Speci fication PLASMA DOPI NG METHOD <Background of the invention> 5 The
present invention relates to a plasma doping nethod, and in particular, to
a plasma doping nethod for doping an inpurity into a surface of a solid
sanpl e such as a sem conductor substrate. 10 <Description of the related
art> As a technology for doping an inpurity into a surface of a solid
sanple, a plasma doping (PD) nethod for ionizing the inpurity and dopi ng
the ionized inpurity into a solid at |ow energy is well known (for exanple,
see USP 15 4912065). On the ot hggedofitdsat @Nng the nethods for doping an
inmpurity, an ion inplantation nethod is nost wdely used at present. The

pl asma dopi ng nethod is desciphhefial BopTivel MERyeb Shal | ow Junction | on Dopi ng
of Figure 30 of 20 Front End Process in International Technol ogy Roadnap for
Sem conductors 2001 Edition (1 TRS2001)" and "International Technol ogy
Roadmap for Sem conductors 2003 Edition (ITRS2003)" as a next-generation

technol ogy for inplantin i on, %ge asma doping nethod is different from
the ion ZéB?ﬁ%?ﬁﬁﬁaaiSE ﬁ%?h%ﬁ?e %8§%er, I TRS is a docunent that is 1
mﬁdel% referrgﬂlto by engi neers_jn senj conduct or :
e present invention relates to a plasma doping
method, and in particular, to a plasma doping method for

doping an impurity into a surface of a solid sample such

as a semiconductor substrate.

10 <Description of the related art>

As a technology for doping an impurity into a surface
of a solid sample, a plasma doping (PD) method for
ionizing the impurity and doping the ionized impurity into
a solid at low energy is well known (for example, see USP

15 4912065} .

On the other hands, among the methods for doping an
impurity, an ion implantation method is most widely used
at present. The plasma doping method is described in

“Column of Shallow Junction Ion Doping of Figure 30 of

20 Front End Process in International Technology Roadmap for
Semiconductors 2001 Edition (ITRS2001)” and “International
Technology Roadmap for Semiconductors 2003 Edition
{ITRS2003)” as a next-generation technology for implanting
ion. The plasma doping method is different from the ion

25 implantation method. Moreover, ITRS is a document that is



i ndustries. A technical difference between ion inplantation and plasm
doping will now be described in nore detail. 5 In the ion inplantation

nmet hod, an apparatus conprising an ion source for generating plasna from
gas, an analysis magnet for perform ng nmass separation in order to select
desired ions anong ions extracted fromthe ion source, an el ectrode for
accelerating the desired ions, 10 and a process chanmber for inplanting the
accelerated desired ions into a silicon substrate, is used. In the ion

i npl ant at ,08e 1§ Nr O dF & Otb By aBh g1 e+ HPUR | §¥mSBBhLQM:oEt IS preferable to
set extraction energy for extracting ions fromthe ion source and

acceleratlg&uggfig f o L8RS géfr§lfﬁgr§H@élbef@@@ﬂeio when t he extraction

energy is set small, the nu of Tons to be extracte% is decreased. In

anspor AP TR ERGY, BhC st e cgR g PP aSTChy apdRktBrElthul doncd due

to a repul sive forc§ 20 generated by charges between the ions. As a result,
the ion BREM ABG2E0!1ide against the inner wall of a beamline, and a

| ar ge _nunber of iqns may be | ost. For this reason, throughput of an
i npl aRt ati on PrOdESidRY iRl ant 3 ol Seethayr axaARREatiken B+ ions are

implanted, if the 25 accel eration energy beconmes 2 keV or |less, the
t hr oughpugomprising an ion source for génerating plasma from gas,

an analysis magnet for performing mass separation in order
to select desired ions among ions extracted from the ion
source, an electrode for accelerating the desired ions,

10 and a process chamber for implanting the accelerated
desired ions into a silicon substrate, is used. In the ion
implantation, in order to implant the impurity shallow, it
is preferable to set extraction energy for extracting ions
from the ion source and acceleration energy for

15 accelerating small. However, when the extraction energy is
set small, the number of ions to be extracted is decreased.
In addition, when the acceleration energy is set small,
while an ion beam is transported from the ion source to a
wafer, a beam diameter is widened due to a repulsive force

20 generated by charges between the ions. As a result, the
ion beam may collide against the inner wall of a beam line,
and a large number of ions may be lost. For this reason,
throughput of an implantation processing will be lowered.
For example, when B+ ions are implanted, if the

25 acceleration energy becomes 2 keV or less, the throughput



starts to be lowered, if the accel eration energy beconmes 0.5 keV or |ess,
the beamtransportation itself becone difficult. Further, even though the
acceleration energy is lowered to 0.5 keV, the Bions may be inplanted at a
depth 5 of approximately 20 nm That is, in case of formng an extension

el ectrode having a thinner thickness than the depth, productivity may be

| owered drastically. In contrast, in the plasna dopi ng nethod, an apparatus
conprising a plasma generation source for 10 inducing plasnma into a

cyl indri cetavesutsh bbardeered, WhE Cbhe aa8té 1 608t SehSbhatgyCBacbRedi sposed, a
bias el ectrode on which the silicon substrate is disposed, and a bias power

supply fop, adkesténglasPot enbi BlaRf t+88spbPsati SRt 1081 fi Bectmgd. The
apparatus has the different configuration from 15 the apparatus used in the

ion inpl apf a{ Q@£ N POFPhetNabvehNEnENGhYEHE g@@@@ér_ﬁﬂgoﬁhgn%@ﬁg;?Ea“ on

el ectrode are not provided. The bias electrode serving as a p ma source

o or ot B ELieto, B gLy eOnl ot D Ko P e TED, oL IECLE"S,
DL 25T and Aol o Dt s CRIL| MR LoncasLice havaensy gy Bl 2o can
e el ot creouPated. (LD, Lhe o, bl ankatlon. Tual. s, B dgseptate 1o
inplantatéég%h’ productivity may be lowered drastically.
In contrast, in the plasma doping method, an
apparatus comprising a plasma generation source for
10 inducing plasma into a cylindrical vacuum chamber in which
a silicon substrate can be disposed, a bias electrode on
which the silicon substrate is disposed, and a bias power
supply for adjusting a potential of the bias electrode, is
used. The apparatus has the different configuration from
15 the apparatus used in the ion implantation in point that
the analysis magnet and the acceleration electrode are not
provided. The bias electrode serving as a plasma source
and a wafer holder is provided in the wvacuum chamber.
Then, the ions are accelerated and introduced by a
20 potential to be generated between the plasma and the wafer.
With this configuration, since low-energy plasma can be
directly used, a large amount of low-energy ions can be
irradiated onto the wafer, compared with the ion

implantation. That is, a dose rate is considerably high.

25 For this reason, in the low-energy B-ion implantation,



3 high throughput can be kept. By applying the plasma dopi ng nethod, the

i nventors have devel oped a process technology for formng a source-
to-drai n extension electrode having a very shallow 5 thickness and | ow

resi stance. The paper on this new process technology is adopted in VLS
Synmposiumthat is the highest authority as one of International
Conferences, in June 2004. This new process technology is known as a
process technology that has particular effects ("Y. Sasaki, 10 et al., Synp.

on VLSI TEQ@h PHBOuGREAE) cdn b8 kBps.nethod, doping naterlal gas which is
i ntroduced froma gas introduction port, such as B2H6, is plasm zed by a

bl asima, gener atdpr s i AEURG 1L QI Eng WRUESA doRgdpaept sed i 0 magnet

Then, boron |ons I'n asma are supplled to a surface of a sanple by a

hi gh- fr?ﬂ&@QCdeQQTB 8“Qp€¥? égtééﬁnéfﬁgﬁ P kR ﬁkﬁ& andoni-ol-

i ntegration of cond vi ce erls Ics’in an 1npurity doped

region arg v o Lant Sep characterlstlc 20 dose (inpurity
doping a ? gﬁ%?% Thas OPOS,?gE &%nc%Vl?ﬂa? Vet gngﬁ%%ﬂonportant el enent s
in de%ernlnln el enen characteristics. B@iacordln I% r he control of the

dose s 9%}9 DePSr 8Bt 1oV FEREShPASHa dOPFnG2ReE RS 18sBEY it can be seen
process technology is adopted in VLSI Symposium that is

the highest authority as one of International Conferences,

in June 2004. This new process techneclogy is known as a

process technology that has particular effects (“Y. Sasaki,
10 et al., Symp. on VLSI Tech. pl80 (2004)").

In this method, doping material gas which is
introduced from a gas introduction port, such as B;Hg, is
plasmized by a plasma generation unit having a microwave
waveguide and an electric magnet. Then, borcn ions in

15 plasma are supplied to a surface of a sample by a high-
frequency power supply.

With the reduction in size and high integration of a
semiconductor device, characteristics in an impurity doped
region are very important. Among these characteristics, a

20 dose (impurity doping amount) determines low resistance
that is one of important elements in determining element
characteristics. Accordingly, the control of the dose is
very important.

If the plasma doping method is used, it can be seen

25 that the source-to-drain extension electrode having a very



25 that the source-to-drain extension electrode having a very 4 shall ow

t hi ckness and | ow resi stance can be forned. However, a dose control nethod
for controlling the elenment characteristics has not been devel oped yet. Up
to now, a nmethod for changing the dose by way of changing a plasma 5 doping
time has been tested, but this method does not obtain sufficient control
precision, and as a result, it 1is unpractical. In this situation, as a

met hod which is capable of inproving safety by diluting toxic B2H6 having a
serious dialick tioidkeedsinmnd bbely Bssiatgecascamosise bfermedabl y generating
and keeping plasma w thout degrading doping efficiency, and easily

perform ngowdree £0M I @bs&f céitero Honatthodoser EbettHVEMQrehdasi sragested the
following nethod. In the nethod, B2H6 gas as a material containing 15 an

DUy di0n R OPES ] 85 AN S Wod i HecBasoBad | pgL ST ¢ doabaat hon ener gy,

then He plasma Is generated earlier, and subsequently B2H6 is di scharged

JP2004- 9%%3 t [ : '
g)referablnfl %@%%%faﬁ : %&?g 2%%%%% ﬁlgpg%n reﬁ?r%??%%“?%?o%ﬁ?%? exanpl e,
[ ly 0.05% .al hit_i ted. that, th ' il

oporox TS ng. O5H SHLNBED {0481 SR BEL IRGAGR, A088 pof 7Y

concentration.is kept constant. i s . .
obtain su§¥ac1ent control precision, and as a result, it

is unpractical.
In this situation, as a method which 1s capable of
improving safety by diluting toxic B;Hg¢ having a serious

10 risk to the human body as large as possible, stably
generating and keeping plasma without degrading doping
efficiency, and easily performing the control of the
dopant dose, the inventors has suggested the following
method. In the method, B:Hs; gas as a material containing

15 an impurity to be doped is diluted with He gas having
small iconization energy, then He plasma is generated
earlier, and subsequently B;Hg is discharged (JP2004-
179592) suggested that the concentration of B;Hs gas is
preferably less than 0.05%.

20 When the concentration is low, for example,
approximately 0.05%, although it is reported that the dose
is easily controlled, changing the dose by varying the
time while the gas concentration is kept constant is
described. That is, when the B;Hs gas concentration is low,

25 the change in the dose is small with respect to the



descri bed. That is, when the B2H6 gas concentration is |low, 25 the change in
the dose is small with respect to the 5 variation in tine, and thus the
dose is easily controlled. Here, there is a progress in that the control
precision of the dose is increased. However, this just inproves the known
met hod for changing the dose by changing a plasma 5 doping tine. Herein,
there is no study for the relationship between the change in the dose and
the gas concentration. <D sclosure of the Invention> 10 <Problemthat the

| nvent i onvasidoisnl ve>t Asefesndi brdsabh¥edobé i8 eapoliyasbnteoclidem t he
impurity doped region or control the dose. O course, in- plane uniformty

is also ve&ye) MoREtaniste posgrasselenenit the gantteVYl preciBibg bhere is a
recent progress in a large 15 dianmeter of a wafer, it I1s very difficult to

obtain a uplfQsgedose; hArthe§Ur fAGRevdhe tRAYEN{L9P DRSr86ey thpalized in
consideration of the above problens, and it is” an object of the invention

to provi de, gl AsfodoRbPOHEANEN,t DAL 6880 CRYTERLNB1AGSE APauhkn hi g

accuracy and can forma shallo urity dope regron: I's anot her object
of e | PEDIAG e LRePYOHLEE 8, PhERE: §ORLNG: 8L NP8, PRL can realize high
relationship between the change in the dose and the gas

concentration.

