate
havi ng t he porous region. 8. The process for producing a

sem conductor 25 substrate according to claim1l, wherein the silicon
substrate has aregionplamé& having a plane direction (100). _

9. The process for producing a sem conductor 30 substrate according to
claim 1, wherein thefemming a single-crystal compound-semicondd@tor
treating step is carried out in an atnosphere containing a trace
amount of silichb#¥er by cheteroepitaxialigrewtheon the mmm@m%ga%n

sem conduct or ., Substrate according to claim9, wherein the heat-
treating step iRPERTiERE RRTSH sppleddiphihe hegat treatmgmfogen or in an
atnnspherg?of hydrogen and an inert gas. 10 - 11. The
process for producing a sem conductor substrate according to claim
9, wherein the silicgn

The process for producing a semiconductor
substrate according to claim 5, wherein the silicon
substrate is heat-treated in an atmosphere
substantially free of a gas containing silicon.

10

7. The process for producing a semiconductor
substrate according to claim 5, which further
comprises, before the heat-treating step;

the step.of removing a native oxide film from the

15 surface of the porous region.

8. The process for producing a semiconductor
substrate according to claim 5, which further
comprises, before the heat-treating step;

20 the step of oxidizing inner walls of the porés in
the porous region to such an extent that single-crystal

silicon remains in the interiors.

9. The process for producing a semiconductor
25 substrate according to claim 8, which further
comprises, before the heat-treating step;

the step of removing an oxide film from the

This Sheet Has Been Reﬁlaced
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substrate having the porous region is heat-treated in an at nosphere
of hydrogen with a dew point of -92[err]Cor 15 bel ow.
12. The process for producing a sem conductor sybst rate.accordi.ng to

claim9, wher ellmm, substyrat.e havi ng t he!porkedsST Hegi B b
imrersed in a ﬂ"ﬂﬂﬂ"ﬂﬁrﬂﬂl c acid solution to remive anzoxieg. filmor
a native OX|deLf|W|n5fron1the surface of the porous—~—------regron,
and the silicon substrate having the porous region is heat-treated

i n an at nosphere of hydrogen with a dew point of -92[err]C or bel ow
25 surface of thesperoust ¥egdear-ding to claimb5, wherein the

heat - treating step is carrled out |n an at nosphere cont ai ni ng
a trace amount of silicon. The process for producing a
sem conduct or subsirate accorgpﬁg to cla|n114 mhereln t he heat -

treating step |s caPrie PHOTeET 9P§189 emiGORARCERTor in an

at nosphere of s |nert 16. The
process for pFo ugF% a s% %& PbFlalm %a BgF}épétggboPalng to claim

14, whergin the 3idiheP Ztep Fo E%tsr ?“%h ‘i—lf%%et '&%t Fi:‘i’m'éog)%ro%%' %gl?m

heat treated in ere o rogen w ew poi N
-92[err]C Or yith undulations of from 0.5 pm to 50 pm in period.

11. The process for producing a semiconductor
substrate according to claim 5, wherein the heat-
10 treating step is the step of heat-treating the silicon
substrate in an atmosphere of hydrogen with a dew point

of -92°C or below.

12. The process for producing a semiconductor
15 substrate according to claim 7 or 9, wherein the step
of removing an oxide film or a natural oxide film from
the surface of the porous region is carried out by

immersing in a hydrofluoric acid solution the silicon

substrate having the porous region.

20
13. The process for producing a semiconductor
substrate according to claim 5, wherein the silicon
substrate has a main pléne having a plane direction
(100).
25

14. The process for producing a semiconductor

This Sheet Has Been Reﬂ
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15 bel ow. 17. The process for producing a sem conductor
substrate according to claim114, wherein the silicon substrate having
the porous region is imersed in a 20 hydrofluorlcfémid“snfurf

renove an oxi de “mml ”m‘uat ural gxide film fronmithe” 1&] éee 5 .t he

por ous regmml“mil con substrate having:the_pbi ;

region i s heat-treat®edb4 n"an®at rosphere of hydrogen with a dem/p0|nt

of -92[err]C or below. 25 18. An el ectronic device having an

active region produced on the sem conductor substrate according to

- 74 - saibs taateofactioridimgl tioo claim 5, wherein the hBlag-el ectronic

devi ce according to claim18, wherein the electronic device is a

phot oel ectri c treating sateguder carried out in 2nm atmesphexe oni c device

_according to claim 18, wherein the el ectronic device is a
light-emtti ng:ontalnllme\ﬂ deacel@mount of siliporthe el ectronic device

according to cl aim 18, wherein the electronic device is a

transi stor. 22. An electronic device conprising a first

1

5 15. The process for producing a semiconductor
substrate according to claim 14, wherein the heat-
treating step is carried out in an atmosphere of
hydrogen or in an atmosphere of hydrogen and an inert
gas.

10
' 16. The process for producing a semiconductor
substrate according to claim 14, wherein the silicon
substrate having the porous region is heat-treated in
an atmosphere of hydrogen with a dew point of -92°C or

15 below.

17. The process for producing a semiconductor .
substrate according to claim 14, wherein the silicon
substrate having the porous region is immersed in a

20 hydrofluoric acid solution to remove an oxide film or a
natural oxide film from the surface of the porous
region, and the silicon substrate having the porous
region is heat-treated in an atmosphere of hydrogen
with a dew point of -92°C or below.

25

18. An electronic device having an active region

produced on the semiconductor substrate according to

heet Has Been Replaced
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15

according to any one of clains 1 to 4 and a
on the surface side of the —sem conduct or | ayer. - !
sem conductor s g to any 74 . one of

wherein the semlmﬂmmwm ﬂ'rwzr!ﬂsubstrate and the sem ¢ondu o
conprising a *+ sln onductivity
type.

el ectrode provided on the back of the sem conductor

25

10

15

20

25

second electrg

conpound have the sa

any one of claims 1 to 4.

19. The electronic device according to claim 18,
wherein the electronic device is a photoelectric

transducer.

20. The electronic device according to claim 18,
wherein the electronic device is a light-emitting

device.

21. The electronic device according to claim 18,

wherein the electronic device is a transistor.

22. An electronic device comprising a first
electrode provided on the back of the semiconductor
substrate according to any one of claims 1 to 4 and a

second electrode provided on the surface side of the

-~
~

semiconductor layer.

23. A semiconductor substrate éccording to any
one of claims 1 to 4, wherein the semiconductor
substrate and the semiconductor layer comprising a

single-crystal compound have the same conductivity

type.

"

substrate
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