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 sanple such as a sem conductor substrate. 10

<Description of the related artsphziFileadingl ogy for doping an
inmpurity into a surface of a solid sanple, a plasnma doping (PD)

met hod for ionizing the |npyLAgMAaﬁngp@|ﬂgTH@§ ionized inpurity
into a solid at low energy is well known (for exanple, see USP 15

4912065). On the other hands, anong the nethods for doping an
impurity, an ion inplantation method is nost widely used at present.

The pl as d in t hod is descrlb "Col um of Shal |l ow Junction
| on EbpiggB *88%%‘%8 %%d Process in Internationa
Technol ogy Roadnap for Senlconductors 2001 Edition (I TRS2001)" and
"| nt ePnat i onalTheT@IRTAIY gy 'RETUE S &6 dhdudt G2 0PR ti on

(1 TRS2003) " as_a next-generation technologf for inplanting ion. The
pl asma dopeidipdetdivd 13 RAEYEE@ehAr f rotn 2 helaoha 200P W aRe BiRednior

met hod. Moreover, ITRS is a docunent that is 1 widely referred to by
engineersd¢pﬁmggﬁMx¢mmmxtﬁy 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 (ITRSZ2001)” 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

pl asma doping will now be described in nore detail. 5 In the ion

i npl antation nethod, an apparatus conprising an ion source for
generating plasma fromgas, an analysis magnet for perform ng nass

separati Qi 4 rx%ei'errl[ ectrogﬁfor %g],é ons 53&& cg_g%@gtract ed from

the ion source, an e eratlngt red ions, 10

and a prq1c t%%ostr Z{q{eél{ypllc@ltl&%]% ena(gé:ebegatéagnjt esired ions

into a s ICOI’]S i'sused e 1 on ion, in order

to inplant the inpurit |l ow, |t . referablet raction
et gy § MBI GT, ARl 4 At 16 Lo e dil Seieh Brar | D

energy for 15 accel eratl ng small. However, when the extraction energy
is set N9 daffelhunber of ions to be extracted is decreased. In
addi ti on, when the acceleration energy is set snmall, while an ion

beamb%s transﬁ@r toe floomitipd andatdour e thoda amafappacatheam di anet er
is widened due to a repulsive force 20 generated by charges between
t he i ons.cofprd sigsulan idre souwrcdeforn npgned tinde pysmst fidre ganer
wal |l of a beamline, and a |arge nunber of ions may be | ost. For
this reason,andlrughbdned Bor | pet Bt n @ N O CeSsa rgr Wbh | ibeorder
| owered. For exanple, when B+ ions are inplanted, if the 25

acrcel er atdPrs AN HRECUR S h XK eMdg | Bsss dherdFQUohd tiRe 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 enerqgy 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.

i 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 prccessing 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 becomes 0.5 keV or

| ess, the beamtransportation itself become difficult. Further, even
t hough the acceleration energy is |lowered to 0.5 keV, the B ions may
be inplanted at a depth 5 of approximately 20 nm That is, in case of

formng apay®d eRsiyn 1%@4@(16 f‘%é‘%cﬁ:él@ﬁ@oﬁ i nep Hd hafe d he

depth, productivity may be | 'owered drasticall y. In contrast, 1n the
pl asma dopi n Ret app g{ y Q[%H ion
source fgr > (ﬁkglqngsa%l asmaq{ oscarcac |dnr§£r| cé?aﬂ \F;la%lsjél?nf ﬁél?ré)ﬁé

which a s c su e can be S a bi electrode on

whi ch ¢ hél ﬁﬁ o e Tt sl AL LR Pt SRR v or
adj usti na a potent| al of the hias el ect rode | S used The appar at. us

has the dPMegishttxdhfl dif'at itdie B orAnS Rate b pdikanted &t id 93RER on

inplantation in point that the analysis magnet and the accel eration
el ecty odefar@pisixinatad e Mhe bitmt elbctimpdemserad nprsing pasm
source and a wafer holder is provided in the vacuum chanber. Then,