<Disclosure of the Invention>
lQ <Problem that the Invention is to solve>

As described above, it is important to form the
impurity doped region or control the dose. Of course, in-
plane uniformity is also very important to form an element.
In particular, while there is a recent progress in a large

15 diameter of a wafer, it is very difficult to obtain a
uniform dose in the surface.

The invention has been finalized in consideration of
the above problems, and it is an object of the invention
to provide a plasma doping method that can control a dose

20 with high accuracy and can form a shallow impurity doped
region.

It is another object of the invention to provide a
plasma doping method that can realize high in-plane
uniformity of a dose and can control the dose with high

25 accuracy.



uniformty of a dose and can control the dose with high 25 accuracy. 6
<Means for Solving the Problenm> According to an aspect of the invention,
there is provided a plasnma dopi ng nmethod that supplies gas plasma
containing inpurity ions to a sanple for a predetermned 5 tinme with a
predeterm ned concentration so as to forman inpurity doped region in a
surface of the sanple. The plasnma doping nethod includes a step of setting
a doping tine and a concentration of the gas plasma containing the

inpurity ausing hedr asslDsend staderswid@yrmwi th no time 10 dependency. The
i nventors have repeated various experinments and have found that, if a bias

is applied by Addadi@ald NG HR2HYIR-PlAS OB hSidd COHhSMbsidate, there is
atime at which a dose of boron is nade substantially uniform 15 Further,

it can b t i i i o jve I d ease to
stably ug%,&ggdn%&;?éeaﬁymg%rﬁga%ﬁﬁqﬁtﬁ? cﬁh?gpge%?%g#lgt Xsofi?g%mg%par at us
control can be. secured. That.is. if plasmm irfadiation starts dose is
Uni ] al | O BRI TR AT 1Tt cPRLS dbOE R PTEARtEBTE st antial 1y
uni form 'Ihout.cﬁﬁp?endi n(g on a tinme variation.is continued, In addition, if

the tPme Tl PR b HR I e CREIT 53 heR 3RS FRef PHleR or s

impurity doped region in a surface of the sample. The
plasma doping method includes a step of setting a doping
time and a concentration of the gas plasma containing the
impurity such that a dose is made uniform with no time

10 dependency.

The inventors have repeated various experiments and
have found that, if a bias is applied by irradiating
B;Hs/He plasma onto a silicon substrate, there is a time at
which a dose of boron is made substantially uniform.

15 Further, it can be seen that the saturation time is
comparatively long and ease to stably use, compared with a
time at which repeatability of an apparatus control can be
secured. That is, if plasma irradiation starts, a dose is
initially increased, but a time at which the dose is made

20 substantially uniform without depending on a time
variation is continued. 1In addition, if the time is
further increased, the dose is decreased. The inventors
have also found that the dose can be accurately controlled
through a process window of the time at which the dose is

25 made substantially uniform without depending on the time



have al so found that the dose can be accurately controlled through a
process wi ndow of the tinme at which the dose is 25 nmade substantially

uni form wi t hout depending on the time 7 variation. The invention has been
finalized focusing on the results. According to another aspect of the
invention, there is provided a plasm doping nethod that supplies gas 5

pl asma containing inpurity ions onto a sanple for a predetermned tinme with
a predeterm ned concentration so as to forman inpurity doped region in a

surface ofatfgtisanp! ene ThavRLASBR HRI BEeARENAd] i Rehudes,8; aLeBnOf
perform ng plasma doping within a tine range in which a 10 doSe is nade

uni formwifh po ﬁhﬂg.dependency in a state where a doping tinme and a
concentration of the gas plasma containing the inpurity ions are set such

that a dose i .uniformw.,th no ti p e ccordin othis
configuration?A?%%9§5% e% r%R%ﬁﬁFEﬁasé%£$ﬁ%€g§£gp?§§%%€%%%1a#%?%% t he
inpurity Lons_is.set in_the _tine,range,in jch the dose i s nmade uniform
W th no t FReBrhEbRRtench L SRRRoRHEhORy TEFhES db5E e SPBE L BEcHRl 6! y
controlled, That is, even though the tinme is slightl changed, since the
dose i’ nB%aé’f“ﬁnan‘éﬁéﬁgBE, 1{“ngr65¥el°§6 e3hkope g?ﬁBi? ¢8Rt Fol led. In

contrast, in _the known nethod that controls the dose according to the tine,
even thoueﬁedetermlned time with a predetermined concentration so

as to form an impurity doped region in a surface of the
sample. The plasma doping method includes a step of
performing plasma doping within a time range in which a
10 dose is made uniform with no time dependency in a state
where a doping time and a concentration of the gas plasma
containing the impurity ions are set such that a dose is
made uniform with no time dependency.
According to this configuration, the concentration of
15 the gas plasma containing the impurity ions is set in the
time range in which the dose is made uniform with no time
dependency. Accordingly, the dose can be accurately
controlled. That is, even though the time is slightly
changed, since the dose is not almost changed, the dose
20 can be stably controlled. In contrast, in the known method
that controls the dose according to the time, even though
the time is slightly changed, the dose is drastically
changed.
As a result of the repetitive experiment, when the

25 B;Hg/He concentration is changed with respect to a



the tine is slightly changed, the dose is drastically changed. As a result
of the repetitive experinent, when the 25 B2H6/He concentration is changed
wWith respect to a 8 predetermned bias, it is possible to obtain a tine
range where the dose is not alnbst changed and is saturated. In addition,
the inventors have found that, in the above tine range, there is a tine
range where in-plane uniformty of 5 sheet resistance (Rs) after annealing,
that is, in-plane wuniformty of the dose is very satisfactory. The

ol aam QR R Ca B Bt TG pract] il Sher B et A S o e
cont 1ol Sl 552,008 10 14k LA pULAILL oten bes s by onp el fort.
e o BT SO el d e e BLoSE Sontglolg (e
the substrate and sputtering of the inpurity fromthe surface of the
subst r at €I sRNBER eF FHelBHVEMTT SRER Feprart Wakfoml expeti nent s and
have found that, if a bias is applied by irradiating the B2H6/He pl asna
ont o bhe Hiddtcoresigisance e{Reherieter anndael) dthathi oy dopimpod bor on and
sputtering of boron fromthe
uniformity of the dose is very satisfactory. The
inventiocn has been finalized on the basis of the result.
Accordingly, while plasma doping can be put to practical
use, the problems relative to the control of the dose and
10 in-plane uniformity can be solved by one effort.
In the plasma doping method according to another
aspect of the invention, the doping time and the
concentration of the gas plasma containing the impurity
may be set such that doping of the impurity into the
15 surface of the substrate and sputtering of the impurity
from the surface of the substrate are saturated.
The inventors have repeated various experiments and
have found that, if a bias is applied by irradiating the
B;Hs/He plasma onto the silicon substrate, there is a time
20 at which doping of boron and sputtering of boron from the
surface of the substrate by irradiation ions, radicals,
gas in the plasma are saturated (balanced). Further, it
can be seen that the saturation time is comparatively long

and ease to stably use, compared with a time at which

25 repeatability of an apparatus control can be secured.



surface of the substrate by irradiation ions, radicals, gas in the plasm
are saturated (balanced). Further, it can be seen that the saturation tine
is conparatively long and ease to stably use, conpared with a tinme at which
25 repeatability of an apparatus control can be secured. 9 In the plasm
dopi ng met hod according to another aspect of the invention, the doping tine
may be set to an extent that a dose in a portion where the dose in the
surface of the substrate is small follows a dose of a 5 portion where the

dose i s saturated., Accaordin &) this.confiquratj.on, .,the cqncentrati on of
t he pl asma cog[tna?crlﬁengﬁt Sg“al qrripO g‘l %lmlect)%ls? I s?%sce rc!lr?q ﬁcé) 3% chirlerrange in which

the d ' d i.f i th, t d d ._Further, the dopi ti
s set t A @ht A THIENEHEGOSE | HPR S oty JIRGHRS & $he oSk [ n the

surface of the substrate is small follows the dose of the portion where
the dose §%tenl urhdedt FRITVIrEk MyIBLTEIPRHHETE othe e EsE | HBDI ane
uniformty, the dose can be accurately controlled. Actually, the saturation
time rangi5ads ekashe elag tialgs vi 3uitabbi fRblows thedese faEed and a dopi ng
end point is set to the latest tinme anong start points of the neasured tine
ranges Aguuridiomiwhetrdetldosdose ihesatpordtien. where the dose in the surface
of the substrate is snmall follows the dose in the portion where the dose is
According to this confiquration, the concentration of
the plasma containing the impurity ions is set in the time
range in which the dose is made uniform with no time
dependency. Further, the doping time is set to an extent
10 that the dose in the portion where the dose in the surface
of the substrate is small follows the dose of the portion
where the dose is saturated. Accordingly, in order to
increase in-plane uniformity, the dose can be accurately
controlled. Actually, the saturation time range is
15 measured at individual points in the surface, and a doping
end point is set to the latest time among start points of
the measured time range. Accordingly, the dose in the
portion where the dose in the surface of the substrate is
small fcllows the dose in the portion where the dose is
20 saturated. Therefore, satisfactory in-plane uniformity
can be obtained.
In the plasma doping method according to another
aspect of the invention, the level of the uniform dose

with no time dependency may be changed as the

25 concentration of the gas plasma containing the impurity

10



20 saturated. Therefore, satisfactory in-plane uniformty can be obtai ned.
In the plasma dopi ng nethod according to another aspect of the invention,
the |l evel of the uniformdose wth no tine dependency may be changed as the
25 concentration of the gas plasma containing the inpurity 10 ions is
changed. Wth this configuration, the concentration of the gas plasma is
set such that doping of the inpurity ions into the surface of the substrate
and sputtering fromthe 5 surface of the substrate are saturated.
According]wl,1 tgg cﬁgﬁﬁédOf t he uni form dose can be changed. Therefore, it

i S possible fo'forma Ifrpurity region in which an inpurity concentration

is stably contrpolled with high ccuracy. 10 In the plasma_dgopi ng net hod
according to a%tfrhe&u%s%%r&#g%?r%ﬁ]eo?'nv%}?ﬁ'i%c?‘}}c?lh%r gﬁ%n??aﬁ?%ngﬁ t he gas
pl asma containing t he inpuritK ions as a concentration and a pressure of gas
cont ai ni Bl ##Par +BySat oRBCANERabUAERBINBoREr TAR e 1 BRBRGEYH. 19BSWERCt hi s
configuration, the concentration of the gas | asma can be set in a desired
range. | ntharsuetpae, oihEhet RBbebratat pA iéﬁug¥e¥h3995§0mc§hﬁaining t he

inmpurity atons is changed, the ‘
5 surface of the substrate are saturated. Accordingly, the

level of the uniform dose can be changed. Therefore, it
is possible to form an impurity region in which an
impurity concentration is stably controlled with high
accuracy.

10 In the plasma doping method according to another
aspect of the invention, the concentration of the gas
plasma containing the impurity ions as a concentration and
a pressure of gas containing impurity atoms and source
power are changed.

is With this configuration, the concentration of the gas
plasma can be set in a desired range.

In particular, when the concentration of the gas
containing the impurity atoms is changed, the
concentration of the gas plasma containing the impurity

20 ions can be simply and accurately changed. As a specific
unit, the gas including the impurity atoms and a dilution
gas may be mixed to be then used, and flow rates of the
gases may be changed by mass flow controllers, such that
mixture ratios of the gases are changed. Therefore, the

25 concentration of the gas plasma containing the impurity

11



concentration of the gas plasma containing the inpurity 20 ions can be
sinply and accurately changed. As a specific wunit, the gas including the
inmpurity atons and a dilution gas may be m xed to be then used, and fl ow
rates of the gases nmay be changed by nmass flow controllers, such that

m xture ratios of the gases are changed. Therefore, the 25 concentration of
the gas plasma containing the inpurity 11 ions can be sinply and accurately
changed. In the plasma dopi ng nethod according to another aspect of the

inventionioﬁ$§c§8nﬁgnggﬁ%hg?aﬁéeggguggFelg;g%gﬁg%apd t he concentrations of

ions, radica and ga as plas e set such that doping of

the inpurity f‘f@%%ﬁ érlg e(%laé{e :{Pg{h(%&]gaééé)ls#{%etgn&o@p&t ering from

t he surface of urate increases. Wth this
configuration, th oncentration of the gas _10_pl as LS set such that

Gopi ng.of STRECH nper FRS FORETFASH. ERE CORFSRETer PReCEubaE: P8 and
sputtering. fromthe_ surface of the substrate are saturated. Accordingly,
the dosePtaiMpe aReubatefGREBREFBFLERSWPENhoDRS depBAUFAGSon2RReI2E] ne
variation. Therefore, it is possible to forman 15 inpurit¥ region in which
the i fpurdfytkendentphesrBa M3y beabby swvehrbhpbddapinghp§hthecuracy. In the

pl asma dopi ng net hod accordi ng to anot her
impurity ions into the surface of the substrate and

sputtering from the surface of the substrate are saturated
as time increases.
With this configuration, the concentration of the gas
10 plasma is set such that doping of the impurity ions into
the surface of the substrate and sputtering from the
surface of the substrate are saturated. Accordingly, the
dose can be accurately controlled without depending on the
time variation. Therefore, it is possible to form an
15 impurity region in which the impurity concentration is
stably controlled with high accuracy.
In the plasma doping method according to another
aspect of the invention, the gas plasma containing the
impurity ions may be mixture gas plasma of molecules (BpHg)

20 having boron atoms and hydrogen atoms.

