SPECI FI CATION  SI NGLE CRYSTAL WAFER AND SOLAR CELL Techni cal Field The
present invention relates to a single crystal wafer used for device

producti whi ch can have a smaller thickness conpared with
conventlmmMMNWQWEHWM‘a M S type sem conductor device and solar cel
ut Background Art Single crystal wafers, of which typical

exanpl es  ar 8% Rose of silicon (Si) and gallium arsenide (GaAs), are
obtained by slicing a single crystal ingot produced by the Czochral ski

met hod (memmmﬂ m“ the floatdipwczoneamemided (FZ nmethod) into wafers.

Therefore red to obtain wafers as many as possible from one

i ngot by ness of wafer as small as possible or reducing the
stock renoval *®®@t slicing. That is, desirability of reducing thickness of
waf ers or processi ngSINGREI CRYSTADrWAEER oNDfseBhARr £HIQ, reduce waste of

the raw material and thereby reduce production cost of wafers has
hitherto been w dely recogni zed. However, if thickness of wafer is S|nply
reduced, it becones likely that breakage or chipping occurs in 1

Technical Field

The present invention relates to a single

crystal wafer used for device production processes,

which can have a smaller thickness compared with

conventional wafers, a MIS type semiconductor device

and solar cell utilizing the wafer.

Background Art

Single crystal wafers, of which typical examples
are those of silicon (Si) and gallium arsenide (GaAs),
are obtained by slicing a single crystal ingot
produced by the Czochralski method (CZ method) or the
floating zone method (FZ method) into wafers.
Therefore, it is desired to obtain wafers as many as
possible from one ingot by making thickness of wafer
as small as possible or reducing the stock removal
for slicing. That is, desirability of reducing
thickness of wafers or processing loss in the
production of wafers to reduce waste of the raw
material and thereby reduce production cost of wafers
has hitherto been widely recognized.

However, if thickness of wafer is simply reduced,

it becomes likely that breakage or chipping occurs in



the wafer production process or device production process. Therefore, it
is considered that wafers nust have a certain thickness (for exanple,

about 700 to 800 pmin the case of a silicon wafer having a dianmeter of
200 mm) . Further, since a limtation is inmposed on the reduction of stock
removal for slicing by slicing apparatus, the reduction of stock renoval
for slicing suffers froma certain limt. Furthernore, |oss of the raw
material is generated not only in the wafer production process, but also

in the dewinee w4 PEHCHINRIOLESSpracess the gbinale thiskness oof wafer
actually mounted as a chip is agout 100 to 200 pm a step of reducing the

thi ckness gricatadde bagkredciace {bagk ap)siders@dinadnded heisst hesraw
material 1s wasted also in this step. Meanwhile, a gate insulator film of

MS (et alaviensail egokafiin ritsidkaesy tymer teaampsteqr dmbaty70pr adiced by
using a silicon single crystal wafer is required to have highly efficient
electric 8dfanacteni shiecsczmel bfgh dlliiaddohi g feucthasihgwa | eakage current
characteristic, lowinterface state density and high carrier injection
resi stanceliahsetert e€h@ilffuentipr fBunthgra gatrecénaulldtmirtftion $ati sfying
these requirenments, there has conventionally been utilized the thernal
oxi dat i on 1moerdedl qoe Gidieng eskygenomplodt s esc br reatasra rof ecukds ciatg 800C or
hi gher. Conventionally, in order to .

by slicing apparatus, the reduction of stock removal

for slicing suffers from a certain limit.

Furthermore, loss of the raw material is

generated not only in the wafer production process,

but ‘also in the device production process. Since the

final thickness of wafer actually mounted as a chip

is about 100 to 200 pm, a step of reducing the

thickness from the back surface (back lap) is used,

and thus the raw material is wasted also in this step.

Meanwhile, a gate insulator film of MIS

(metal/insulator film/silicon) type transistor mainly

produced by using a silicon single crystal wafer is

required to have highly efficient electric

characteristics and high reliability such as low

leakage current characteristic, low interface state

density and high carrier injection resistance. As a

technique for forming a gate insulator film

satisfying these requirements, there has

conventionally been utilized the thermal oxidation

technique using oxygen molecules or water molecules

at 800°C or higher. Conventionally, in order to



2 obtain good oxide film'silicon interface characteristics, oxide

direl ectric breakdown vol tage characteristic and |eakage current
characteristic by wusing the thermal oxidation technique, there nust be
used a silicon wafer having a {lI 00} plane for the surface or a silicon
waf er having a plane orientation tilting by about 4 froma {I 00} plane of
a single crystal. If a gate oxide filmis formed on a silicon wafer
having a plane orientation other than those nentioned above by using the

thermal oxjdali Qngobechniae, £ el s gtsrlllcl@aﬁr agtenissties are degraded, that
is, the |nterface state density of oxid ' msilicon interface becones

hi gh, the oxidiectdirglseGtdd ¢ breakdown: vott age eharacdsrhstioa gk | eakage
current characteristic are degraded and so forth. Therefore, as a silicon

waf er on whztacsericandiciod dewikeese stighras tMch dypeteraryisd asg are
formed, a silicon wafer having a {lI 00} plane for the surface or a silicon

waf er hawun;ngmmheethynmﬁﬁabxﬁdatﬂdnn@ebhn&@mﬂ,4tmeﬁélmdéﬁxbeplane of
a single crystal has conventionally been used. However, in a silicon wafer
havi ng a {60} @l andidar whEesuhbadeyg aa {110 lpl@ensefvirnglas a cl eavage
pl ane exists perpendicularly to the surface. Thus, breakages, chipping,
slip dislcomtiane amd ascsibichn wafer having a plane orientation

“tilting by about 4° from a {100} plane of a single

crystal.

If a gate oxide film is formed on a silicon

wafer having a plane orientation other than those

mentioned above by using the thermal oxidation

technique, electric characteristics are degraded,

that is, the interface state density of oxide

film/silicon interface becomes high, the oxide

dielectric breakdown voltage characteristic and

leakage current characteristic are degraded and so

forth. Therefore, as a silicon wafer on which

semiconductor devices such as MIS type transistors

are formed, a silicon wafer having a {100} plane for

the surface or a silicon wafer having a plane

orientation tilting by about 4° from a {100} plane of

a single crystal has conventionally been used.

However, in a silicon wafer having a {100} plane
for fhe surface, a {110} plane serving as a cleavage
plane exists perpendicularly to the surface. Thus,

breakages, chipping, slip dislocations and so forth

are likely to be caused during the process. Therefore,



are likely to be caused during the process. Therefore, 3 a usually used
si'licon wafer having a (1001 plane for the surface has a thickness of
about 700 to 800 pm for a dianeter of 200 mmor a thickness of about 600
to 700 pmfor a diameter of 150 nm and the sane shall apply to a silicon
waf er having a plane orientation tilting by about 4' froma f1001 pl ane of
a single crystal. Recently, a technique was devel oped for formng an
insulator filmof good quality irrespective of the plane orientation of

silicon f C f 2 I T
anolulu?@igazf#?i9JEﬁgk§§$%%%g?ﬁ,Qggggyg$%gggﬁlgggwﬁfbhaggggﬁig%%%ation

for | nproving Rekeabll Has of thitdnBYd SatepOuirde/do +Ihgoef gng, it can be
said that, thanks to such a technique, it becanme unnecessary to limt the

pl ane orifet adighaskreaf est fROOt hen RIdUcthorkefe M SEYRBouteME@nduct or
devices to the (1001 surface. Disclosure of the Invention Therefore, to

effectivelyo Ut00i pa the =fotementironed 18chanquertd tlRensagean insul ator
film of good quality irrespective of the plane orientation, an object of

t he presemhdhVeappdy ito to pidvicde avsfagl Ractiyst al pasae that can bear
the device production process to a degree conparable to those attained
convent i orgetliewf@rsoavdn Mi ihgabymaldart 4° from a {100} plane of

‘a single crystal.