t he i ons exrteracdics] erlaatr @i hawimodur edh byner 2thjpoieed s athdo tee
generated between the plasma and the wafer. Wth this configuration,
Si nce | ovegntédr, g\ yuidasnm widly eay dd ebivwaras etk a st i @ ey anount  of

| ow-energy ions can be irradiated onto the wafer, conpared with the

ion inplantatirtencohftatasits, ia d0ge plalsa HopAmsgy @l@rtaia:lcy kigh. 25 For
this reason, in the | owenergy B-ion inplantation,
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 net hod,
the inventors have devel oped a process technology for formng a
source- to-drain extension el ectrode having a very shallow 5

t hi ckness and | ow resi stance. The paper on this new process

t echnol ogy i s I I iumthat is the highest
Phai® AL cemine

aut horit one i ona nferences, in June 2004. This

new process technal . 1S . Kno as a r.ocess .technql.ogy. that,  has
ot cul ar - ef Pu OOPAIERS R Pl dFgrel o e S WA R 8o
(2004)"). In this nethod, doping material gas which is introduced
froma gi@"lentdr%iﬁjcql?% E})d?lf‘?c%%ht%%hr@#%gyi Eorpf%rﬁ%li%oa b§PeE pFasma
generation unit having a mcrowave wavegui de and an el ectric nagnet.
Then, borteTdens gkt pien mal efleradppraeing o2 avery f sleel Bwa sanpl e
by a high- frequency power supply. Wth the reduction in size and

hi gh Pnt egriatkrmsofarad e conideicaore deVilte, paear ach ethss imeswi n an
inpurity doped region are very inportant. Anong these

char act engridensss toethdsey (1 spadddtyedoph ML SIroswty o sletmer thaesi § ow
resistance that is one of inportant elenments in determ ning el ement

char act ertird itfisghARE e S Vi v tde Gontd Ol 19f e MLt 19SL1 | SonF&F¥nces,
inportant. |If the plasnma doping nethod is used, it can be seen

in June 2004. This new process technology is known as a
{
| process technolegy 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 1is
plasmized by a plasma generation unit having a microwave
waveguide and an electric magnet. Then, boron icons 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
shal | ow t hi ckness and | ow resi stance can be fornmed. However, a dose

cont r ol

nmet hod for controlling the elenent characteristics has not

been devel oped yet. Up to now, a nethod for changing the dose by way

of changishg1a Rl 3R AP AH LIdE NaS NesEd e8difhe BtHrddd s Met hod

does not

obtain sufficient control precision, and as a result, it

IS unpragt] . In thi i {10 I i I

i mprovi n%ltog)gefq’le r)i %y d(}lﬁseu?ﬂloﬁllﬁdolx iq%e% %%}%&&ﬁ%ﬁs@?ﬁ sei%{tt o]
t he human_body .as .| ar.ge as possi bl e, stably geperating _and keeping
bl ‘s WeTTORC Rt Frh P RAdn ASRAPESthd st 3P gt (00 1
the control of the dopant dose, the inventors_ has suggested the

fol | owi ndethgchd®r (hawe Nkt I Hie v s GRaHT & k3™ ng
15 an inpurity to be doped is diluted with He gas having snal

i oni Zat i Gerdaer gyine had Heql drtdd duderdiist meddad eloesimpt
subsequently B2H6 is di scharged (JP2004- 179592) suggested that the
concent r afiteriofs BZHE igay icontprelf eradtisilamss arnthred.a05%s120C Wien t he
concentration is low, for exanple, approximately 0.05% although it

i s reportied Urhatadtheadose is easily controlled, changing the dose by
varying the tine while the gas concentration is kept constant is

i
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In this situation, as a method which is capable of
improving safety by diluting toxic B;Hs having a serious
risk to the human body as large as possible, stably
generating and keeping plasma without degrading doping
efficiency, and easily performing the contrecl of the
dopant dose, the inventors has suggested the following
method. In the method, B;Hs gas as a material containing
an impurity to be doped is diluted with He gas having
small ionization energy, then He plasma is generated
earlier, and subsequently B;H¢ is discharged (JP2004-
179592) suggested that the concentration of B;He¢ gas is
preferably less than 0.05%.