The inventors have repeated various experiments and
have found that, when a concentration of B,H, gas is being
small, there is a region where the dose is made
substantially uniform without depending on the time

25 wvariation. Then, the concentration of the B Hn gas is set

12



aspect of the invention, the gas plasma containing the inpurity ions may be
m xture gas plasma of nol ecules (BnHM) 20 havi ng boron atons and hydrogen
atons. The inventors have repeated various experinents and have found that,
when a concentration of B.H gas is being snmall, there is a region where
the dose is made substantially uniformw thout depending on the tinme 25
variation. Then, the concentration of the BnHngas is set 12 such that
dopi ng of boron into the surface of the substrate and sputtering fromthe
surface ofuthetBabsicpify af ebsabdbnr ahed. tAecondfageyoft hikedose can be
accurately controlled wi thout depending on the tine variation. 5 Therefore,

It is posshbserieeflShd spett8Puhyt FrootRE Efir fYBECHEt ARe d98BsBFat Be
impurity is stably controlled with high accuracy. In the plasna doping

met hod acgpr ding,+9r 830t NEE o ASPRGE v Of thEedbB¥ AL 0Be é@@uﬂ@?e@ asma

containing the 10 inpurity 1ons fmay be m xture gas plasma of B2H6 and He.

The i”Ve”é8£§¥QfY§dmﬁggP8&£i8%§e§é£§5iSﬁn£§%aﬁﬁmga¥§ri%£98ﬂ that, in a case

where the m xture gas asm and I'sS use en fhe concentration
snal | re.is a_region wh e dose is made 15

Cubst St 1 KPS IR For R EHOOES tbena? nioBR THE HRRE bk FAPTRR. Tine
inventionw#fghbgﬁg éégglé%eghéofggﬁggtgnis stably controlled with
high accuracy.

In the plasma doping method according to another
aspect of the invention, the gas plasma containing the

10 impurity ions may be mixture gas plasma of B;Hs and He.

The inventors have made various experiments and have
found that, in a case where the mixture gas plasma of B;Hg
and He is used, when the concentration of the B;Hs gas is
being small, there is a region where the dcose is made

15 substantially uniform without depending on the time
variation. The invention has been finalized focusing on
the fact. Then, the concentration c¢f the B;H¢ gas is set
such that doping of boron into the surface of the
substrate and sputtering from the surface of the substrate

20 are saturated. Accordingly, the dose can be accurately
controlled without depending on the time variation.
Therefore, it is possible to form the impurity region in
which the impurity concentration is stably controlled with

high accuracy.

25 In the plasma doping method according to another

13



the fact. Then, the concentration of the B2H6 gas is set such that doping
of boron into the surface of the substrate and sputtering fromthe surface
of the substrate 20 are saturated. Accordingly, the dose can be accurately
controlled w thout depending on the tine variation. Therefore, it is
possible to formthe inpurity region in which the inpurity concentration is
stably controlled with high accuracy. 25 In the plasnma dopi ng net hod
according to another 13 aspect of the invention, a concentration of B2H6
gas in thesparkt ofethasiprabhacdi B2FenaAltHetiay Bé BrHa dadndd dthe 0. 01% to
1% 1In case of less than 0.01% when the concentration of B2H6 i s changed,
t he changeikhurhegdespleéms br BeHd @nise Heamavatoed laceomdingg taf the tinme
variation is excessively small. Accordingly, it is difficult to control
the dose ofOb&rbo 1&.belnatasat ed aeser thag D00lke whenetlari ati on by the
change in the concentration of B2H6. Further, in case of nore than 1.0%

when the geneentratien 48 BiHBAHS dhainehangathe dharRANGe the issdlese of
boron to be saturated according to the tine variation is excessively

| arge.5 AcgQrdhnEbYpel BatkgteaS8ccePAthgl kBbLhbt Yihe veedraded. jEor the sane
reason, the concentration of B2H6 is nore preferably in a range of 0.025%

to 0.6% Jlp-E5QMLhg exRefl meALLeavhhsy, ! 1£has Beeritaypdebhat,
control the dose of boron to be saturated according to the
time variation by the change in the concentration of B:He.
Further, in case of more than 1.0%, when the concentration

10 of B;Hg¢ is changed, the change in the dose of boron to be
saturated according to the time variation is excessively
large. Accordingly, in this case, controllability is
degraded. For the same reason, the concentration of B:Hg
is more preferably in a range of 0.025% to 0.6%.

15 From the experiment results, it has been found that,
when the concentration of B;Hs of the mixture gas plasma of
B;H¢ and He is approximately 0.1%, there is a region where
the dose is made substantially uniform without depending
on the time variation.

20 In the plasma doping method according to another
aspect of the invention, a bias voltage Vi may be 60 V or
less.

From the experiment results, it has been found that,
when the bias voltage Vpc is 60 V or less, there is a

25 region where the dose is made substantially uniform

14



when the concentration of B2H6 of the m xture gas plasma of B2H6 and He is
approximately 0.1% there is a region where the dose is made substantially
uni form wi thout depending on the tinme variation. 20 In the plasna doping
met hod according to another aspect of the invention, a bias voltage VDC nay
be 60 V or less. Fromthe experinment results, it has been found that, when
the bias voltage VDCis 60 V or less, there is a 25 region where the dose is
made substantially uniform 14 wi thout depending on the tinme variation. In

t he pl asnei thopingdepéhainacenr thagtime anatbetioaspect of the invention,
source power nmay be approximately 1500 W 5 Fromthe experinment results, it

has been foundd htte pMWik SO Gy PVWEHod Sa RPFOMAFBER| INdBOOr W there is a
regi on where the dose is made substantially uniform w thout depending on

the tine Xé%é@ﬁi@ﬂ-thé thecRL 8SAR S9R1-RE PBLBPINaGCREdLpErbRiaReERGT 10
aspect of the invention, the gas plasma containing the "inpurity ions may be
m xture gpsypl@gsma of BF3 and He. Fromthe experiment results, |like a case

where the mxture gas plasma of B2H6 and He is used, in a case where the

m xt uLe gas plﬂsorfy tq{e BeFkﬁaearrﬁqne%et irsesqfletds, ift r1'3316155 6}.%eseon found that,

when source power is approximately 1500 W, there is a
region where the dose is made substantially uniform
without depending on the time variation.
In the plasma doping method according to another
10 aspect of the invention, the gas plasma containing the
impurity ions may be mixture gas plasma of BF; and He.
From the experiment results, like a case where the
mixture gas plasma of B;Hs; and He is used, in a case where
the mixture gas plasma of BF; and He is used, it has also
15 been found that, when the concentration of BF; gas is
being small, there is a region where the dose is made
substantially uniform without depending on the time
variation. Therefore, it is possible to form the impurity
region in which the dose of the impurity is stably

20 controlled with high accuracy.

In the plasma doping method according to another
aspect of the invention, the sample may be a silicon
substrate.

From various experiment results, in a case where the

25 mixture gas plasma of ByH¢ and He is used upon doping into

15



15 been found that, when the concentration of BF3 gas is being snmall, there
is a region where the dose is made substantially uniformw thout dependi ng
on the time variation. Therefore, it is possible to formthe inpurity
region in which the dose of the inpurity is stably 20 controlled with high
accuracy. In the plasma doping nmethod accordi ng to another aspect of the
invention, the sanple nmay be a silicon substrate. From various experi nent
results, in a case where the 25 m xture gas plasma of B2H6 and He i s used

upon dOpiEﬂeiE%?igéa6Eng§E£E PUiﬁuﬁﬁérﬁégn EBuHﬁitRE?E Lg%ﬂd&kgat1 when the

concentration as 1's being snal there I's aregi ere the dose

i's made sub rally _uni.fgrm w_t hqut pendi on.the tine varij.ation. \Wen
t he nixtu?%ﬁé§§£ga%ﬂé§n8ko 2%2 *San ﬁgq%' &3@@9' & “Eame %eft £G% Can be

obt ai ned. such, i.n the invention, the.doping tinme and the_ concentration
of the ga@égFﬁsﬁgecgﬂFﬁiﬁ?nﬂa§8r6Hg?ga§gfagiﬁcﬂnﬁﬁQFdebFEBUEf boron into
the surface of the 10 substrate and sputtering fromthe surface of the

subst r at edePERILAE BRakhE HoPPnHakbeho8 accBRERNEPEoMAKERREr J28spect of the

i nvention, plasnma doping may be performed in the time region where the dose
is made uBplfemi @t Bnlho and He is used, the same effects can be

obtained.

As such, in the invention, the doping time and the
concentration of the gas plasma containing boron is set
such that doping of boron into the surface of the

10 substrate and sputtering from the surface of the substrate.

In the plasma doping method according to another
aspect of the invention, plasma doping may be performed in
the time region where the dose is made uniform with no
time dependency. Accordingly, it is possible to form the

15 impurity region in which the dose of the impurity is
stably controlled with high accuracy.

With this configuration, the dose can be accurately
controlled through a process window of the time at which
the dose is made uniform without depending on the time

20 variance.

Preferably, the activation step may include a step of
irradiating laser light.

Since laser light has a high energy density, high-
efficient activation can be performed.

25 The activation step may include a step of irradiating

16



ti me dependency. Accordingly, it is possible to formthe 15 inpurity region
in which the dose of the inpurity is stably controlled with high accuracy.
Wth this configuration, the dose can be accurately controlled through a
process wi ndow of the time at which the dose is nade uniform w thout
depending on the tine 20 variance. Preferably, the activation step may
include a step of irradiating laser light. Since laser light has a high
energy density, high- efficient activation can be perforned. 25 The

activatio LeR iRy 1iiRglude & sheRnpof ikradiating 16 radiation light of a
flash |l a I}a%Thel asﬁgﬁénp |% chggg,la % ‘thus | ow cost can be realized. The

activation ste@hga¥lagﬁI??8Phe§tgg a?féaﬁgdkﬁﬁanOWSCPﬁe thog?llght of a

tungst en hal ogen| héa s usrng ungsten hal ogen

| anp have %Pﬁn pg% to practical use, and thus the activation can be
performed® dreliability. In the plasma doping nethod according to
another 10 as ect of .the invention, the plasm doping _may be Egrforned in

a state where aPBeApbi¥etienoftaR RAkeiNGARAe stéePeaétFéﬁaéﬁé BF com ng

into contact with the plasm
5 radiation light of a tungsten halogen lamp.

All the heat treatments using the tungsten halogen
lamp have been put to practical use, and thus the
activation can be performed with good reliability.

In the plasma doping method according to another

10 aspect of the invention, the plasma doping may be
performed in a state where a temperature of an inner wall
of a reaction chamber coming into contact with the plasma
is made substantially uniform.

In the plasma doping method according to another

15 aspect of the invention, plasma doping may be performed in
a state where the inner wall of the reaction chamber
coming into contact with the plasma is heated.

In the plasma doping method according tc another
aspect of the invention, plasma doping may be performed in

20 a state where the inner wall of the reaction chamber
coming into contact with the plasma is cooled.