‘Recently, a technique was developed for forming

an insulator film of good quality irrespective of the

plane orientation of silicon wafer surface (refer to

2000 Symposium ON VLSI Technology, Honolulu, Hawaii,

June 13th-15th, 2000 “Advantage of Radical Oxidation

for Improving Reliability of Ultra-Thin Gate Oxide”).

Therefore, it can be said that, thanks to such a

technique, it became unnecessary to limit the plane

orientation of wafer for the production of MIS type

semiconductor devices to the {100} surface.

Disclosure of the Invention

Thefefore, to effectively utilize the
aforementioned technique of forming an insulator film
of good quality irrespective of the plane orientation,
an object of the present invention is to provide a
single crystal wafer that can bear the device
production process to a degree comparable to those
attained conventional wafers even with a smaller

thickness of the water compared with those of the



thi ckness of the water conpared with those of the 4 conventional wafers on
the basis of relationship between plane orientation and |ikeliness of
breakage, and thereby reduce |oss of single crystal. Another object of
the present invention is to provide an MS type sem conductor device or a
solar cell, of which major problemis reduction of production cost, at a
| ow cost by utilizing a silicon wafer having such a plane orientation
unlikely to cause breakage. The present invention that achieves t he

afore”E”“dﬁﬁﬁbﬂ@héﬁgiF%é@%ggso% %H5ﬂ5h§5¥55¥ ﬁéf%@ioPtl in the min

surface has a plane or a plane equivalent to ane ti W th respect

to a [100lpaxisenl pSiand &£l ¥gtak ih %géieilfkfelair(@s§ 8f<pr¥QxdpE, the
[011] direction, a (0 < j3<90) for the [01-1] direction and vy (0 y < 45)

for the [aa 1ﬂherebwlﬂe@lm@cu_b@@, ¥ ngenthe suifaegl of sHebharsi ngle
crystal wafer has a plane orientation tilting with respect to all the

{110} plangsjeat ofii dhelpeyagati drvdketyohoisoamurprotvideceneyMnere
unlikely to suffer from breakage due to an external stress conpared with a

conventi onalpsi sagine condta@at onallervilaviog a §0QQ)r ¢ hhe. oFhusiotaf ers
having a thickness snmaller than those of conventional wafers can be
produced. marher eporel eunber refluwdfieys ¢haproaudiel pnoduséd fatom
low cost by utilizing a silicon wafer having such a
plane orientation unlikely to cause breakage.

The present invention that achieves the
aforementioned objects provides a single crystal
wafer, wherein the main surface has a plane or a
plane equivalent to a plane tilting with respect to a
[100] axis of single crystal by angles of a (0° < o <
90°) for the [011] direction, B (0° < B < 90°) for
the [01-1] direction and vy (0° = vy < 45°) for the
[10-1] or [101] direction.

Since the surface of such a single crystal wafer
has a plane orientation tilting with respect to all
the {110} planes, at which cleavage is likely to
occur, 1t becomes more unlikely to suffer from
breakage due to an external stress compared with a
conventional single crystal wafer having a {100}
plane. Thus, wafers having a thickness smaller than
those of conventional wafers can be produced.
Therefore, number of wafers that can be produced from
one single crystal ingot is increased, and it becomes

possible to reduce the cost.



one single crystal ingot is increased, and it becones possible to reduce
the cost. 5 The single crystal wafer of the present invention nmay consi st
of semiconductor silicon. If the single crystal wafer consists of

sem conductor silicon as described above, the effect of the reduction of
production cost becone extrenely significant, since sem conductor silicon
is the nost wdely used sem conductor at present. The aforenentioned
single crystal wafer may satisfy a relationship of thickness of wafer (pm

/diameter” of wafefe (9T gCe3crSdteel thereid e ehyspalgeafer of the present
i nvention can have excell ent nechanical strength as described above, it

can be suchwnwaber mayidenanstexif efehycbhidhiedersihiekaess relative to
dianeter of the wafer that it should satisfy the relationship of

t hi ckness of waflét {ha) sk digareteryof avalerf{tmoss3dstawhih cannot be
realized by the conventional techniques. Therefore, the effect provided by
the reductemnhcofdpicadicts bhicoat dechresribeel slgnvéj canke. dfifébe singl e
crystal wafer of the present invention, an insulator filmis preferably
f ormed on of hehsurtaoetofon hefsbmgldn clr yshakosdf érecoheapxitnranatpr filmis
formed on at | east one surface of the single crystal wafer of the present
significant, since semiconductor silicon is the most
widely used semiconductor at present.

The aforementioned single crystal wafer may
satisfy a relationship of thickness of wafer
(pm) /diameter of wafer (mm) = 3.

‘Since the single crystal wafer of the present
invention can héve excellent mechanical strength as
described above, it can be such an wafer having an
extremely thin wafer thickness relative to diameter
of the wafer that it should satisfy the relationship
of thickness of wafer (pm)/diameter of wafer (mm) = 3,
which cannot be realized by the conventional
techniques. Therefore, the effect provided by the
reduction of production cost becomes more significant.

In the single crystal wafer of the present
invention, an insulator film is preferably formed on
the surface of the single crystal wafer.

If an insulator film is formed on at least one
surface of the single crystal wafer of the present
invention as described above, cleavage of the wafer

can be suppressed. If the insulator film is formed

all over the wafer, the effect of suppressing the



invention as described above, cleavage of the wafer can be suppressed. I|f
ator filmis formed all over the wafer, the effect of suppressing

t he insul

the 6 cl eavage becones nore significant. Further, MS semn conductor

devi ces,

devices can be produced on a thin wafer that is unlikely to break at

| ow cost.

pr ef er abl
i nsul at or
filmcont

filmof good quality can be obtained irrespective

orientati

if the wafer of the present invention that has higher strength and

for exanple, can be produced by using such a wafer, and thus the

a

In this case, the aforementioned insulator film is preferably a
silicon oxide filmcontaining Kr, or the aforenentioned insulator filmis

maﬁasx'»é'geoae@éxﬁéQemékgmsggﬁlaffwﬂw 9{1r|l§rhe6¥1d iy drogen.

fi a silicon oxi containin

If the

ror asrlicon nitride

& N@ohfu o &nd-Bydr agan &8, M8 §%r'Q§H}QQ8V rd@ﬁdé§U|at0r

plane

A eERIE 2 avsPbal Geld ©aRsbenpr odueedaby causiyg the single
crystal wafer of the present i nvention described above. Solar cells have

not used groduety becausendh whhiehitdtapr oduehilanepst tbhenreafl Jherefore,

enabl es praodessi ogsaf. thin silicon single crystal is used, the production

cost of sol ar

In this case, the aforementioned insulator £ilm
is preferably a silicon oxide film containing Kr, or

the aforementioned insulator film is preferably a

silicon nitride film containing Ar or Kr and hydrogen.

If the insulator film is a silicon oxide film
containing Kr or a silicon nitride film containing Ar
or Kr and hydrogen as described above, an insulator
film of good quality can be obtained irrespective of
the plane orientation.

Furthermore, a solar cell can be produced by
using the single crystal wafer of the present
invention described above.

Solar cells have not used so widely because of
the high production cost thereof. Therefore, if the
wafer of the present invention that has higher
strength and enables processing of thin silicon

single crystal is used, the production cost of solar

cells can be reduced and it provides great advantages.

As described above, the single crystal wafer of
the present invention can be a single crystal wafer
that can bear the device production process to a

degree comparable to those attained by conventional

cells can be reduced and it provi des great advantages.