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

the change in the dose is small with respect to the



described. That is, when the B2H6 gas concentration is |ow, 25 the
change in the dose is small with respect to the 5 variation in tineg,
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 inprevestien knowmerthed fons ctisngidge the sosel Pycshengi ngd a
plasma 5 doping tine. Herein, there is no study for the relationship

b_e_t ween t}féeré,hac[}g@ré 4 h@_ﬂ%&@é@ ihecgas tl@@n@@r@Ef@Iiﬁf‘ecision of
<Di scl osure of the Invention> 10 <Problemthat the Invention is to

sol ve> es¢rd be iti1S 4 nt f t i ri

doped r Q;Elh%n Cgcggégolﬁ? ?%[?&te%aeééd%’se.ﬁ@&ééoﬁ'r ste}flp? nj)"[l %} a{r}gjﬂél‘?%%r%g%y is
al so very inmportant to.forman elenent. . In particular, while there
s a1 oot aiftied ho ARG I ot SR bty HTbldutgery
difficult to obtajn a uniformdose in the surface, The invention has
been ?i n&lARE i WiRSnsi MRFetRontREre the RBotEIRY obPenkl®and it is an
obj ect of the invention to provide a plasnma doping nmethod that can
control aalcsel TSR oatierRacel? aelyarerl Hanthordeac skad | Bhe i dpoirity

doped region. It is another object of the invention to provide a
pl asma dopingemetdotdonrhat can real i ze high in-plane

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

As described above, it is important to form the
impurity doped region or control the dose. O0Of 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 Problen> According to an aspect of the
invention, there is provided a plasma dopi ng nethod that supplies
gas plasma containing inpurity ions to a sanple for a predeterm ned

5 tinme WhHik 8, Presdet sl v ied Et?ﬁcﬁfﬁﬁﬁé[ﬂg’” so as to forman inpurity

doped region 1n a surface 0of e sanp The plasma dopi ng net hod

ol udes a st ol 6ld 10 o dOG 4 AN ALgangentraLon of (e

gas plasma containing y~ such se ‘i sTmade uni form
with notinme 1 ependency. . The inventors have repeated various
oxpor | mer e Fe 1 Bt omarS T, HAT coURRTTea B951 PLagmat i ng
B2H6/ He pl asma, onto a silicon substrate, there is a tine at which a
dose of BRI HAFERYHEEANPRT | O udhi TIRPE © 150 FuR t hepdeferphpede
seen that the saturation tine is conparatively |long and ease to

st abl § ustineonplr etl B edebernlped atomkerthir 2 epeat abi &5t Yooforn an
apparatus control can be secured. That is, if plasma irradiation
starts, amoseitiy dopediaddionnim eased;fdoce aftthe stmphech The dose
is made 20 substantially uniformw thout depending on a tine

vari at i orplissmonddmireg. méthadditcDides fat fieepi o s6ttingt Aedoping

i ncreased, the dose is decreased. The inventors

{ 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;H¢/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 contrcl 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. In addition, if the time is
further increased, the dose is decreased. The inventors
have alsc 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 w ndow of the tinme at which the dose is 25 nade substantially
uni form wi t hout depending on the tinme 7 variation. The invention has
been finalized focusing on the results. According to another aspect

£ the i . o t i d . : .
gup|tol ?e;@gé‘gtgtggqprﬁna'ts rr:Ir h%orﬁrgfeg{t%\édl} EIlrr%]ctl‘us‘rai yeq? ?ra\lsﬁglﬁlt%%ar%}a&rr%qé{ 4]?#“ a

predeterm ned ti Wth a predeterm ned concentration so as to form
an inpurghf(ﬁﬁ§ €gion in a surface of the sanple. The plasm