In the plasma doping method according to another
aspect of the invention, the concentration of the gas
containing the impurity atoms may be lowered during a

25 treatment.
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is nmade substantially uniform In the plasma doping nmethod according to

anot her 15 aspect of the invention, plasnma doping nmay be perfornmed in a
state where the inner wall of the reaction chanber comng into contact with
the plasma is heated. In the plasma dopi ng nethod accordi ng to anot her
aspect of the invention, plasma doping may be perforned in 20 a state where
the inner wall of the reaction chanber comng into contact with the plasm
is cooled. In the plasnma dopi ng nmethod according to another aspect of the

i nventi onsEfBectencenthat innentibh® gas containing the inpurity atonms nay
be lowered during a 25 treatnent. 17 <Effects of the invention> As

described abovgs @&€OF bhég di90otde tESHwRi e ptdoheed hoshof dépendnventi on,
the inpurity doping anpunt can be accurately controlled. Further, it is

possi bl e ﬁ@tﬁ@a%? %Hs hH{?HﬁtEMnregh@nlmﬂuf“ﬂtﬁthﬁ?ngoﬁﬁohﬁtsEéﬂ' ¥e
controlled wth high accuracy Further, it is possible to formthe inpurity

ogion  haungaexeel LeALy i1 BhanerupLhOLT LY. 1 10o5BEl B descrbpy on of e

drawi ngs> a cross-sectional Vi ew of ‘an® nmpurity doping apparatus

that 'S UEEQ iﬁp8r§£§5£e8988dkHEQﬁich %Qe dose is stably controlled

with high accuracy.
Further, it is possible to form the impurity region

having excellent in-plane uniformity.

10 <Brief description of the drawings>
Fig. 1 is a cross-sectional view of an impurity
doping apparatus that is used in a first embodiment of the
invention;
Fig. 2 is a cross-sectional view of an impurity

15 doping apparatus that is used in a second embodiment of
the invention;

Fig., 3 1s a diagram showing the relationship between
a dose and a time in a method according to Example 1 of
the invention;

20 Fig. 4 is a diagram showing the relationship between
a dose and a gas concentration in the method according to
Example 1 of the invention;

Fig. 5 is a diagram showing an Rs distribution of a
sample obtained in the method according to Example 1 of

25 the invention;
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invention; Fig. 2 is a cross-sectional view of an inpurity 15 doping
apparatus that is used in a second enbodi nent of the invention; Fig. 3 is a
di agram showi ng the rel ationship between a dose and a tinme in a nethod
according to Exanple 1 of the invention; 20 Fig. 4 is a diagramshow ng the
rel ati onship between a dose and a gas concentration in the nethod according
to Exanple 1 of the invention; Fig. 5 is a diagramshow ng an Rs
distribution of a sanple obtained in the nmethod according to Exanple 1 of

25 the i Cion. ‘a6 | di . . Dot | ¢
canpl e obt ai nedin Tre rerhiad o BRI E S Bt on: TFi .
70 di howi ng th ti hi,p_bet d ti [

ret hod acetPatRgoPbeElatpiE SnerePREe ATEAFRONY EPgmHanpLealdplgr am show ng
i n-pl ane unifornitgéof a dose in the nethod according to Exanple 2 of the

i nvent i onth201RYERLEONE a di agram showing a sheet resistance distribution

on a Y axis in_the nmethod according to .
Fig. 7 is a diagram showing the relationship between

5 a dose and a time in a method according to Example 2 of
the invention;

Fig. 8 is a diagram showing in-plane uniformity of a
dose in the method according to Example 2 of the
invention;

10 Fig. 9 is a diagram showing a sheet resistance
distribution on a Y axis in the method according to
Example 2 of the invention; and

Fig. 10 is a diagram showing a distribution of a
sheet resistance standard value of a Y axis in the method

15 according to Example 2 of the invention;

<Reference Numerals>

1 high-frequency power supply

2 matching box
20 3 coil

4 mass flow controller

5 mass flow controller

6 turbo molecular pump

7 pressure regulating valve
25 8 dry pump

19



Example 2 of the invention; and Fig. 10 is a diagram showi ng a distribution
of a sheet resistance standard value of a Y axis in the nethod 15
according to Exanple 2 of the invention; <Reference Numerals> 1

hi gh-frequency power supply 2 matching box 20 3 coil 4 mass flow controller
5 mass flow controller 6 turbo nolecular punp 7 pressure regulating val ve
25 8 dry punp 19 9 cool ant supply unit 10 VDC nonitor 11 matching box 12

hi gh-frequency pomer supply 5 13 sanple (substrate to be processed) 14

| ower el ectrod 15 15@@ hi gh-frequency power supply 23 coi
10 24 mass f|O§ICO ﬁé”% EE %%om1controller

10  Vpc monitor
11 matching box
12 high-frequency power supply
5 13 sample (substrate to be processed)
14 lower electrode
15 reaction chamber
21 high-frequency power supply
23 coil
10 24 mass flow controller
25 mass flow controller
33 sample
34 sample table

35 reacticon chamber

15
<Best Mode for Carrying Out the Invention>
Hereinafter, embodiments of the invention will be
described with reference to the drawings.
(First Embodiment)
20 Hereinafter, a first embodiment of the invention will

be described in detail with reference to the drawings.
An apparatus shown in Fig. 1 is referred to as a
plasma doping apparatus A (PD apparatus A).
In this embodiment, upon doping of an impurity, a

25 concentration of gas plasma containing impurity ions to be

20



33 sanple 34 sanple table 35 reaction chanber 15 <Best Mdde for Carrying

Qut the Invention> Hereinafter, enbodi nents of the invention wll be
described with reference to the drawi ngs. (First Enbodi ment) 20 Hereinafter,
a first enbodi nent of the invention will be described in detail with

reference to the drawi ngs. An apparatus shown in Fig. 1 is referred to as a
pl asma dopi ng apparatus A (PD apparatus A). In this enbodi nent, upon dopi ng
of an inpurity, a 25 concentration of gas plasma containing inpurity ions to
be 20 dogegels isekesushchhahadopgbpdnafl ofhehemupiuly tiyoasnandndsputteri ng of
a surface of a silicon substrate (silicon wafer) are saturated. According

to this, apdesereag be aasowtakel yrcankholiked wubkewhrdenendiiggnon a tine 5
variation. Therefore, it is possible to forman inpurity region in which an

I mpurity fiareent | L2kl gathgaskab! yAc%B@Hrlel ed Wil higRoaecyr B8 ke Further, it
is possible to forman inpurity region having excellent i n-pl ane

uni form ty 10,5806 chAEr69REANA2HLAR BbpbhA18gS Rl 3SHarks Set such

5 wvariation. Therefore, it is possible to form an impurity
region in which an impurity concentration is stably
controlled with high accuracy. Further, it is possible to
form an impurity region having excellent in-plane
uniformity.

10 Here, the concentration of the gas plasma is set such
that doping of the impurity ions and sputtering of the
surface of the substrate are saturated. According to this,
the dose can be accurately controlled without depending on
the time variation. Therefore, it is possible to form an

15 impurity region in which a dose of the impurity is stably
coﬁtrolled with high accuracy.

This may be expressed as follows. Plasma doping is
performed in a time range where the dose is made uniform,
irrespective of the time variation, when doping of the

20 1mpurity ions and sputtering of the surface of the
substrate are saturated.

In order to obtain in-plane uniformity, a time range
to be saturated is measured at individual peoints in the
surface, and a doping end point is set to the latest time

25 among start points of the measured time range. Accordingly,

21



that doping of the inpurity ions and sputtering of the surface of the
substrate are saturated. According to this, the dose can be accurately
controlled wi thout depending on the tinme variation. Therefore, it is
possible to forman 15 inpurity region in which a dose of the inpurity is
stably controlled with high accuracy. This may be expressed as foll ows.
Plasma doping is perforned in a tinme range where the dose is nmade uniform
irrespective of the tinme variation, when doping of the 20 inpurity ions and

sputtering ebsthénsuarbaeeioh wheresuhat dete anethat ynatede bfi @hder to
obtain in-plane uniformty, a tine range to be saturated is neasured at

i ndi vi duakupgtphsel st BRa1SUFHRCEwsaRUd8sHORhNE BBELRBhNhESeSEhet O the
latest tine 25 anong start points of the neasured time range. Accordingly,

21 a dose?bgea190g5t99a%@&reth3§e99sebtglhbﬁgsyﬁiﬁﬁgnefuhh@oraeé trate is

smal | follows a dose in a portion where dose Is saturated her eby

obt ai ni ng i n- phaﬁe i‘n_{g oy M A Yoo F %@thbﬂ% rsjfcé"?rsg 1&9@# 1%/l ew of an

inmpurity 5 do g apparatus use _ i nvention.
The | gLy, Soelag. seentaus, [hal i3, p Bessg eragtglnctues 3
For eXhaUEB{;QRtRQS.
The impurity doping apparatus, that is, a process
chamber includes a reaction chamber 15, a turbo molecular
pump 6 serving as an exhaust device for exhausting the
10 reaction chamber 15, a pressure regulating valve 7 serving
as a pressure control device that controls a pressure in
the reaction chamber 15, a coil and antenna 3 serving as a
plasma source provided in the vicinity of a dielectric
window facing a lower electrode 14, a high-frequency power
15 supply 12 for supplying high-frequency power of 13.56 MHz
to the coil or antenna 3, and a high-frequency power
supply 1 serving as a voltage source supplied a voltage to
the lower electrode 14. A substrate to be processed
(substrate) 13 is placed on the lower electrode 14 serving
20 as a sample table, and plasma irradiation is performed
onto the substrate 13.
Here, a high frequency is supplied from the coil and
antenna 3 through the high-frequency power supply 1 for

generating plasma and the matching box 2 for adjusting the

25 discharge. Required gas is supplied through the mass flow
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10 reaction chanber 15, a pressure regulating valve 7 serving as a pressure
control device that controls a pressure in the reaction chanber 15, a coi
and antenna 3 serving as a plasnma source provided in the vicinity of a
dielectric wndow facing a | ower electrode 14, a high-frequency power 15
supply 12 for supplying high-frequency power of 13.56 Mz to the coil or
antenna 3, and a hi gh-frequency power supply 1 serving as a voltage source
supplied a voltage to the | ower el ectrode 14. A substrate to be processed

(S“bStratggnﬂ§ot§e9Ea fffcPTlg tQSd'Q“e 8%@9&509?034EES&V Hgtﬁg as a sanpl e

tabl e asia |rr ion1s e su stra e 13. Here, a
hi gh frequency.is s ied.fromthe, co tenna 3 hrough t he

hi gh- freqﬁ%ﬁgglﬁgmgﬁgghﬁﬁllg l?oFOHBEHE#Sa ﬁ& §ﬂ35ﬂﬁsin ?He mat chi ng box 2
for adjustin i scha ge Re t hrough the nass
flow 22 E%ﬁ€F6£f% ? 9 Beﬁggﬁcﬂ gn th& reaction
chanber 15 is controlled by the mass fl ow controllers 4 and 5, the turbo
mol ecul arPpeRPUEe FREULpELBIUVRLVRgUl apRAgthal $EY7PUBRASt hBOWEY pEnp 8.
Power is 5 sui plied to the reaction chanber 15 fromthe high- frequency
power Ssuppiigpipedhtoughet heaghieni aAgabbgr1l> fTaw Sheshighe 13 to be

processed that is provided in the reaction chanber 15 is placed on the
sanpl e t abtegldncmndower supply 12 through the matching box 11.

The substrate 13 to be processed that is provided in the
reaction chamber 15 is placed on the sample table 14, and
then the power is supplied.

10 Next, a plasma doping process will be described.

A predetermined gas is introduced from the gas supply
device into the reaction chamber 15 of the process chamber
through the mass flow controllers 4 and 5, while gas
exhaust is performed by the turbo molecular pump 6 as an

15 exhaust device. Further, the reaction chamber 15 is kept
at a predetermined pressure by the pressure regulating
valve 7 as a pressure control device. Then, high-fregquency
power of 13.56 MHz is supplied from the high-freguency
power supply 1 to the coil 3 as a plasma source, such that

20 inductively coupled plasma is generated in the reaction
chamber 15. In this state, high-frequency power is
supplied by the high-frequency power supply 12, and then
the potential of the lower electrode 14 can be controlled
such that the silicon substrate (the substrate to be

25 processed) 13 as a sample has a negative potential with
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then the power is supplied. 10 Next, a plasnma doping process wll be
described. A predeterm ned gas is introduced fromthe gas supply device
into the reaction chanber 15 of the process chanber through the mass fl ow
controllers 4 and 5, while gas exhaust is perforned by the turbo nol ecul ar
punp 6 as an 15 exhaust device. Further, the reaction chanber 15 is kept at
a predeterm ned pressure by the pressure regulating valve 7 as a pressure
control device. Then, high-frequency power of 13.56 MHz is supplied from

the high-fg C ) supply 1 to the coil 3 as a plasma source, such
that 20 indﬁ%%?€e¥3 %oup %d plasma is generated in the reaction chanber 15.