As descri bed above, the single crystal wafer of the present invention can
be a single crystal wafer that can bear the device production process to a
degree conparable to those attained by conventional 7 wafers even with a
smal l er thickness of the water conpared with those of the conventional
wafers. Therefore, loss of the single crystal raw material can be

mar kedl y reduced conpared with conventional techniques, and by using such
a silicon wafer, an MS type sem conductor device or a solar cell, of

whi ch  mejyi £ OF §bkemn sy¥edugt 5AR 10fe ProdUekin@d £ast . 1R8N WA c,Provi ded at a
| ow cost. Brief Explanation of the Drawings Fig. 1 is an explanatory

di agram f aforgx®tabnividh pt @geobireMrad | @8nokniiesd nohgreryst al wafer of
the present invention. Fig. 2 shows an exenplary apparatus utilizing a

radial |imhstotoantenssd opff ehd ng el €Xede sfid 1M paw fnhe exiingl e crystal
waf er of the present invention. Fig. 3 is a graph showng a relationship
bet ween @dmebéi martkdddkpnessdaeridiavmga Kedand xi dahienttiiona 1 duri ng
oxi dation of silicon wafer surface using Kr/02 hi gh density plasnma. Fig.
4 is a grdpckhouierg,t ndesyl tisiofg |nchf BegidnioyoC- Wa ffeas uraamevi St or
interface state density of oxide film

type semiconductor device or a solar cell, of which

major problem is reduction of production cost, can be

provided at a low cost.

Brief Explanation of the Drawings

Fig. 1 is an explanatory diagram for explaining
plane orientation of the single crystal wafer of the
present invention.

Fig. 2 shows an exemplary apparatus utilizing a
radial line slot antenna for forming an oxide film on
the single crystal wafer of the present invention.

Fig. 3 1is a graph showing a relationship between
oxide film thickness containing Kr and oxidation time
during oxidation of silicon wafer surface using Kr/O,
high density plasma.

Fig. 4 i1s a graph showing the results of low
frequency C-V measurement for interface state density

of oxide film.

Best Mode for Carrying out the Invention
Hereafter, the present invention will be

explained. in more detail.



Best Mbde for Carrying out the Invention Hereafter, the present invention
wi'l |l be explained in nore detail. 8 As described above, in response to the
devel opnment of a technique for formng an insulator filmof good quality
irrespective of the plane orientation of silicon wafer surface, the
inventors of the present invention noted the relationship between the

pl ane orientation and |ikeliness of breakage of wafer in order to utilize
the technique. That is, since it became unnecessary to limt the plane

orientation for Atshejégeai»ggegh@m@rl $hi 62spdd®y €en¢eived that, if a
pl ane orientation providing strength as hlgh as possi bl e was selected

waf ers causiamgopneakags of €dbppi éitf@r|@b%!mﬁgjm@rﬁabhgutl%tdf‘ose
attai ned by conventional wafers could be obtained even if the wafers were

produced Wil aof sgallerqudi tkpess rexmacedvel UF tﬂl@ée?QBntehe conventi onal
wafers, and as a result, nunber of wafers obtainable fromone ingot could

be i ncr easadieMeatwbnl e f asi I beohhevgii@nesarifantegt itthe of nveindcan wafers on
whi ch devices are produced, while |ow index planes such as {100} plane and
{111} pl anef tHawepbesrnisethvenmiond maysd wakens lwavi ogsaip ane
orientation tilting fromsuch plane orientation have also been used. For
exanpl e, tstwegenthenpldiselosegntation and likeliness of

breakage of wafer in order to utilize the technique.

That is, since it became uhnecessary to limit the

plane orientation for the device characteristics,

they conceived that, if a plane orientation providing

strength as high as possible was selected, wafers

causing breakage or chipping at a level comparable to

those attained by conventional wafers could be

obtained even if the wafers were produced with a

smaller thickness compared with those of the

conventional wafers, and as a result, number of

wafers obtainable from one ingot could be increased.

Meanwhile, as for the plane orientation of

silicon wafers on which devices are produced, while

low index planes such as {100} plane and {111} plane

have been used from old days, wafers having a plane

orientation tilting from such plane orientation have

also been used. For example, the inventions disclosed

in Japanese Patent Laid-open Publication (Kokai) No.

56-109896, Japanese Patent Publication (Kokoku)'No.

3-61634 and Japanese Patent Laid-open Publication No.

8-26891 use planes tilting from a {100} plane or



i n,Japanese Patent Lai d-open Publication (Kokai) No. 56-109896, Japanese
Pat ent Publication (Kokoku) No. 3-61634 and Japanese Patent Lai d-open
Publication No. 8-26891 use planes tilting froma {100} plane or 9 {111}
pl ane by several degrees for one {110} plane. However, these planes tilt
for only one {110} plane, and the wafers cannot be said to be wafers that
are unlikely to break. Myreover, those techniques relate to prevention of
generation of process-induced crystal defects or prevention of generation

of defectig 1duy i pgagpl i@évgkawt@eiﬁégefoﬁwemﬁ@t@%d@j d- open
Publication No.” 9-262825 discloses that, as for the relationship between

the plane mywentali ehcand bikabkness offobrgakaged pafen, pahane a single
crystal is sliced with a wire saw, wafers are likely to suffer from

br eakage idnd shw warkereonfonnett od hea o cavape whHfeesi ehatHawayer, the
cl eavage plane considered in this reference is only the {110} pl ane

ort hogonalurtlol kébhg £00WrqH lane, Mandotve ,~{tlHO3epkanhhayiag aelang e of
45" with respect to the {100} plane is not considered at all. Thus, al

the slicedongbeeseate onnved £rgehaviarig an | ofv prdee g8 -atedsoekl as 11001 pl ane
The inventors of the present invention conceived that, in order to produce
a wafer urliy@tylt deficsdtis oronsied@mmdtion of generdiei¢nl0) pl ane
perpendlcﬁé¥ects during epitaxial growth.

Further, Japanese Patent Laid-open Publication
No. 9-262825 discloses that, as for the relationship
between the plane orientation and likeliness of
breakage of wafer, when a single crystal is sliced
with a wire saw, wafers are likely to suffer from
breakage if a saw mark conforms to the cleavage
direction. However, the cleavage plane considered in
this reference is only the {110} plane orthogonal to
the {100} plane, and the {110} plane having an angle
of 45° with respect to the {100} plane is not
considered at all. Thus, all the sliced wafers are
wafers having a low index plane such as {100} plane.

The inventors of the present invention conceived
that, in order to produce a wafer unlikely to break,
consideration of only the {110} plane perpendicular
to the {100} plane was insufficient, and it was
necessary to consider the {110} plane having an angle
of 45° with respect to the {100} plane. Thus, the

present invention was accomplished.