dopi ng nmethod _i ncludes a step of performn | asma doping within a
time range i nPREPER1IRI1EC0G8E S TaGRSGH P rﬁ%ﬁiﬂﬁ”ﬁ@tﬂpﬁe ddsefdency
in a state where a doping tinme and a concentration of the gas plasna
cont ai ni Ag tHEVigaRd ia plaaa gdapigw maldipd Hdiata sgel ies galle
uniformwi th no tine dependency. According to this configuration, the
concent r gtlismmeaofcorntis itrhienqgaisnpl @isiim icord aniicg tdenppufert ya i ons i s
set inthe tine range in which the dose is made uniformwth no tine
dependen@teddcoammdirmgl \indevidds e qarediet atitiad atohcaniradl@d. sdhat
is, even though the tinme is slightly changed, since the dose is not

al nost changed, rdhe HBosienpdi toamdiE tradl Yorc o rHl diedeadd sONEKAst,
in the known nethod that controls the dose according to the tine,

efen thoughhple. 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 ByH¢/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 with respect to a 8 predetermned bias, it
is possible to obtain a time range where the dose is not al nost

Fhar o) b AMMA Ak ad 1 L OUS LBt Lo S OHGe

that, in“the ove time  range e1s atinme range where

unlfornlt f sheet reS|st Rs te nne lin t hat

e bt ane Whste e et T oserﬁﬁOS%quﬁ%%% R A 2 b 4 ot on
has been finaleed n the basis of the_res Accordingly, whi]e

pl asma dASHG &I FEHRNTR et thag QE%AIFW% Eorighl e qgﬁ%ﬁl@%m?o

the control of the dose and 10 in-plane uniformty can be sol ved by
one ef f ortangey tHexs aktred dobiegr FEdh Fih ke ok R R ® Wb pranitusplct
of the invention, the doping time and the concentration of the gas
pIasMé<uﬁh&£ﬁﬂﬂgﬁi$ﬁanm@uf3$y afiegr el sugh thet dopi n-pfande
inpurity into the 15 surface of the substrate and sputtering of the
i mpur ity urfirfarer ey suff fdoe ddsé hies sudasy radiel af &cisatyr atBoe The

i nventors have repeated various experinents and have found that, if

a bias i srappltieth ad rsesh atimg) i hed HZHBMdleopd BS ner ofti® theuBt | i con
substrate, there is a tinme 20 at which doping of boron and sputtering

Of(boronﬂadaﬂ&iﬁbly, 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.

L The inventors have repeated various experiments and
have found that, if a bias is applied by irradiating the
B;H¢/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
pl asma are saturated (bal anced). Further, it can be seen that the
saturation tinme is conparatively long and ease to stably use,
conpared with a time at which 25 repeatability of an apparatus

control can be_secured. 9 In_the pl dopi ng .nmet hod according to
anot her aspegp %ﬁetﬁ ASHGe PRI 5ﬁg%ggpﬁﬁ§oﬁgﬁ§gh§? ﬁ@ogiﬁrto an
extent that a dose in a portion where the dose in the_ surface of the

subst rat @SPeEm@l] Bhe | gient idve e Lopigyr thigke iR ¢ neetdse as
saturated. According to this configuration, the concentration of the
pl asma cemtt@nti ddiathe idgae iy 4 gertiiprsethane tifee tdase ¥rangees i n

whi ch the dose is nade uniformwith no tinme dependency. Further, the
dopi ng tisnefisgeseatf ttharswdterdtd 0 ¢ mta Ihef diolsevd e tdeseparf iadn wher e
the dose in the surface of the substrate is small follows the dose

of the pgdritdnn Wiane tite doses iis stiraiesy, Accordingly, in order to
increase in-plane uniformty, the dose can be accurately controlled.