In thi t at e, ,9N- . ' ' t. i ah-
supply 12, -andtnitdd i SORGANENY So i (bt | e PO
controlled .such that.the sjlicon sq?stra e %%he ubstrate to be %5
processed}S 139 a5P% SRkl M hERL S W@a%.+@%n%bt t?%feﬁf?ﬁma§3b?e§ﬁ% t to

pl asma. A] t hough aP i hductvely. coupl ed asna | s generated using the coi
inthis eﬁ%%ﬁ?%%d? Bhe afe ehna heS§r PRt he 'i%§ié% Flefmacoi |
Alternativeléé hel i con Elasna, 5 surface wave plasma, electronic cyclotron
resona&nceSpriaee, Wave Phashpkechfgtbengeneral egronf fresonpacs Pilésiasubst rat e

13 is placed on the
or the like may be generated.

After the silicon substrate 13 is placed on the
sample table 14 as the lower electrode, while the reaction
chamber 15 is exhausted, helium gas is supplied into the

10 reaction chamber 15 by the mass flow controller 4 and
diborane (B;Hs) gas as doping material gas is supplied into
the reaction chamber 15 by the mass flow controller 5. At
this time, the pressure regulating valve 7 is controlled
such that the pressure of the reaction chamber 15 is kept

15 at 0.2 Pa. Next, high-frequency power 1500 W is supplied
to the coil 3 as a plasma source so as to generate plasma
in the reaction chamber 15. Further, high-frequency power
200 W 1s supplied to the lower electrode 14 such that
boron is implanted in the vicinity of the surface of the

20 silicon substrate 13. Here, plasma exposed to the silicon
substrate 13 is mixture gas plasma of B,He¢ and He (B:H¢/He
plasma). Moreover, the mixture ratio of B;Hs and He can be
changed by changing a ratio of flow rates of He gas and
B;Hs gas flowing in the mass flow controllers 4 and 5.

25 If a bias is applied by irradiating the mixture gas
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sanple table 14 as the | ower electrode, while the reaction chanber 15 is
exhausted, heliumgas is supplied into the 10 reaction chanber 15 by the
mass flow controller 4 and diborane (B2H6) gas as doping material gas is
supplied into the reaction chanber 15 by the mass flow controller 5. At
this time, the pressure regulating valve 7 is controlled such that the
pressure of the reaction chanber 15 is kept 15 at 0.9 Pa. Next,

hi gh-frequency power 1500 Wis supplied to the coil 3 as a plasm source so

as 10 genenalaaplas iy, | dhd N6 | GG/ 00 Ehashel dacoldhbheribbgh-frequency
power 200 Wis supplied to the lower electrode 14 such that boron is

|l ant ed e o Clelidhe qfs the ssiur (4GS alopiy 20 Sidsqn aubsyate 1

Here, plasma exposéd to the silicon substr I xture gas plasma of

B2H6 and 2HG/ He I . r.eaver, e.mxture ratio of B2H6 and He
can be cﬁgﬁégdaﬁf gﬁ&%ﬁ%%g%;(P§?F§C§ )r|§%rFae§§ ) ﬁ%lfas and B2H6 gas

flowng in_the.mss fl.qw controllers 4 and,S. %3 I f .a bias _is .applied by
|y adt ot | AECPRITERR S G0 DP SRS Fho THEHE b A Cr e Sl asmm) ont o
the silicon substrate, there is a tinme when _doping and sputtering of boron
are sat ur SCERERALYFLYd)onBuARe @2 Sen tonisabdpbddicmedtiat ttSeat the seen t hat
the saturation tine is 5 conparatively long and ease to stably use. That is,
if pl asnipligsmadilariesd adign $tagtdos@ idosieniltsi Ny liaddveddedeased,
but a time at which the dose is made substantially uniform
without depending on a time variation is continued. In
addition, if the time is further increased, the dose is
10 decreased. Accordingly, the dose can be accurately
controlled through a process window of the time when the
dose is made substantially uniform without depending on
the time variation. Further, in-plane uniformity can be
cbtained by previously measuring, in the surface of the
15 silicon substrate, the time when the dose is made uniform

and setting the doping time according to the latest start

time.

{Second Embodiment)

20 Hereinafter, a second embodiment of the invention
will be described with reference to Fig. 2.
An apparatus shown in Fig. 2 is referred tc as a
plasma doping apparatus B (PD apparatus B).
Fig. 2 is a schematic plan view of an impurity doping

25 apparatus used in the second embodiment of the invention.
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but a tinme at which the dose is made substantially uniform w thout
depending on a tine variation is continued. In addition, if the tine is
further increased, the dose is 10 decreased. Accordingly, the dose can be
accurately controlled through a process wi ndow of the tinme when the dose
i s made substantially uniformw thout depending on the tine variation.
Further, in-plane uniformty can be obtained by previously neasuring, in
the surface of the 15 silicon substrate, the tinme when the dose is nade

oo SRSgSekt e b ag,| LB agcacfion. i el g ghar | L

(Second E n enbodi ment of the invention

ill be d b s g 2, h ' i Q. '
ref erred Paamaatelbd e S8, ERESanBar ke neRtinparaii B g e %

schematic plan view of .an i ppurity dopi 25 apparat us ed in the second
enbod menfat SFfie SHREMER i E05gh, RaRg L 1oW CRECEAMGEIEy 2dofPHg 2Eppar at us
uses a helicon_ plasma device, and thus, in this device, B2H6/He gas and He
gas are suppl i B8Tehr BAGhIHELEIFY b cohEr ofPREE 2BtANE 8511FeRe, the inpurity
is also doped into a silicon 5 substrate (sanple) 33 placed on a sanple

t abl e B4 prbgtragacticeAréranBer P3scer gh fr glivAcy tedleugdl ledato a coil

reaction chamber 35. High frequency is supplied to a coil
23 by a high-frequency power supply 21, and then the
B,Hs/He gas and He gas to be supplied through the mass flow
controllers 24 and 25 are plasmized.

10 In this apparatus, the mass flow controllers 24 and
25 are controlled with high accuracy, and the mixture
ratio of B;Hs/He is controlled. Accordingly, the
concentration of the gas plasma can be controlled such
that the dose is mad uniform with no time dependency.

15 <Example 1>

Plasma doping is performed on a 200 mm substrate
using the PD apparatus B described in the second
embodiment with reference to Fig. 2 while the dose of
boron and the plasma doping time are changed.

20 Fig. 3 shows the measurement result of the
relationship between the dose of boron and the plasma
doping time at this time. The vertical axis represents
the dose and the horizontal axis represents the plasma
doping time.

25 If a bias is applied by irradiating the mixture gas
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23 by a high-frequency power supply 21, and then the B2H6/He gas and He gas
to be supplied through the mass flow controllers 24 and 25 are plasm zed.
10 In this apparatus, the nmass flow controllers 24 and 25 are controlled

wi th high accuracy, and the m xture ratio of B2H6/He is controll ed.
Accordingly, the concentration of the gas plasma can be controlled such
that the dose is nmad uniformwth no tinme dependency. 15 <Exanple 1> Pl asnma
doping is perforned on a 200 mm substrate using the PD apparatus B

descri bedpiBshiecgeaand areimaedi MRAL, M thn £ &f LY ehceotendi g1 2c¥hi | e the dose
of boron and the plasma doping tine are changed. 20 Fig. 3 shows the

Teasur emedipntesutl, Obnkhe itehatiABshhanbabpery Lha dpserelihgrap and the

pl asma doping tinme a . The ver axl s represent t he dose and

| asma ! “axis s “the d
appl i o byOFEPat B FAGCTRGCH IPONE"050) 267 AF KERE” of B3P Sand He ( B2HE! He

pl asma) onto the silicgn __substrate, there is a,ti .when .dopi.ng and
ittt i ngBPUiEsPbn SPacal BFaroa( barantRA) SSEUFAREPR FATENES. onbodi ment
L oan e sten n it e S20ULaL 8.1 1B LEaBGomRarat gy song and ease to

plasma irradiation starts, a dose is initially increased,
but a time at which the dose is made substantially uniform
without depending on a time variation is continued. In
addition, if the time is further increased, the dose is

10 decreased. Accordingly, the dose can be accurately
controlled through a process window of the time when the
dose 1s made substantially uniform without depending on
the time varilation. Further, in-plane uniformity can be
obtained.

15 With this phenomenon, for example, it is verified
that the dose of boron can be set to 2.62E15 cm™? at
accuracy within lo = 1%. If plasma doping is performed
with the B;H¢/He gas concentrations 0.2%/99.8% at Vpe 60 V,
source power 1500 W, and a pressure 0.9 Pa, a change in

20 the dose from 45 seconds to 60 seconds is negligibly
0.01E15 cm? since the dose at 45 seconds is 2,62E15 cm™
and the dose at 60 seconds is 2.63E1l5 cm™®, as indicated by
a curve b of Fig. 3. At this time, the dose is increased
in a small increment per unit time. The rate is very slow,

25 that is, (2.63El5 - 2,62E15)/(60 - 45) = 6.7E11 cm”

27



plasma irradiation starts, a dose is initially increased, but a tine at

whi ch the dose is nade substantially uniform w thout depending on a tine
variation is continued. In addition, if the time is further increased, the
dose is 10 decreased. Accordingly, the dose can be accurately controlled

t hrough a process wi ndow of the time when the dose is made substantially
uni form wi t hout depending on the tinme variation. Further, in-plane
uniformty can be obtained. 15 Wth this phenonenon, for exanple, it is
verified ?Adwioridre. doRentofidyoridie ciusde sett did & WG T dedX ato accur acy
withinla = 1% If plasma doping is perforned wth the B2H6/ He gas
concentr athonsime 20489a8%at VDC 60 V, source power 1500 W and a pressure
0.9 Pa, a change in 20 the dose from 45 seconds to 60 seconds is negligibly

0. 01E15 cm 2 i nger f deeklas e(Bio )45 SRS HeS b3R5 K18 2hand the dose at
60 seconds is 2.63E15 cm 2, as indicated by a curve b of Fig. 3. At this

ol i nea 0B RSO I8 SURLLShOET AR T UL e TRE e 1
2/ secendys Talel Pyl 0055515 21 A0k POUEAY, LESUBRIEO st ol B vartati o,
such thatnggEang$QL0@hg% is, approximately 1.5E154 cm™®. During
the doping time between 45 seconds to 60 seconds, the dose
is changed only at a slow rate of 6.7Ell cm ?/sec.
Accordingly, it is expected that the dose control of 1o =
10 1% aimed at 2.62E15 cm™® can be performed. This is because
the control of the doping time to be determined by the
apparatus is in an order of 100 milliseconds and the
doping time is shifted by 1 second at most.
Here, the dose is estimated from sheet resistance
15 after annealing is performed at 1100°C and for 3 minutes,
and a difference between sheet resistances of samples
during the doping time between 45 seconds to 60 seconds is
negligibly 107.4 to 107.0 ohm/sqg and 0.4 ohm/sq. The small
change in the dose for a long time of 15 seconds is a
20 remarkable discovery. Though described above, in view of
the apparatus control, a time shift when plasma doping is
repeatedly performed for 50 seconds is hundreds
microseconds at most. Accordingly, since it is sufficient

to pay attention to a shift of approximately 50 seconds #*

25 0.5 seconds, a dose control method is very stable and has
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5 1%is established when 2. 62E15 cm 2 is sought is 2.52 2.68E15 cm 2, that
is, approximately 1.5E154 cm2 . During the doping tinme between 45 seconds
to 60 seconds, the dose is changed only at a slowrate of 6.7E11 cm 2/ sec.
Accordingly, it is expected that the dose control of 1o = 10 1% ai ned at

2. 62E15 CM -2 can be perfornmed. This is because the control of the doping
time to be determned by the apparatus is in an order of 100 m | iseconds
and the doping tinme is shifted by 1 second at nost. Here, the dose is

esti mat ed Lstapnce 15 after annealing is performed at 1100C
and for 3h%§ﬁz%§§??géggggié??ference bet ween sheet resistances of sanples

during the doping tine between 45 seconds (.0 60 secon i l'igibly 107.4
Lo 109, 0 ohn chF IRe 692 Bhnt BQTATHES SrarT UeRangRirn Fhe BUCFRoRo | ong
time of 15 secopds .is a.20_r [ I iLscovery. ,Though descri bed above, in
Vi ow of ERBCSPPARELGE Eonr Do sA o8 Ga%kn: Lhenbed SprataBCasanig. 1o
repeatedly perfornmed for 50 seconds is hundreds m croseconds at nost.