Hereafter, the present invention will be

10



to the {100} plane was insufficient, and it was necessary to consider the
{110} pl ane having an angle of 45 wth respect to the {100} plane. Thus,
the present invention was acconplished. Hereafter, the present invention
will be 10 explained by referring to the appended dramﬁngs. However, the
present invention is not limted to these explanations. Fig. 1 is a

di agram for explaining plane orientation of the single crystal wafer of
the present invention. The arrowhead (vector) represented by the bold line

in Fig. 1d:4igahes the pleneriay %aﬁm@nagbewafe&'@_e @l&a tal wafer of

the present invention (orientation of the normal of t fer surface)

It has, WHdweEespeClheO dhes &AB0L nvaxiSi brf- X% ?fu)ottliﬂhhlﬁﬁdaﬂgi es of a (0 <
a <90) for the [011] direction, /3 (0 < (3 < 90) for the [01-1]

directiontarsky €RQpYanaddloher the [10-1] direction. That is, the single
crystal wafer having this plane orientation will have a plane tilting by
angles of a, (Fiand y isom diexgtsavage phanesin{8flpiplewe, (01-1) plane
and (10-1) plane, respectively, and thus mechanical strength of the wafer
with respextid¢ntaniocextef nahestiesd d scrpstadsec tmnparedhw t h
conventional wafers having a |ow index plane
present invention. The arrowhead (vector) represented
by the bold line in Fig. 1 indicates the plane
orientation of the single crystal wafer of the
present invention (orientation of the normal of the
wafer surface). It has, with respect to the [100]
axis (X~axis), tilting angles of a (0° < o < 90°) for
the [011] direction, B8 (0° < B < 90°) for the [01-1]
direction and vy (0° = y < 45°) for the [10-1]
direction.
That is, the single crystal wafer having this
‘plane orientation will have a plane tilting by angles
of o, B and vy from the cleavage planes, (011) plane,
(01-1) plane and (10-1) plane, respectively, and thus
mechanical strength of the wafer with respect to an
external stress is increased compared with
conventional wafers having a low index plane
orientation.
In this case, if o = B, vy becomes 0°. If a
cross section of a wafer having such a tilting plane
is observed from thé [010] direction, the cleavage

planes, the (10-1) plane and (101) plane, are

bilaterally symmetrical planes having an angle of 45°

11



orientation. In this case, if a=( 3, y becones O . If a cross section
of a wafer having such a tilting plane is observed fromthe [010]
direction, the cleavage planes, the (10-1) plane and (101) plane, are
bllaterally symetrical planes having an angle of 45 11 with respect to the
(100) plane, respectively. Therefore, if the nunber of effective bonds of
the <crystal does not show significant difference for all of the plane
orientations, it is considered that the strength becones highest when y =

0. However,:dy }8s %QQ§HQ§5§H%LEEbO%C#Hﬁ% gtreng %Q%félggigrnined by both

of the plane orrentation a er ‘o Yeetive” bonds nd thus y of 00
cannot be 8l 9rbe @waaa/@e Sphiber! o neerbhe Rt 9f eff egtd ve bonds

differs depending onthe plane orientation. Therefore, evén eny

satisfies dhigs€ondibiedn it OsKoy Si4mi M GAncSiyiendihesas e obiri ned.
Incidentally, it is known that the nunmbers of effective bonds in the case

of silicor silngl plehystedi@itatiohsy 10841 pumkers/@eed9tBatx 1049
nunbers/cn? and 6.8 x 1014 nunbers/cn2 for the (111), (110) and (100)

pl anes, respestibvrl pedomddenignber agted Sy - dpes nodwaRar andiiging
angl e for the [10-1] dlrectlon shown in Fig. 1, but neans a tilting angle
for the [hhﬂsxﬁeeedlMhaﬂraaﬂdaﬂl@mreﬁgahphan@eﬂemmiaédobyﬂhmwhlent
of the plane orientation and number of effective
bonds, and thus y of 0° cannot be said to be always
optimal since the number of effective bonds differs
depending on the plane orientation. Therefore, even
when vy satisfies the condition of 0° < vy < 45°, high
strength can be obtained. Incidentally, it is known
that the numbers of effective bonds in the case of
silicon single crystal are 11.8 x 10 numbers/cm?, 9.6
x 10' numbers/cm® and 6.8 x 10'* numbers/cm*? for the
(111), (110) and (100) planes, respectively.

Further, when o > B, v does not mean an tilting
angle for the [10-1] direction shown in Fig. 1, but
means a tilting angle for the [101] direction.

In addition, as a plane orientation egquivalent
to that of the single crystal wafer shown in Fig. 1,
there are three planes in the directions
corresponding to those obtained by revolving the
vector shown in Fig. 1 by 90° at a time on the y-z
plane.

In order to produce a wafer having such a

particular tilting plane, a single crystal ingot

12



to, that, of the single crystal wafer shown in Fig. 1, there are three
pllanes’ in the directions corresponding to those obtained by revolving the
vector, shown in Fig. 1 by 90 at a tine on the y-z plane. In order to
produce a wafer having such a particular tilting plane, a single crystal

i ngot 12 produced under ordinary condition can be sliced wth a
predeterm ned angle. In the case of silicon single crystal, ingots
ordinarily produced have a crystal orientation of <100> or <111>, and

<110> and ;32ddgcedr GO, 481 f5 ‘%oﬁ@i@ﬁ%ﬁ“dﬁﬁ Ega%lQ@@ﬁ crystal

productlon w t hout causi ng unaccept abl e deformati on cryst Furt her,

by using a& seedqet¥sidinedrghmenarirthy dHoOvided wrt @ﬂh@&ﬁ §E'|L9Jg%3f
several degrees or so as a seed crystal Used at the tinme of pulling a

single cryst@dtad, civsicds haviingaan 10f fpranglce £atkve pukhgdtalherefore, by
using such a crystal adj ustnment of the orientation at the tinme of

slicing cariabsbabecsi ot i€1ed> Simeel 1he, suhfacel D>t Badsiidlle- cryst al
waf er of the present invention described above has a plane orientation

tilting fraam akhoeh tlse cxfd0d1ploanestat bogswhilcht cérabage drsydtikely to
occur, a wafer that is nore unlikely to break wwth an external stress and
has a smaldmedeatiknessl Comphr ed wsiithy conaeneipdredt le deformation
of crystal. Further, by using a seed crystal
preliminarily provided with an off angle of several
degrees or so as a seed crystal used at the time of
pulling a single crystal, a crystal having an off
angle can be pulled. Therefore, by using such a
crystal, adjustment of the orientation at the time of
slicing can also be simplified.

Since the surface of the single crystal wafer of
the present invention described above has a plane
orientation tilting from all of the {110} planes
along which cleavage is likely to occur, a wafer that
is more unlikely to break with an external stress and
has a smaller thickness compared with conventional
wafers having {100} planes can be produced.

For example, when a single crystal wafer is

~produced from semiconductor silicon, it is necessary
to produce a wafer having a thickness of about 700 to
800 ym in the case of a conventional silicon wafer
having a diameter of 200 mm. However, in the single

crystal wafer of the present invention, the thickness

can be made thinner than the above, and it is also
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waf ers having [1001 pl anes can be produced. For exanple, when a single
crystal wafer is produced from semnmi conductor silicon, it is necessary to
produce a wafer having a thickness of about 700 to 800 pmin the case of a
conventional silicon wafer having a dianmeter of 200 mm However, in the
single crystal wafer of the present invention, the thickness can be nmade
t hi nner than the above, and it is also 13 possible to obtain a thickness of
| ess than 600 pmin the case of a silicon wafer having a dianeter of 200

mm  for exa @1 dhenelpss i Mugben ofy g1t hals £am a heeBodieed, f rom one

single crystal ingot is increased, and 1t beconmes possible to reduce the

product i orne0stasslepgakt eyl { bennphired: fipsvigpmang et ey igrsul@ior film
required for MS type senm conductor devices by using a silicon wafer

havi ng sueln,a £&+!| tkagipaleane THeferoed,t quas et abe) wRlranes thekeiaf ter)
will be explained. If an insulator filmis formed by the nethod described
bel ow, anbengutafiocetli Ifmdmavong schaacterystigs iagy@r gase i nsul ator film
conparable to those of conventional filns and showi ng no dependency on
t he pl ane iordrmd s¢denacah surlebgohes fopraeiblE ¢o Zshons aheexenpl ary
apparatus utilizing a
production cost.
Hereafter, the method for forming a gate
insulator film required for MIS type semiconductor
devices by using a silicon wafer having such a
tilting plane (referred to as “(abc) plane”
hereinafter) will be explained.
If an insulator film is formed by the method
described below, an insulator film having
characteristics as a gate insulator film comparable
to those of conventional films and showing no
dependency on the plane orientation can surely be
formed.
Fig. 2 shows an exemplary apparatus utilizing a
radial line slot antenna for forming an oxide film on
the single crystal wafer of the present invention.
This embodiment has a novel characteristic that Kr is
used as plasma excitation gas for the oxide film
formation. Inside of a vacuum chamber (processing
chamber) 1 is made vacuum, and Kr gas and 0, gas are
introduced from a shower plate 2 to adjust the

pressure in the processing chamber to be about 1 Torr

(about 133 Pa).
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radial [ine slot antenna for formng an oxide filmon the single crystal
waf er of the present invention. This enbodi mnent has a novel characteristic
that Kr is wused as plasm excitation gas for the oxide film fornmation.