Accor di ngth1cki dering pRdsgPRLEPEARY PE BAYCRt RERt PAA2REE 4R fheof

approxi mately 50 seconds 25 0.5 seconds, a dose control nethod is very

st abl & andifasitygoRi §A eeAPREBI| abWhiny ther Bel#iHg s jqongantyetsiaun t hat

when the B2H6/ He gas concentration is 0.025% 99.975% there is a tine range
in is 0.1%/99.9%, the time range exists in the vicinity of 60

seconds. When the B;H¢/He gas concentration is 0.2%/99.8%,
the time range exists in the vicinity of 45 to 60 seconds.
When the B;H¢/He gas concentration is 0.5%/99.5%, the time

10 range exists in the vicinity of 60 to 70 seconds. 1In
addition, when the B;H¢s/He gas concentration is 0.6%/99.5%,
the time range exists in the vicinity of 60 to 100 seconds.
In these vicinities, in view of the apparatus control, a
time-variant change in the dose is very small, and the

15 dose can be controlled with high accuracy. This can be
explained by the same logic as a case where the B;Hs/He gas
concentration is 0.2%/99.8%.

Fig. 4 shows, with respect to the time variation from

the experiment result of Fig. 3, the arrangement result of

20 the relationship between the dose B and the B;H¢/He gas
concentration when the time variation is saturated. The
vertical axis represents the saturated dose and the
horizontal axis represents the B;Hs/He gas concentration.
As a result, the B;Hs/He gas concentration and the

25 saturated dose have a one-to-one relationship. From the
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whi ch doping and sputtering of boron are balanced in the 5 vicinity of 60
seconds. When the B2H6/ He gas concentration is 0.1%99.9% the tinme range
exists in the vicinity of 60 seconds. Wen the B2H6/ He gas concentration is
0.29%99.8% the tinme range exists in the vicinity of 45 to 60 seconds.

When the B2H6/ He gas concentration is 0.5%99.5% the tinme 10 range exists
inthe vicinity of 60 to 70 seconds.” In addition, when the B2H6/ He gas
concentration is 0.6%99.5% the tine range exists in the vicinity of 60 to
100 seconddovel deskhedetiobeai, nitheeEolilowingwoah ble veppdiaidus ddntstgl , a
time-variant change in the dose is very small, and the 15 dose can be

control | edrhent khi ghHAGERIIALY . colden oAt frth X e masd bytHdelseaE dPgic as a
case where the B2H6/ He gas concentration is 0.20/99.8% Fig. 4 shows, with

respect tenkh@okkMnVahidh ehel N8 neXpRr herRt Witdulles@fedt Go 3, the
arrangenment result of 20 the relationship between the dose B and the

B2HG/ He 02%,oCRAGRNGLRL @A WNER tigel isgﬁ%g\g%hitﬁtagquhgﬁi%tﬂ g pelhe

vertical axis represents the saturate se an hori zontal axis

repreﬁpt %h%ﬁ%e§2H6/EH%§g%% C%%e%taﬁggagé‘hco@er&{aeé%ﬁ i d hae%ﬁg{‘?éﬁe gas

conce ation“and the Saturate ave a one-to-one Tt ionshi p. From
L%, 22 2405 UESST LEL! GG Glloag o e erill Shergd Sy csthen the

dose with respect to the time variation is made
substantially uniform becomes a desired dose. In addition,
the plasma doping time is adjusted to the time region

10 where the change in the dose with respect to the time
variation is made substantially uniform, and thus the dose
can be accurately controlled to a desired value.

In contrast, only by adjusting the B;Hs gas

concentration, stability against the time shift is lacking.

15 Further, in a region other than the time region where the
change in the dose with the time variation is made
substantially uniform, only by adjusting the plasma doping
time, stability against the time shift is lacking. In
addition, the time region where the change in the dose

20 against the time variation is made substantially uniform
varies by the B,H¢ gas concentration. Accordingly, it is
necessary to adjust the time region according to each B;He
gas concentration. When this adjustment is performed,
while the dose can be accurately adjusted at a certain B;He

25 gas concentration, stability against the time shift may be
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the dose in which the change in the dose with respect to the tinme variation
is made substantially uniformcan be 5 changed. Further, the B2H6 gas
concentration is adjusted such that the level of the dose in which the
change in the dose with respect to the tinme variation is nmade

substantially uniform becones a desired dose. In addition, the plasm
doping tine is adjusted to the tine region 10 where the change in the dose
W th respect to the time wvariation is nade substantially uniform and thus

t he dose g %Qp%r%ﬁ%@%rggn;@phle Ledi gl ue. I'n contrast, only

by adjustlng t B2Ho6 gas concentr at on sta Tty agalnst the tine shlft

s lacking. 1% Furtber, ip g.reolan oLbgs Lhap Lhe Lhoe s egi gp vhere the

change in the dode t I'me variation s nma Fy uni form

2 | acki nGUoR Rt 87 4 oot AmbOF cGPORCGRERS. PECEnEAGENn SPREPoge 20

against the tine variation is nmade substantlall uni form varies by the B2H6
gas conceRIERETEE URIDG dhifgdpss ©and Ef&@é’i% o5 FES¥HENSSe region
according to each B2H6 gas concentration. Wen thls adj ustment is

per f ortred 15 meiaisarere adro%é Pdmass daéc e sy fagjeu sed usting @ay &fich B2H6 25
gas concentration, stability against the tinme shift may be 30 lacking at a
di f f erent mB2 g q@§ cofc ot sabisdrate. This has a feature in that the

plasma doping time at which the dose is made uniform with
respect to the time variation and the B;H;/He gas
concentration are used. Here, a simple description will be

10 given with reference to Figs. 3 and 4. If the B,Hs/He gas
concentration is appropriately set with respect to a
predetermined bias, as shown in Fig. 3, it is possible to
form a time range where the B dose is not almost changed
and saturated with respect to the change in the plasma

15 doping time. The B dose to be saturated can be changed
when the B;H¢/He gas concentration is changed, as shown in
Fig. 4. That is, the dose can be controlled. Here, the
plasma doping conditions used in Figs. 5 and 6 are the
plasma doping conditions indicated by arrows a and b in

20 Figs. 3 and 8. Symbol a represents Fig. 5 and symbol b
represents Fig. 6.

Fig. 5 shows Rs uniformity when the B dose is

adjusted to 1.63E15 cm™ by setting the B,Hs/He gas
concentration 0.1%/99.9% and the plasma doping time 60

25 seconds using the dose control method. The average of Rs
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Figs. 5 and 6 show the results of annealing on the substrate at 1075C and
for 20 seconds after plasma doping prepared using the dose control nethod.
Sheet resistance 5 is neasured at 81 places in the surface excluding an end
5 mmof the 200 mm substrate. This has a feature in that the plasnma doping
time at which the dose is made uniformwith respect to the time variation
and the B2H6/ He gas concentration are used. Here, a sinple description wll
be 10 given with reference to Figs. 3 and 4. If the B2H6/ He gas
concent r atji On dus ARMOR ALl Wl Minilt ¥ espectr 40 A piedetgl med bias, as
shown in Fig. 3, it I1s possible to forma tinme range where the B dose is
not al nost a a t. i : .C i e plasm
ofo gae:Lertglasca iy %btree%avi’etd] art?gapeﬁtme{)%g %ﬁ?%e&nb%{

15 dopi ng ti me. ose to“be“saturated can be changed e B2H6/ He
gas concentrati.on i.s._changed, . shoqwn .in_Fig. 4. .That is, t ose can be
control | edS B >4 Qgsr%%’l(afliopﬁn}% ycolhsdiampol%g(lu & ith gﬁsgtso. mgj%g 6 are
the plas dopi conditiq i ndi cated by arrows a, and b in 20 Figs. 3 and
6 Symbol Wt bty L B Hhd Stoa oY Ao Bl s S ¥ #1% 5 shovs
Rs uniformty when the B dose is adjusted to 1.63E15 cm -2 by setting the
B2H6/ He g&f “eddicdmt raG6itia N %0 G s SHe eI i &l o Tir a4 60 25

seconds using the dose control nethod. The average of Rs 31
time of the dose.

Fig. 6 is a diagram showing the measurement results
of the relationship between the gas concentration and the
time when the B dose is adjusted to 2.62E15 cm™® by setting

10 the B;Hs/He gas concentration 0.2%/99.8% and the plasma
doping time 45 seconds using the dose control method. The
average of Rs is 147.9 ohm/sq, and uniformity is 2.42% at
lo. As such, in case of the dose different from Fig. 5,
good uniformity of 2.5% or less can be reproduced.

15 In general, as for uniformity, as the value of lo is
smaller, a degree of technical difficulty in improving
uniformity is rapidly increased. That is, of a degree of
difficulty in improving uniformity from 10% to 5% and a
degree of difficulty in improving uniformity from 5% to

20 2.5%, the latter case is still more difficult. As for
uniformity of 5% or more when the invention is not applied,
with the application of the invention, uniformity of 2.5%
or less is easily obtained. This represents validity of
the invention.

25 <Example 2>
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is 194.0 ohmsq, and uniformty is 2.25%at la. In case of a sanple that is
prepared at a tine at which the dose is not saturated, uniformty is
approximately 5% to 10% at la, and thus a uniformlayer is not forned. This
is one 5 of effects according to the selection of the saturation tinme of
the dose. Fig. 6 is a diagram showi ng the neasurenment results of the

rel ati onship between the gas concentration and the tine when the B dose is
adjusted to 2.62E15 cm 2 by setting 10 the B2H6/ He gas concentration

0. 2% 99. 8% andykhe, ph@Sﬁﬁamggelﬁgok'Hﬁe4§n§@ﬁemea u§uagm5heoggas ggnt rol
met hod. The average of Rs (s 147.9 o nisq, and unitormty is 2°42%at |a.

As such, 6236 0f gluce?a% gl 1 i e RO ik OB Y Y of 2.5%

or less ¢ be repro enera unl e val ue of
la is

h dffI formity i
rapidly ,ﬁ%yggggg T+ a %%;3295 &e?? I u t (%BR{OVIH uPhgornlty S

uniformty from1Q%to 5@6 nd degree of dlfflculty i n inproving

uni f or m t VOPGH 033§ & geF’he latter case is still more difficult. As
for uniforn1t¥ of 5% or more when the invention is not applied, wth the
appl i cati on of FiHe .nﬁaﬁWﬁoﬁheuﬁ?ﬂépﬁﬁwynéfr255¢¢809f|§§§ P%aé&§.|y

obtained. This represents validity of the invention. 25 <Exanple 2>
doping time, and the dose c¢f boron and in-plane uniformity.

It can be seen that the dose of boron starts to be
saturated with respect to the time variation at
approximately 30 seconds. Further, the dose of boron and

10 in-plane uniformity exhibit good values when 30 seconds
lapse, that is, when the plasma doping time reaches 60
seconds.

Fig. 8 shows an in-plane distribution of sheet

resistance after boron is doped into the 300 mm substrate

15 shown in Fig. 7 by plasma doping and then annealing is
performed at 1075°C and for 20 seconds. Sheet resistance
is measured at 121 places in the surface excluding an end
3 mm of the 300 mm substrate. Fig. 9 shows the
distribution of sheet resistance on the vertical axis

20 passing through the center of the substrate among the in-
plane distributions in Fig. 8. Further, Fig. 10
corresponds to Fig. 9 and is a table showing normalized
values of sheet resistance obtained by dividing sheet
resistance by an average value in each surface of the

25 substrate.
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32 Next, as Exanple 2 of the invention, plasma doping is performed on a 300
nm substrate using the PD apparatus A shown in Fig. 1 while the dose of
boron and the plasna doping tine are changed. 5 Fig. 7 shows the
measurenent results of the plasma doping tine, and the dose of boron and
in-plane uniformty. It can be seen that the dose of boron starts to be
saturated with respect to the tine variation at approxinmately 30 seconds.
Further, the dose of boron and 10 in-plane uniformty exhibit good val ues

when 30 secondas kapse. thBakoks, 1¥WhgBtt BRaRbBaMRcEBRUAA ! kBE theaches 60
seconds. Fig. 8 shows an in-plane distribution of sheet resistance after

boron i's depedd ko dihe 100 MBS Alite, 15;3haME N Fighi 16 Yl ase

dopi ng an en anneal 1 ng 1's per at '1075C and for 20 seconds Sheet

resi Stancgalan% ishacks ?‘ﬂt@} %2%&%' a%\%gfo%etcf‘e T sﬁ‘ﬁ%f&%&b GEeECh end 3 mm

of the 30877 substTal sho he ~“di st Fi I"on resi stance
on the ve axi.s 20 sing through the center he substr anong
the in- t%‘r? %J(? SSt r‘lisblﬁltl z-‘ i %% e r]coFltém3 gorrlelspglr?ds to Fig.
9 and a . table shqow ng .normal i zed val ue f sheet resi stance aobt ai ned by
di vt dihy SHEeRe (DGt By 2 Sedgs PRI F CRSr St Fadd e

where the dose in the surface of the substrate is small

follows a dose in a portion where the dose is saturated.
Meanwhile, if a time immediately after the dose is

not change with respect to the change in the plasma doping

10 time is set to the plasma doping time, the dose in the
portion where the dose in the surface of the substrate is
small does not follow the dose in a portion where the dose
is saturated. In this case, in-plane uniformity is not
sufficient.

15 That is, even though the dose control is sufficient,
in order to secure in-plane uniformity, it is necessary to
more optimally set the plasma doping time.

Next, a mechanism of the invention will be described
with reference to Figs. 9 and 10. In Figs. 9 and 10,

20 sheet resistances after 7 seconds (7 sec), 30 seconds (30
sec}, and 60 seconds (60 sec) are shown. In a portiocn (a
portion from 150 mm to O mm on a horizontal axis of Figs.

9 and 10) where a large amount of boron is initially doped,
the dose is comparatively rapidly saturated as time lapses.

25 To the contrary, in a portion {(a portion from 75 mm to 150
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25 substrate. 33 As such, the dose is not changed according to the change
in the plasma doping tinme, and after a while, in- plane uniformty is also

i nproved. This may be because the dose is not changed with respect to the
change in the 5 plasma doping tine, and after a while, a dose in a portion
where the dose in the surface of the substrate is small follows a dose in a
portion where the dose is saturated. Meanwhile, if a tine imrediately after
the dose is not change with respect to the change in the plasma doping 10

time is sef Lo BhecRiaskRadORKAG bifMed gkhe odase 1)t heeRer Hoddnigre the
dose in the surface of the substrate is small does not follow the dose in a

portion waghe dofieqdasemuch 2! Uha! 8qihRihll & (C@3Rsnan RpARg, Ul orm ty is
15 That 1s, g ro

not sufficient. even thou t he doSe cont is sufficient, in

or der 10 SSQULE i BLARG AL QN Vunlel yb® (RSCESHL ! Qs OIS ORLTEI |y set

t he pl asma “dopi ng anismo invention w € ‘descri bed
with reference,to Figs.. d 10, In Figs..9 and 1 2 heet. resi stances
after 7 secondgof%vggb)}?3€ﬂ§eé8ﬁﬁssF§ﬁgssgg)geaﬁaggﬁaggéoﬁag Eéﬁesec) are
shown._1In_a portion %ﬁg BortLon from150 mMmto O nmon a horizagntal axis of

Figs. D andPeF whér RF G ORnYIRE Sof BErER AROURT P4l BPT§Sped,

initially doped, the dose is saturated and boron is not
doped any more. Meanwhile, in the portion where boron is
not initially doped so much, the dose reaches the
saturation. Accerdingly the difference becomes smaller.

10 For this reason, in Figs. 9 and 10, when doping is
performed for 60 seconds, a variation width of sheet
resistance on the vertical axis is small. Accordingly, in-
plane uniformity of sheet resistance can be improved. The
method according to the invention is a unit effective to

15 securé in-plane uniformity upon plasma doping.
Simultaneously, as described above, the dose can be
controlled.

Moreover, under the annealing condition at 1075°C and
for 20 seconds used in Examples 1 and 2, the distribution

20 of sheet resistance may be regarded as the distribution of
the dose. This is because the dose and sheet resistance
has a one-to-one relationship. Under the annealing
condition at high temperature and for a comparatively long
time, it can be estimated that the impurity is almost

25 electrically activated. This is considered as a reason
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the dose is conparatively rapidly saturated as tine |apses. 25 To the
contrary, in a portion (a portion from75 mto 150 34 mmon a hori zontal
axis of Figs. 9 and 10) where boron is not doped so much at the begi nning
of plasma doping, it takes conparatively nmuch time until the dose is
saturated. However, if the does starts to be saturated and tinme 5 |apses,
in the portion where a |arge anmount of boron is initially doped, the dose
is saturated and boron is not doped any nore. Meanwhile, in the portion

where bor ofj ScndQUnd Nid-dld Yedoned, g spich, the dose reaches the
saturation. Accordingly the difference becones smaller. 10 For this reason,

in Figs 9 andlQ. WAEN0oniagiih REL 91RO pkOAR SEEANTS 1y A ation

wi dt h of sheet esi stance on the vertical axis I's sma Accordingly, in-

plane uniformty ,of sheet,resistance.can.be inpragved. e _nmethod according
to the i neftidh % & iqepeﬁrfcgc%’vgd}eorbfg & rgtj]‘ﬁrae Y5 pl' @& uni fornity upon

pl asma dopi ng. . .Sinultaneously, as_described abhove, t se can be

cont r ol | e IHHEG ,t%d%lrlijt‘%@ ﬁﬁ?e%]?a}ﬁ C%}Rﬁb]tjleiﬁl "‘é]thterigt%ﬁi and for 20
seconds used in Exanples 1 and 2, the distribution _ 20 of sheet resistance
may bedr egdbRA Hs IS disiiaiad af dthe memise .t e 95 Hecause the dose

and sheet resistance has a one-to-one relationship. Under the annealing
annealing device. Then, laser light that is emitted from

an infrared laser and reflected by a mirror is irradiated
onto the surface of the silicon substrate, such that the
surface of the silicon substrate is heated and activated.
10 Moreover, in the activation step, as an activation
processing chamber, a flash lamp processing chamber may be
used. The flash chamber processing chamber includes a
chamber, a sample table, a window, and a flash lamp. The
silicon substrate supplied with the impurity icns is
15 placed on the sample table, and reflected light from the
flash lamp is irradiated onto the surface of the silicon
substrate, such that the surface of the silicon substrate
is heated and activated.
Mcreover, in the above embodiment, in the activation
20 step, the flash lamp processing chamber is used as the
activation processing chamber. However, a tungsten
halogen lamp that is used in a semiconductor factory for
mass production at present may be used.
In the above-described embodiments of the invention,

25 among the application scopes of the invention, only some
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condition at high tenperature and for a conparatively long tinme, it can be
estimated that the inpurity is alnost 25 electrically activated. This is
considered as a reason 35 for the one-to-one relationship. Next, an
activation step will be described. This is conmmon to, not depend on, the PD
apparatus. Upon annealing, the silicon substrate supplied with the 5
inpurity ions is placed on the sanple table of an annealing device. Then,

| aser light that is emtted from an infrared | aser and reflected by a

mrror isdgkadiiahd vaenhe ibhe S faee oh filR Siticton sHpd r aly such that
the surface of the silicon substrate is heated and activated. 10 Moreover,

N the actintaliahethons heADARAAOMAEAGESTY Aot flish | anp

processi ng cha may be u chanber processi ng chanber
i ncludes a,__chanber sa bl e, a.w pdow, fla The

. .a | Yol |l am.
silicon sifstFare gﬁﬁﬁulseg%vﬁ t %toﬁles’i ﬁ%ﬁrcl ;/SHl()lﬁisqilas llgupq%é]ed@lc?n t he sanpl e
tabl e, and refl ect li.ght fromth fl h la i irradi ated onto the
surface ofRE §iI%%ﬁhl%§@E§9P§VeFS§ﬁEh%®ﬁQt#ﬂl?%;ﬁQQ%ﬂ?§ﬁcﬁq1 Silicon
substrate is heated and activated. Myreover, in the above enbodi nent, in

the ac?iv&ersider@dstep, the flash |anp processing chanber is used as the

activation processing chanber. However, a tungsten .
Further, although a case where the sample 1is a

semiconductor substrate formed of a silicon substrate has
been described, the invention can be applied when various
different samples are processed. For example, the

10 invention can be effectively applied to a stained silicon
substrate and an SOI substrate. This is because the
substrates are the same as the silicon substrate in view
of only the surface shape as viewed from the plasma. In
addition, the invention can be effectively applied to a

15 Fin FET. 1In case of Fin FET, in general, the structure is
in an order of 1 um or less. A sheath width of the plasma
is in an order of 1 mm or more. Accordingly, when only
the surface shape as viewed from the plasma is considered,
the structure of Fin FET is negligibly small. This 1s the

20 same as the silicon substrate.

Further, although a case where the impurity is boron
has been described, when the sample is the semiconductor
substrate formed of silicon, in particular, when the
impurity is arsine, phosphorous, boron, aluminum, or

25 antimony, the invention can be effectively applied. This
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hal ogen lanp that is used in a sem conductor factory for mass production at
present may be used. In the above-described enbodi nents of the invention,

25 anong the application scopes of the invention, only some 36 of various
variations of the configuration, shape, and arrangenent of the processing
chanber are illustrated. O course, various variations, which still fal
within the scope of the invention, other than illustrations can be 5

consi dered. Further, although a case where the sanple is a sem conduct or

substr at e ;{0 %%Qu%% $hlh §8% %ﬁg%k ghecg%sbeb%g@mggﬁghiged the invention

can be app |e when vari ous ferent sanpl es are processed. For exanple,
the 10 in i f ectlvely applied to a stained silicon substrate
and an ScﬁﬁgbggEFg?ep%$ﬁﬁsBis because the substrates are the sane as the
silicon substrg %n VI of on¥¥ the_su faCf shgg s vie ddfron1the

ol asma. In adlRErBRE ¢ FE ©; BOERC 0" c S pbeF et EP . BBRLEE o a 15 Fin
FET. In case of Fin FET, ener the struycture is, in a onder of 1 mor
5. A SHESPH ChedCAMGENERETIPacha I8 FRTEALONHG: 251 LE,

Accordi ngl.y, when onl t he surface shape as viewed fromthe plasna is

consi der edoW-t hdnsPpiciGrdagy Ehs FE?eP§lﬁ@gPﬁ§|@Pye§§ﬁp¢lvﬁﬁﬂ§ is the 20

same as the silicon substrate. .
applied to a plasma doping method in which the dose needs

to be controlled with high accuracy.
Further, a case where, in the plasma doping step, the
gas supplied to the reaction chamber is gas containing a
10 doping material has been described. However, the
invention can be applied to a case where the gas to be
supplied to the reaction chamber does not include the
doping material, and the doping material is generated from
a solid impurity. That is, the invention can be
15 effectively applied to a case where a solid containing
impurity atoms is placed in the reaction chamber, plasma,
such as He or the like, is excited, and the impurity atoms
are plasmized and doped by plasma doping.
Further, when the plasma doping is performed, it is
20 preferable that the treatment be performed in a state
where a temperature of an inner wall of the reaction
chamber coming into contact with the plasma is kept
substantially constant. This is because, if the
temperature of the inner wall of the reaction chamber is

25 changed during the treatment, an attachment possibility of
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Further, although a case where the inpurity is boron has been descri bed,
when the sanple is the sem conductor substrate forned of silicon, in
particular, when the inpurity is arsine, phosphorous, boron, alum num or
25 antinony, the invention can be effectively applied. This 37 is because a
shal  ow junction can be forned in a transistor portion. Further, the

i nvention can be effectively applied when the concentration of gas
containing an inpurity is 5 low In particular, the invention can be

effectivel %e@ﬁ%‘piu‘?:‘ittyo idnRl a3Mq pdoRing ABLRQd iF WhiCh 6 dpsg needs to be

controll ed wth high“accuracy. Further, a case where, 1 n the plasm doping

step, the ,gas supRliedslo tfiedeast g, Ghagher s as, captalaing a 10

dopi ng materi een descri the I nvention can be applied to

wh th to.b li,ed to th ti h t
?ngﬁﬁge t é%HHSSF a%hggépfgp%%%ﬁﬂhgﬁ%t pﬁﬁﬁ&ﬁgﬁﬁéﬁgnggﬁggﬁéggf ré’?rom a

o P L s WS ST S SRS LS L2, L2
chanber, plasma, such as He or the like, is excited, and the inpurity atons
are plasnmchéadendrdéhed doy epPesmaindépitigie -Fusher nafer (e ksiegsdiw doping is
perfornEdEh;tggiperature of the inner wall of the reaction chamber,
a method of heating the inner wall by a heater or a method
of cooling the inner wall through the circulation of a
refrigerant can be appropriately selected.
10 Further, when the concentration c¢f gas containing the
impurity in the reaction chamber is adjusted, a method
that adjusts the gas supply amount so as to directly
adjusts the concentration itself, a method that lowers the
temperature of the inner wall of the reaction chamber and
15 educes a predetermined impurity so as to lower the
concentration of the impurity, a method that lowers the
temperature of the inner wall of the reaction chamber and
suppresses the eduction of a predetermined impurity so as
to keep the concentration of the impurity, cr a method
20 that adjusts the temperature of the inner wall of the
reaction chamber so as to adjust the dose can be used.
Further, with a feedback function, the concentration
control can be performed while the temperature control of

the inner wall of the reaction chamber.