I nsi de of a vacuum chanber (processing chanber) 1 is nade vacuum and Kr
gas and 02 gas are introduced froma shower plate 2 to adjust the

pressure in the processing chanber to be about 1 Torr (about 133 Pa). 14
A circul ar substrate 3 such as a silicon wafer is placed on a sanple stand

4 having a heat pngirmehani Sibsaiht&€npesakur & d Sy adi ustedh s fdat the
tenperature of the sanple should becone 400'C. This tenperature nmay be in

the rangeief R20O-éQ BRORC.sdmPIe &teerxiAlhaavagiw deedripgm crowave of
2.45 GHz is supplied to the processing chanber via a radial line slot

ant enna 6manthan tél eahid ccphpteatulre genesasasthidisslensaty thleasma in the
processi ng chanber. Further, any frequency of the supplied m crowave may

be sel ect é@nget@ngras oft tilsei patmpé a aigeubfl BeGdtdz 400°¢C0 GHris A spacing
bet ween the shower plate 2 and the substrate 3 is adjusted to 6 cmin this
enbodi mentemperatvoremagpdes njnenals exarfgé nofolfdt iom 9bORCa hiFgloer rate.
Al t hough an exanple of filmformation using a plasma apparatus utilizing a
radi al |i Be &aXlaht vAVER guide 5, a microwave of 2.45 GHz is

supplied to the processing chamber via a radial line

slot antenna 6 and a dielectric plate 7 to generate

high density plasma in the processing chamber.

Further, any frequency of the supplied microwave may

be selected so long as it is in the range of 900 MHz

to 10 GHz.

A spacing between the shower plate 2 and the

substrate 3 1s adjusted to 6 cm in this embodiment. A

narrower spacing enables film formation with a higher

rate. Although an example of film formation using a

plasma apparatus utilizing a radial line slot antenna

was shown in this embodiment, a microwave may be

introduced into the processing chamber by using

another method.

In the high density excitation plasma in which

Kr gas and O, gas are mixed, Kr* and O, molecules in

an intermediate excited state collide each other, and

thus atomic oxygen 0% generates efficiently. The

substrate surface is oxidized with this atomic oxygen.

The conventional oxidation of silicon surface is

attained by H,0 molecules and/or O, molecules, and the

15



was shown in this enbodi nent, a mcrowave may be introduced into the
processi ng chanber by using another nethod. In the high density excitation
plasma in which Kr gas and 02 gas are m xed, Kr* and 02 nolecules in an
internedi ate excited state collide each other, and thus atonm c oxygen 0*
generates efficiently. The substrate surface is oxidized with this atomc
oxygen. The conventional oxidation of silicon surface is attained by H20
nol ecul es and/or 02 nol ecul es, and the 15 treatnent tenperature is

extremely highy mbng. + é%a@ﬁr@iggyexf?éﬁﬁﬂrkﬁgﬁ%OXEQ%tim%6U°@tonic

oxygen according to t present invention ma alizedat” "a

suffi ci entdy | oYnbeTPeIRhiEFar] - Ehe 3B0GIOE: bAWR, AIdhOUIBbidher pressure

in the processing chanber is desirable for Increasing occas

col lision Dickrdiand &2, tRE Wirklse3a! | i fecBReROWNEy pandchatidyi gto a 2
nmol ecul e at an unduly high pressure. The inventors of the present

invention a neasated driilckness eknmpdeecfivkm dr.awn, bysoRtdad arowéreat ment
of 10 mnutes at a silicon substrate tenperature of 400C with keeping '
pressure ratios Aft hOIGhf bl glre anslr 3%stare oy geRei pridie 4 Degssi ng  chanber

and a varying gas pressure in the processing chanber. As a result, the
t hi ckness diamkede ifs Idesbeghire tiwer | Bmgestsdilien dbeagasng esSure in the
collision of Kr* and 0,, O% will collide each other
and return into a O, molecule at an unduly high
pressure. The inventors of the present invention
measured thickness of oxide film grown by oxidation
treatment of 10 minutes at a silicon substrate
temperature of 400°C with keeping pressure ratios of
97% for Kr and 3% for oxygen in the processing
chamber and a varying gas pressure in the processing
chamber. As a result, the thickness of oxide film
became the largest when the gas pressure in the
processing chamber was 1 Torr, and thus it was found
that oxidation condition of that pressure or pressure
around that was preferred. It was found that this
pressure condition was similarly preferred for the
(abc) plane as well as the (100) plane and the (111)
plane.

Fig. 3 shows a relationship between oxide film
thickness containing Kr and oxidation time during
oxidation of silicon wafer surface using Kr/0, high
density plasma. The graph shows the results for

silicon substrates having a plane orientation of
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processi ng chanber was 1 Torr, and thus it was found that oxidation
condition of that pressure or pressure around that was preferred. It was
found that this pressure condition was simlarly preferred for the (abc)
pl ane as well as the (100) plane and the (111) plane. Fig. 3 shows a

rel ati onship between oxide film thickness containing Kr and oxidation tine
during oxidation of silicon wafer surface using Kr/02 high density

pl asma. The graph shows the results for silicon substrates having a pl ane

orientation @d) 1§1é%@9) @l %I;ﬁcgié%@ P af‘§b8?]a&ﬂ%§r}%/e P! aﬂ‘ﬁ.e%érhgal Al so

shows oxi dation tinme depen I'n conventio t her oxi dation at

900C. It ishdyé dent ghhatort hei mexihdtd s &b eihn ctd}?vé?ifg%nﬁilghi%?mi ty

pl asma oxidation at a substrate ténperature of 400C and a processing

chamber pressti@l 0bxldEon Sabi gherd han the evhdaijon-kraterha the dry 02
oxidation at a substrate tenperature of 900C and at nospheric pressure. By

usi ng the @ildgonosuksiteatin sthbage /axi tatdronde bt i yKid 02shhgh density
pl asma, the productivity of surface oxidation technique can al so be
mar kedl y dxipdavedn bt theswlostenticornadmpie ghterpesat 40 6 ° coxirdatd on
techni que, 02 nol ecul es or H20 nol ecul es pass through an oxide film forned
on a surfa@am®dyssing chamber pressure of 1 Torr is higher than
the oxidation rate in the dry 0, oxidation at a
substrate temperature of 900°C and atmospheric
pressure.

By using the silicon substrate surface oxidation
with Kr/0, high density plasma, the productivity of
surface oxidation technique can also be markedly
improved. In the conventional high temperature
oxidation technique, 0O, molecules or H,0 molecules
pass through an oxide film formed on a surface by
diffusion and reach the interface of silicon/silicon
oxide film to contribute to the oxidation. Therefore,
it is a common knowledge that the oxidation rate is
rate-determined by the diffusion rates of 0, molecules
or H,0 molecules through the oxide film, and it
increases with a factor of t*? as a function of
oxidation time t. However, in the Kr/O, high density
plasma oxidation according to the present invention,
the oxidation rate is linear until the oxide film
thickness reaches 35 nm. This means that the

diffusion rate of atomic oxygen in the silicon oxide

film is extremely high, and atomic oxygen can freely

17



di ffusion and reach the interface of silicon/silicon oxide filmto
contribute to the oxidation. Therefore, it is a common know edge that the
oxi dation rate is rate-determ ned by the diffusion rates of 02 nol ecul es
or H20 nol ecul es through the oxide film and it increases with a factor of
t1l/2 as a function of oxidation tinme t. However, in the Kr/02 high density
pl asma oxi dation according to the present invention, the oxidation rate is
linear until the oxide film thickness reaches 35 nm This nmeans that the

di ffusi ongaie Ohratiom Graxygeni ot e Shbi gonoxide filmis extrenmely
hi gh, and atom c oxygen can freely 17 pass through the silicon oxide film

Kr density di st Kirbuidro$i al,080 sttheislept bn @ilretd i ¥ei Beptdi | 1 con oxide film
formed by the aforenentioned procedure was investigated by using a total

reflecti onlXdayi bhughescentei specioxiwt pireerformiéd depsichy decreased in a
region having a thinner oxide filmthickness, and Kr existed at a density

of about aXotdmbhtCin2dtpaosetueen voxd dentrekbmispatf@deby Thaing sa in this
silicon film the Kr concentration in the filmis constant for the film
t hi ckness taftall nefaeatra Andayhe IKroxeacenioratsmacideopbasesnet @nar ds t he
silicon/silicon oxide filminterface. Fig. 4 shows the results of |ow
frequency K& \demeasyr slegined vedi anersf aveg $0nt daduimsi ty dhiamesxi de

oxide film thickness, and Kr existed at a density of

about 2 x 10 cm™ at a silicon oxide film surface.

That is, in this silicon film, the Kr concentration

in the film is constant for the film thickness of 4

nm or more, and the Kr concentration decreases

towards the silicon/silicon oxide film interxface.

Fig. 4 shows the results of low frequency C-V

measurement for interface state density of an oxide

film. The silicon oxide film was formed at a

substrate temperature of 400°C by using the apparatus

shown in Fig. 2. The partial pressure of oxygen in

rare gas was fixed to 3%, and the pressure in the

processing chamber was fixed to 1 Torr. For

comparison, the interface state density of a thermal

oxide film formed at 900°C in an atmosphere of 100%

oxygen is also shown. The interface state density of

the oxide film formed by using Kr gas was low for all

of the (100) plane, (111l) plane and (abc) plane and

equivalent to the interface state density of the

thermal oxide film formed at 900°C in a dry oxidation

atmosphere so as to have a (100) plane. Thus, it can
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film The silicon oxide filmwas formed at a substrate tenperature of
4000C by using the apparatus shown in Fig. 2. The partial pressure of
oxygen in rare gas was fixed to 3% and the pressure in the processing
chanber was fixed to 1 Torr. For conparison, the interface state density
of a thermal oxide filmformed at 900' C in an atnosphere of 100% oxygen
is also shown. The interface state density of the oxide filmfornmed by
using Kr gas was low for all of the (100) plane, (111) plane and (abc)

plane andpcecis 43l eAk et aul Nl BbeHhaGe of ab8oAChAAYL Of Lhgw dipral oxide

filmformed at 9000C in a dry oxidatio nDsph re soas to e a (100)

pl ane. Thusw iin€apri@desees Haalkany, Oéaﬁesflmlma% dgaose dyald {yeghowi ng a
low interface state density can simlarly be obtaine for the (abc) plane.

I'n additi @or ttigei nbeid)agel stat e 16easidit dn | henkhemved r pxide skidvm f or med
with the (111) plane is larger by 1 digit order conpared wth them The

i nterfacecsred et geosi tthea efleerrad 1t @:itdd heilpr €eamted Nveahi @hdreans
interface trap density (Dit) inthe md gap, and it is obtained by the

quasi - st atlilcl )C-¥leeehniguea gaeasibystiatdtg tapacideanceempalricapeviteehni que) .
As for electric characteristics and reliability characteristics of the
oxi de fil rahsaureh déheli ehéemfiace b vakdowenail t agee fleealeadet ochanadther i sti c,
hot present invention means interface trap density (Dit)

in the mid gap, and it is obtained by the gquasi-

static C-V technique (quasi-static capacitance-

voltage technique).

As for electric characteristics and reliability
characteristics of the oxide film such as dielectric
breakdown voltage, leakage characteristic, hot
carrier resistance and charge quantity causing
breakdown of silicon oxide film upon flowing a stress
current, QBD (Charge-to-Breakdown), the oxide film
obtained by the silicon substrate surface oxidation
using Kr/0, high density plasma showed favorable
characteristics comparable to those obtained for the
oxide film obtained by the thermal oxidation at 900°C.

As described above, although the oxide film
grown with the Kr/O, high density plasma was oxidized
at a low temperature of 400°C, it showed
characteristics comparable to or superior to those
shown by the conventional oxide film of a (100) plane

obtained by the high temperature thermal oxidation,

even for the (abc) plane, without being influenced by
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carrier, resistance and charge quantity causing breakdown of silicon oxide
filmupon flowing a stress current, BD (Charge-to-Breakdown), the oxide
film obtained by the silicon substrate surface oxidation usi ng Kr/ Q2 high
denS|ty pl asma showed favorable characteristics conparable to those
obtained for the oxide filmobtained by the thermal oxidation at 900' C. As
descri bed above, although the oxide film grown with the Kr/02 high density
plasma was oxidized at a |ow tenperature of 400'C, it showed

char act er ik3{d G5) £08P8RaRIA 401 8h sw@ﬁ@s%r ddvdfes esshéﬂ#‘ﬁ Eﬁgenperature

conventional oxide fiimof a (100) plane talne

thermal oyrdati @dd b?vm fesntheneabeln p&l@@eox‘i‘dehoﬁﬂilﬂﬁ?' ngri pkl uenced by
19 the plane orientation. These advantages are partly provided by Kr

cont ai ned dohdige p¥tdenfad yhéh ks ieonsdelesedeldhatn wiga Kkiige contained in
the oxide film stress inthe filmor at the Si/Si02 interface is

rel axed, dHdmgesstnekhe ifri |thandithe dmntetfape sstageodenstéyrace reduced,
and thereby the electric characteristics of the silicon oxide filmare

mar kedl y iimproveaixedy ichauonss dénedhehafilmnanpardieul aterlfaceont ai ned at a
| evel of 5 x 1011 CM -2 or |less in the concentration of the surface
contri but e$atte daesifyr evereneducked,heard echerelgharlaet el iesttircisc  and
reliability characteristics of the silicon oxide

characteristics of the silicon oxide film are

markedly improved. It is considered that, in

particular, Kr contained at a level of 5 x 10'' cm™? or

less in the concentration of the surface contributes

to the improvements of the electric characteristics

and reliability characteristics of the silicon oxide

film.

The MIS transistor utilizing this gate oxide
film shows favorable characteristics in any plane
orientation, and characteristics equivalent to those
obtained with the (100) plane can be obtained even
with the (abc) plane.

In addition, in order to produce the oxide film
of the present invention, other than the apparatus
shown in Fig. 2, an apparatus for plasma process that
enables low temperature oxide film formation using
plasma may also be used.