25 Further, when plasma doping is performed, the
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20 preferable that the treatnment be perforned in a state where a
tenperature of an inner wall of the reaction chanber com ng into contact
with the plasma is kept substantially constant. This is because, if the
tenperature of the inner wall of the reaction chanber is 25 changed during
the treatnent, an attachnent possibility of 38 the inpurity ions at the
tenperature of the inner wall is changed, and the nunber of inpurity ions
to be emtted froma thin filmcontaining the inpurity ions stuck to the

i nner wal lcdnten tidae iplrasfa gas clangadinshittle dagse itthe iDrehatge ben t he dose
per unit time. As a nethod of keeping the tenperature of the inner wall of

the react ij@vedharriring thet oG andigat | 7g e dopiganinethod fgater or a
met hod of cooling the inner wall through the circulation of a refrigerant

can be ap@hqgr it®) wisel et edsckA i t her, when the concentration of gas
containing t Inmpurity in the reaction chanber is adjusted, a nethod that

adj usts the 9a§ 2UBD! YpaHOYRL 80, RSO LU EShEYncRdiYBES Jehgagoncent rati on
itself, a met hod T Rat ~ 1 owers t he tenperature oP e i nner of the

eactLon S 21:.%%)& o e SR e
[ nner val Ledledilie s eagh on chanber qnd dsolgpepg)%er%%fth%i%ﬂeucate Pt 2
beginning of the treatment is set high.

Next, in a state where the concentration of gas
containing the impurity atoms is low, plasma doping is

10 performed. Then, the plasma doping treatment is stopped
in a time range in which the dose is mad uniform with no
time dependency. In such a manner, compared with a case
where the treatment is performed in a state where the
concentration of gas containing the impurity ions from the

15 Dbeginning, the total processing time can be reduced.

In this case, a method that lowers the concentration
of gas by raising the temperature of the inner wall of the
reaction chamber, increasing the concentration of gas
including the impurity to the maximum, then lowering the

20 temperature of the inner wall of the reaction chamber, and
subsequently promoting the eduction of the impurity to the
inner wall may be effectively used.
<Industrial Applicability>

According to the plasma doping method, it is possible

25 to realize a plasma doping method that can control an
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to keep the concentration of the inpurity, or a nethod 20 that adjusts the
tenperature of the inner wall of the reaction chanber so as to adjust the
dose can be used. Further, with a feedback function, the concentration
control can be perforned while the tenperature control of the inner wall of
the reaction chanber. 25 Further, when plasma doping is perfornmed, the 39
concentration of gas containing the inpurity ions may be |owered during the
treatment. An appropriate nmethod for  this case will be described. First, in
a state WHEHRIRHe PRI ¥ Qi &5 e Afthi gt S pand et ons i s

hi gh, plasma doping is performed. At this time, the dose per unit tinme at
the begi ffimy sofshadd aw dmpvantty sliddusyiogh. raghan. i dra astditte aiher e t he
concentration of gas containing the inpurity atons is |low, plasma doping is
10 perforree plesma tdupipigasred hdohiafy theedtnmeant icn steopped dpplaied me range
in which the dose is mad uniformwith no time dependency. In such a manner,
conpar ed wid ltiee aese swdr ead hen timgatmient dop iper frravesss ofa st at e where the
concentration of gas containing the inpurity ions fromthe 15 begi nning, the
total procrssidihdid®at harigdaedind) diis tqase, fianmaihad tdwedr | oners the
concentration of gas by raising the tenperature of the inner wall of the

used in liquid crystal or the like.
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reaction chamber, increasing the concentration of gas including the
inpurity to the maxi mum then lowering the 20 tenperature of the inner wall
of the reaction chanber, and subsequently pronoting the eduction of the
inmpurity to the inner wall may be effectively used. <Industrial
Applicability> According to the plasma doping nethod, it is possible 25 to
realize a plasma dopi ng nethod that can control an 40 inpurity dopi ng anount
preci sely and economcally and can forma shallow inpurity diffusion
region. In addition, the plasma do& Yet hod of the invention can be
applied to the use, such as an inpurjty doping process of a 5 sem conduct or

or manufacturi hg of BLEAPA PPPMErBRERSHOFhabseBERALRFRE H2Er PAREM0r t he
like. 41 Qains 1. A plasma doping nethod that irradiates gas plasm
cont ai ni n§oNFPGRIiDg Lewsrdho ignsapplte Popalrpeedereanpredetermingid h a
predeterm ned concentration so as to forman 5 inpurity doped region in a
surface otitigewidhplae predletephismed dopicegtmathion conpisi Sondgoamstadp of :
perform ng plasma doping within a tine range in which a dose is nade
uni f orm wiipuma tlyi e pdeperddnay inn aa ssrdbee wiietdea sdopileg tthee and a
concentration of the gas plasnma
. plasma doping method comprising a step of:
performing plasma doping within a time range in which
a dose is made uniform with no time dependency in a state
where a doping time and a concentration of the gas plasma
10 containing the impurity ions are set such that a dose is

made uniform with no time dependency.

2. The plasma doping method according to claim 1,
wherein plasma doping is performed in a state where
15 the doping time and the concentration of the gas plasma
containing the impurity are set such that doping of the
impurity into the surface of the substrate and sputtering
of the impurity from the surface of the substrate are
saturated.
20
3. The plasma doping method according to claim 2,
wherein the doping time is set to have a length to an
extent that a dose in a portion where the dose in the
surface of the substrate is small follows a dose of a

25 portion where the dose is saturated.
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10 containing the inmpurity ions are set such that a dose is mnade uniform
with no tinme dependency. 2. The plasnma dopi ng net hod according to claiml,
wherein plasma doping is perforned in a state where 15 the doping tinme and
the concentration of the gas plasma containing the inpurity are set such
that doping of the inpurity into the surface of the substrate and
sputtering of the inpurity fromthe surface of the substrate are
saturated. 20 3. The plasna dopi ng nmethod according to claim?2, wherein the
doping time is set to have a length to an extent that a dose in a portion
where the dose in the surface of the substrate is small follows a dose of a
25 portion #her 8hehpldsve ideordagumetbed agzoxrdiTige tgl asiya odepiofy met hod
according to any one of <clainms 1 to 3, wherein the |evel of the uniform
dose w t hdiaimsmg to dependency is changed as the concentration of the gas
pl asma containing the inpurity ions is changed. 5. The plasma dopi ng net hod
according to awpepsenotheclairet 4rftohd, uddfvbar &bbet Rethoneentimati on of the
gas plasma containing the inpurity ions is changed as the

5 dependency is changed as the concentration of the gas

plasma containing the impurity ions is changed.

5. The plasma doping method according to any one of
claims 1 to 4,
10 wherein the concentration of the gas plasma
containing the impurity ions is changed as the

concentration of gas containing impurity atoms is changed.

6. The plasma doping method according to any one of
15 claims 1 to 4,
wherein the concentration of the gas plasma
containing the impurity ions as the concentration and a
pressure of the gas containing the impurity atoms and
source power are changed.
20
7. The plasma doping methed according to any one of
claims 1 to 5,
wherein the concentration of the gas plasma, and the
concentrations of ions, radicals, and gas of the gas

25 plasma are set such that doping of the impurity ions into
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concentration of gas containing inpurity atons is changed. 6. The plasma
dopi ng net hod according to any one of 15 clains 1 to 4, wherein the
concentration of the gas plasma containing the inpurity ions as the
concentration and a pressure of the gas containing the inpurity atons and
source power are changed. 20 7. The plasma dopi ng net hod according to any
one of clains 1 to 5, wherein the concentration of the gas plasma, and the
concentrations of ions, radicals, and gas of the gas 25 plasna are set such
that dopi fgCoBUtf@cenpdr thy SeRstrats a@ﬁ ﬁﬁ@t§ﬁﬁﬂéﬁéfﬁpntﬁ@esubstrate and
sputtering fromthe surface of the substrate are saturated as tinme

i ncr eases sugfarge ofl 448n subFitHg tee Bi6d SatEgediety aso téﬁs? dREreRseS .cl ai ms 1
to 7, wherein the gas plasm containing the inpurity ions is mxture gas
plasna of nnlecules (BnHM having boron atoms and hydrogen atons 10 9. The

pl asma dopi od _accor to claim8, erein the as m
cont ai ni ng he |hﬁUFﬂ@§“ﬁO%§qu§ Wﬁ%ﬁaﬁéaggg LDGm o €af He 10. The
plasna dopi_ng nmet hod according to claim9,
claims 1 to 7,
wherein the gas plasma containing the impurity ions

is mixture gas plasma of molecules (ByH,) having boron

atoms and hydrogen atoms.

10 9. The plasma doping method according to claim 8,
wherein the gas plasma containing the impurity ions

is mixture gas plasma of B;Hs; and He.

10. The plasma doping method according to claim 9,
15 wherein a B;Hs gas concentration in the mixture gas

plasma of B;Hs; and He is in a range of 0.01% to 1%.

11. The plasma doping method according to claim 10,
wherein a B:;Hs gas concentration in the mixture gas

20 plasma of B,Hs and He is in a range of 0.025% to 0.6%.

12. The plasma doping method according to claim 11,

wherein a bias voltage Vpc is 60 V or less.

25 13. The plasma doping method according to claim 8,
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15 wherein a B2H6 gas concentration in the mxture gas plasma of B2H6 and
He is in arange of 0.01%to 1% 11. The plasna dopi ng nmethod according to
claim 10, wherein a B2H6 gas concentration in the m xture gas 20 plasnma of
B2H6 and He is in a range of 0.025%to 0.6% 12. The plasna dopi ng net hod
according to claim1l, wherein a bias voltage VDCis 60 V or |less. 25 13.
The pl asna dopi ng net hod according to claim8, 44 wherein the gas plasna

cont ai ni ng theﬁggﬁgghgﬁggfggs b§agh?tggﬁt%§§%ggg§§g o §§§t%n?ﬁﬁg. 14. The

pl asma dopi ng rng-to clains erei e sanple is a

silicon sggskﬁik_rel%asAd@ggﬁgaogg%%ggaggtﬁgg that irradiates gas plasm

contai ning”l npuUrity ions - onto a Fe r-a predetermned 10 tine and with
a predeterm ned concentration, the plasm dopi ng nethod conprising a step
of : perform ng plasma doping in a tine region where a dose is nade uniform
with no time dependency. 15 16. The pl asma dopi ng net hod according to any
one of clailgs 1The I8.asnkedeping asthodopiced riddneertforriedmsn 1a tet at e where
a tenperature of an inner wall of a reaction chanber comng into contact
with ptasma,is nmade substantially constant.

wherein the sample is a silicon substrate.

15. A plasma doping method that irradiates gas plasma
containing impurity ions onto a sample for a predetermined
10 time and with a predetermined concentration, the plasma
doping method comprising a step of:
performing plasma doping in a time region where a

dose i1s made uniform with no time dependency.

15 16. The plasma doping method according to any one of
claims 1 to 15,
wherein plasma doping is performed in a state where a
temperature of an inner wall of a reaction chamber coming

into contact with plasma is made substantially constant.

20
17. The plasma doping method according to claim 16,
wherein plasma doping is performed in a state where
the inner wall of the reaction chamber coming into contact
with the plasma is heated.
25
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20 17. The pl asma dopi ng nethod according to claim 16, wherein plasm
doping is perfornmed in a state where the inner wall of the reaction chanber
comng into contact wth the plasnma is heated. 25 45 18, The plasma dopi ng
met hod according to claim 16, wherein plasma doping is perfornmed in a state
where the inner wall of the reaction chanber comng into contact wth the
pl asma is cooled 5 19. The pl asma dopi ng net hod according to any one of
clains 1, 2, 9, 12, .13, 14 17, . and 18, wherein
t he concent r]a8t| oér}F}'{ﬂ‘ ptlt?esnbaaéﬁoéjd'rﬂgaln}ﬁtﬁ’é’q ﬁ&dﬁ%ﬁ? t‘i/laa%%gss‘”l s | ower ed
during a treatnﬁ 15 20 25

erein plasma doping is performed in a state where

the inner wall of the reaction chamber coming into contact

with the plasma is cooled.

19. The plasma doping method according to any one of
claims 1, 2, 3, 4, 5, 6, 7, 8, 9, 12, 13, 14, 15, 1le6, 1i7,
and 18,

wherein the concentration of the gas containing the

10 impurity atoms is lowered during a treatment.

15

20

25
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