For example, an oxide film can also be formed by
a two-stage shower plate type plasma process

apparatus having first gas discharging means for

discharging Kr gas for exciting plasma by a microwave
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film The MS transistor utilizing this gate oxide filmshows favorable
characteristics in any plane orientation, and characteristics equival ent
to those obtained with the (100) plane can be obtained even wth the
(abc) plane. In addition, in order to produce the oxide film of the
present invention, other than the apparatus shown in Fig. 2, an apparatus
for plasna process that enables |low tenperature oxide filmformation using
pl asma nay al so be used. For exanple, an oxide filmcan also be fornmed by

a_two- st agem §houebnRl &j£s tyPechbay T PrAcess @PPagakuahaMing first gas
di scharging neans for ~ discharging Kr"gas for exciting plasma by a

ni crowave c_%@%/@@ﬁ ge@Eondyigash di sCRErof dge ARAFS drort e SERasd Ngh s OXygen gas,
which is different fromthe first gas discharging nmeans. Hereafter, |ow
t enper at ur@i sithairde rfg Ineafier mati on using plasma will be explained. A
nitride filmformng apparatus is alnost the sane as the apparatus shown
in Fig. 2. In thHereabodrrpedigw Aremperidturse usetdrasieplfasim excitation gas
for the nitride filmformation. Inside of the vacuum chanber (processing
chanber) Iféoxmabdenvacuimy phdshr gaslhnde WP gmsnade i At ndaducetke from t he
shower plate 2 to

film forming apparatus is almost the same as the

apparatus shown in Fig. 2. 1In this embodiment, Ar or

Kr is used as plasma excitation gas for the nitride

film formation. Inside of the vacuum chamber

(processing chamber) 1 is made vacuum, and Ar gas and

NH; gas are introduced from the shower plate 2 to

adjust the pressure in the processing chamber to be

about 100 mTorr. A circular substrate 3 such as a

silicon wafer is placed on the sample stand 4 having

a heating mechanism, and temperature is adjusted so

that the temperature of the sample should become

500°C. This temperature may be adjusted to be in the

range of about 200 to 550°C.

From the coaxial wave guide 5, a microwave of

2.45 GHz is supplied to the processing chamber via

the radial line slot antenna 6 and the dielectric

plate 7 to generate high density plasma in the

processing chamber. The frequency of the supplied

microwave may be in the range of 900 MHz to 10 GHz. A

spacing between the shower plate 2 and the substrate

3 is adjusted to 6 cm in this example. A narrower

spacing enables film formation with a higher rate.
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adj ust the pressure in the processing chanber to be about 100 mTorr. A
cirtcul &r substrate 3 such as a silicon wafer is placed on the sanple stand
4 having a heating nmechanism and tenperature is adjusted so that the
tenperature of the sanple should becone 500C. This tenperature may be
adjusted to be in the range of about 200 to 550C. Fromthe coaxial wave
guide 5, a mcrowave of 2.45 GHz is supplied to the processing chanber via
the radial line slot antenna 6 and the dielectric plate 7 to generate high

densit | asma A + OCESSi r -:the - { uppl i ed

nicromévg may bgﬂF%nﬁﬁgﬁr%ﬁg%k%%ngggn§ftf%ggi6&gﬁggﬁgg%§g%%%ﬁg %etmeen t he
shower pl n Ssupst ; i dj ; t cay R thy nmple. A
nar r ower %gggéP%gggﬁggﬁés fi?ﬁ?%é%ﬁé#fé% ﬁfﬁ%gg ﬁﬁg erg}g?eéng%aAz$hough an

exanpl e oiyfd | SRERRMRL & US| 8L d IASITR APRACHMFWE I hbgi B@ @ radial line
sl ot antenna was shown in this enbodinent, a mcrowave nay be introduced

into the grnacessifedcharRerctiy peovesSNo§hehamidody Fustiher, al though Ar
is used as the plasna excitation gas, use of Kr can also provide simlar

resul ts. Rurdties romehald howghr Ni8ri, s ausertbggh Abe ipl asg@dpasecess gas, a
m xed gas of N2 and H2 or the |like may al so be used. In the high density
excitati opldssaaertidatiixad gas, use of Kr can alsoc provide

similar results. Furthermore, although NH; is used as

the plasma process gas, a mixed gas of N, and H, or

the like may also be used.

In the high density excitation plasma of a mixed
gas of Ar or Kr and NH; (or N,, H,), Iﬂi* radicals are
efficiently generated by Ar* or Kr* in an
intermediate excited state. With these NH* radicals,
the substrate surface is nitrided. Such nitriding of
silicon enables formation of nitride film of high
quality at a low temperature without limitation of
the plane orientation of silicon.

In the silicon nitride film formation according
to the present invention, one of the important
requirements is the presence of hydrogen. When
hydrogen exists in the plasma, dangling bonds in the
silicon nitride film or at the interface form Si-H
and N—H.bonds to cause termination, and as a result,
electronic traps in the silicon nitride film and at
the interface are eliminated. The presence of the Si~
H bonds and N-H bonds in the nitride film of the

present invention has been confirmed by infrared
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gas of Ar or Kr and NH3 (or N2, H2) , NH* radicals are efficiently
generated by Ark or Kr* in an internmediate excited state. Wth these NH
radicals, the substrate surface is nitrided. Such nitriding of silicon
enabl es formation of nitride filmof high quality at a | ow tenperature
without Iimtation of the plane orientation of silicon. In the silicon
nitride filmformation according to the present invention, one of the
inportant requirenents is the presence of hydrogen. When hydrogen exists

in the pl ag@, rganghi g dopdsmish 1t ear?cﬁ'kcﬁ?@%/gi Hdd6eibbmy, at the

interface formSi-H and N-H bonds to cause m nat i on, anélas a result,

el ectroni gge@psondtifie &F | treN Ml | derrfd | prasdnate dheniatellace are
el im nated. The presence of the Si- H bonds and N-H bonds™in the nitride

filmof thelsgresentinatventtns hastheesscantisr mad dyataktaned22-absor ption
spectrometry and X-ray photoel ectron spectronetry of the film The

presence afndiyslupgerssdsotkbi piindteasn t el hysirerest siak €Y tehafaceeri stics
and suppresses the silicon/silicon nitride interface state density as |ow
as 3 x 10"stevte G®h2itn dbelofvormmatd an b0 kevSchiton I tthde fil m by
using a rare gas (Ar or Kr) and a m xed gas of N2/H2, if the hydrogen gas
is used atferparical of eslsar eidfi bW drrider €1leh doyrosiand shat@reraps in
the filmare sharply
gas (Ar or Kr) and a mixed gas of N,/H,, if the
hydrogen gas is used at a partial pressure of 0.5% or
more, electron and hole traps in the film are sharply
decreased.
Relative dielectric constant.of the silicon
nitride film of this embodiment was 7.9, which is
twice as large as that of the silicon oxide film.
In order to produce the nitride film of the
present invention, other than the apparatus shown in
Fig. 2, an apparatus for plasma process that enables
low temperature nitride film formation using plasma
may also be used. For example, the nitride film can
also be formed by a two-stage shower plate type
plasma process apparatus having first gas discharging
means for discharging Ar or Kr gas for exciting
plasma by a microwave and second gas discharging
means for discharging NH; (or N,/H, gas) gas, which is
different from the first gas discharging means.
Hereafter, a method for producing a solar cell

by using a silicon wafer having an (abc) plane such

~as the wafer of the present invention will be
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decreased. Relative dielectric constant of the silicon nitride film of
this enbodiment was 7.9, which is twice as large as that of the silicon
oxide film In order to produce the nitride filmof the present invention,
ot her -than the apparatus shown in Fig. 2, an apparatus for plasma process
that enables |ow tenperature nitride filmformation using plasma may al so
be used. For exanple, the nitride filmcan also be forned by a two-stage
shower plate type plasma process apparatus having first gas discharging
means for é%ﬁygghgkpg Ar or Kr gas for exciting plasma by a m crowave and
second gas discharging neans for discharging NH3 (or N2/ H2 gas) gas, which

is different frzggnébgeéufystda@érgbé@haraglsﬂﬁlﬂ@aﬁswaiieéfa&fléeﬁnga afet hod for
producing a solar cell by using a silicon wafer having an (abc¢) plane such

-as the wafgpcpf plikedresephel meent i Hrvhlce RhRds exphal nRthAsi akneady
described, a silicon wafer having an (abc) plane as the nmain surface shows

hi gh r’rechaﬂntﬁahgt&trerrgidreﬂ'dﬂﬁéef are bddomesopes Hasse bte o isdld ce a
silicon single crystal ingot for solar cells with a thickness snaller than
t he thi cknressiosed simgbhe cslistialg Dfigoon¥ent ismbhrstkilden veitigl @ cryst al
ingot for solar cells (about 400 to 600 pmfor a dianeter
thickness smaller than the thickness used in the
slicing of conventional silicon single crystal ingot
for solar cells (about 400 to 600 pm for a diameter
of 100 to 150 mm), and the thickness can be, for
example, 300 to 450 pm or less than the foregoing
range for a diameter of 100 to 150 mm. Therefore, the
yield of wafers is improved for the thickness made
thinner, and thus it becomes possible to reduce the
cost.
The slicing is performed by using a wire saw or
an inner diameter slicer, and damage is generated in
a crystal by mechanical impact at the time of the
slicing. Such damage degrades electric
characteristiqs of wafers and also affect
characteristic of the cell. Therefore, in order to
eliminate such a damage layer, chemical.etching is
performed for about 10 to 20 pm. Such etching is
usually performed by using a mixed acid of HF and HNO,,
and several tens of wafers are put into a carrier for
etching to perform the etching with rotating the

carrier in order to attain uniform etching over the

surfaces. Therefore, higher wafer strength is
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of ,100 to 150 nm, and the thickness can be, for exanple, 300 to 450 pm
or less than the foregoing range for a dianeter of 100 to 150 nm
Therefore, the yield of wafers is inproved for the thickness made
thinner, and thus it becomes possible to reduce the cost. The slicing is
performed by using a wire saw or an inner dianmeter slicer, and damage is
generated in a crystal by nechanical inpact at the tinme of the slicing.
Such danage degrades electric characteristics of wafers and al so affect

CharaCte“éﬁﬂéh@égé@%é“%ér gh@ﬁe@%*%téﬂlﬁgd%rééés§l'gﬁﬁﬁkﬁ such a damage

| ayer, chem cal ching is performed for a 10 t0 20" pm_ Such etching

i's usual lysmer§opmed iyl s Ng & oMpeash RCede8f WHiangd EhQ3% and several
tens of wafers are put into a carrier for etching to performthe etching

with rotatimgkhesscar FueitHdr ordeentiaatwatn HAi harka et chbpg over the
surfaces. Therefore, higher wafer strength is 24 advantageous for such an

et chi ng priooessas shoceoneées soar @ Al ¢ kehyyt 0 dleakd evertitirtdh a smal |
t hi ckness. Further, etching with an al kal i ¥ i ncreasi ng conversi on
ef fici enctreathedtt exitsurael sor patrifentmed s also performed. Then, since a
p-type silicon wafer is usually wused, n-type inpurities are diffused in
the wafer to Then, since a p-type silicon wafer is usually

used, n-type impurities are.diffused in the wafer to

form a pn junction, and the wafer is subjected to

formation of electrodes and formation of

antireflection film to produce a solar cell.

By successively forming a n-~type layer, p-type
layer and n-type layer on a surface of a p-type wafer
by epitaxial growth to produce a pnpn type tandem
structure, a conversion efficiency of 20% or more and
an output voltage of 1.5 V can be attained.

As described above, the wafer of the present
invention having the (abc) plane as the main surface
can sufficiently bear the production steps of devices
and solar cells even with a smaller thickness, and
thus it enables marked reduction of the production
cost.

The present invention is not limited to the
embodiments described above. The above-described
embodiments are mere examples, and those having the
substantially same structure as that described in the

appended claims and those providing similar functions

and advantages are all included in the scope of the
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forma pn junction, and the wafer is subjected to formation of el ectrodes
and formation of antireflection filmto produce a solar cell. By
successively formng a n-type layer, p-type |layer and n-type |ayer on a
surface of a p-type wafer by epitaxial growh to produce a pnpn type
tandem structure, a conversion efficiency of 20% or nore and an out put
voltage of 1.5 V can be attained. As described above, the wafer of the
present invention having the (abc) plane as the nmain surface can
sufficientdy.bear 4he plodygtion steps of devices and solar cells even
with a smaller thickness, and thus it enables marked reduction of the

production costpodhexangsnNt wHVeat kehgie NOtyLtAIL 6 fOrshe enbodi ments
descri bed above. The above-described enbodi nents are nere exanpl es, and

those havidgwnhshet ispsdansémk bpnshie: 61 1 yet Ul asa thabxdascri peddin the
appended cl ai nrs and those providing simlar functions and advantages are
all includeatl thet b& capen ol ohkel Zmipsesaphtigyvetiéoprebantexanpl e, while
single crystal wafers consisting of sem conductor silicon are exenplified
in the af amrventioned £nbodi itntit,ed hieopteeert andveahi b izppmbiedimted to
these and can be applied to single crystals other than silicon and
conpound to single crystals other than silicon and compound

semiconductors, and such application also falls

within the scope of the present invention.
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sem conductors, and such application also falls wthin the scope of the
present invention. 26 CLAIMS 1. A single crystal wafer, wherein the main
surface has a plane or a plane equivalent to a plane tilting with respect
to a [100] axis of single crystal by angles of a (0 < o( < 90') for the
[011] direction, (0" < ~<90") for the [01-1] direction andy (0" y <
45') for the [10-1] or [101] direction. 2. The single crystal wafer
according to Caim1l, which consists of sem conductor silicon. 3. The
single crystal wafer according to C-gi ﬂ§ or 2, which satisfies a

rel ati onship of thickness of mafer?%%% di aneter of wafer (mm :-f5- 3.
4. A single crystal wafer, wherein an insulator filmis fornmed on a
surface of the single crystal .wafer according to daim2 or 3. 5. The

single crystal wafel acggudi RGO alfrdr, Wigkebint hed ngadgtor filmis a
silicon oxide film containing Kr. 6. The single crystal wafer according to

Caim4, vwhereibethas tsWrige bid @ iSlansi bR dlidnt deof i mZaneont ai ni ng
Ar or Kr and hydrogen. 7. A solar cell produced by using the single
tilting with respect to a [100] axis of single
crystal by angles of a (0° < o < 90°) for the [011]
direction, B8 (0° < B8 < 90°) for the [01-1] direction
and vy (0° = v < 45°) for the [10-1] or [101]

direction.

2. The single crystal wafer according to Claim 1,

which consists of semiconductor silicon.

3. The single crystal wafer according to Claim 1
or 2, which satisfies a relationship of thickness of

wafer (pm)/diameter of wafer (mm) = 3.

4. A single crystal wafer, wherein an insulator
film is formed on a surface of the single crystal

-wafer according to Claim 2 or 3.

5. The single crystal wafer according to Claim 4,
wherein the insulator film is a silicon oxide film

containing Kr.

6. The single crystal wafer according to Claim 4,

wherein the insulator film is a silicon nitride film
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crystal rwafer according to any one of Clainms 1 to 6. 28

containing Ar or Kr and hydrogen.

7. A solar cell produced by using the single

crystal wafer according to any one of Claims 1 to 6.
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