Actual 'y, thepagabiahigond it s’ 26T it rk? i8S hed cdindaddirdtdéd] of
points in the surface, and a doping end point is set to the |atest

i e among, SLALepi s o s d1e Pasled ] Mg ange < ACCar gl Yind he

dose in the “portion where the e I'n the surface of the substrate

I's S”al&éﬁaé({%5Jﬂ%%ﬁkfﬁ%idbéé“ﬁé“ﬁédé”hﬁ!%%fﬁt&%%ﬁkggaEfme
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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 follows 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
obtained. In the plasma doping nmethod according to another aspect of
the invention, the level of the uniformdose wth no tine dependency
may be changed as the 25 concentration of the gas plasma containing
the i mpuridns X0 driisgdcs, changed. Wth this configuration, the
concentration of the gas plasma is set such that doping of the

inpurity ionsgintoit:he refs f: the b Sput terd rom
the 5 surf aceW(:)L;Elht ﬁgaguggﬁrffé%g%aa%em?ét l}l:?%t gﬁh%kglggjrﬂéﬁllﬁygﬁ ;O,Fteﬁle%g 4a§’vel
of the uni.form dose can _be changed. Therefare, it is possible to

Por m an BHAOTA -3 P TR i SOPL st (4P iR TR s | &S abi y
controlled with high accuracy. 10 In the plasma dopi ng net hod
accor di nd-t€ Sidh oL dfetS ISt rRRFhtTRIH LRI ocBht ¥R i on of
the gas plasma containing the inpurity ions as a concentration and a
pressar e SO¥Fr fpze ébﬁt‘é?%i-ﬂé’ﬁ%@ 134 at FHEI EAHR S ourReCo pdieg 1 vr ethe
changed. 15 Wth this configuration, the concentration of the gas

pl asma caevss et the adegiredesmgean Ibe pehanged ar , Theesfere, it

concentration of the gas containing the inpurity atons i s changed,
t he 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
rower are changed.

15 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 inpurity atonms and a dilution gas may be m xed to be
then used, and flow rates of the gases may be changed by nmass fl ow
control | diohs siamh dhadimpl xtan® datunst@ly tdreangps®s are changed.
Therefore, the 25 concentration of the gas plasma containing the

inmpurity 11 ir@n$heaR1Rens HILrR N chedtDd ARl GhrNged arldtHdie pl asma
dopi ng nmet hod according to another aspect of the invention, the

Concen”%tég%g:t"fof 2&0 Shvel A8, Al éé‘:?cc%&é&%a@t{%@%@%{f%é@&

radi cal s, gas the gas pl asma may suc opi ng of
the inmpurity ions into the surface of the substrate a sputtering
from t he FATRe B (e TP e 6 St A, LG
Wth this configuration, the cancentratiaqon of th as 1 | asma i s
set stich AnaPAA NP At Yk |15 | DHaL | Tt SPLRErd Achor ¢ he
substrate and sputtering fromthe surface of the substrate are

sat ur at ed-MRASET I RS, IR R thRstuekarde hckthp WSt rnd ed

w t hout depending on the time variation. Therefore, it is possible
to form @PuEdniguf i fxon dhieomuniage chf tiHee | sietirateceemateyared s
stably controlled with high accuracy. In the plasma dopi ng net hod
accor di ng d imeotierreases.

{
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 (BpHp)

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 wariation. Then, the concentration of the ByH, gas is set
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aspect of the invention, the gas plasma containing the inpurity ions
may be m xture gas plasma of nol ecul es (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

smal |, theich i Shat régb dig WErsoide Hose tise nBdefasebstarkheéal |y
uni formw t hout depending on the tinme 25 variation. Then, the

concent r ad 198k ©f £ & hen BnEpy 888 1 8g SBtom 12hSUSHr ERad @?ptHQ Shber8he
into the surface of the substrate and sputtering fromthe surface of

the substy ? afifa é@&“rdégéor@fﬁﬁiﬁ“ NgLy. 4bbe Qé’ﬁebgaél‘.%éﬁr cypately

controlle out “dependi ng on t time varriation erefore; it

i's possible to ity region i ich the, d se_of the
moor by T erabl S R h e o AR A O BREUrHES. VTR ERESRT asm
dopi ng met hod ccordlng t o anot her ect of the invention, the gas
pl as co’-FH%‘f MLt et 49 P%ﬁ%‘i’f? F%n OWByt]B% H‘&‘t‘ﬁ%%yg‘éé%‘l”ashﬁ of
B2H6 and He, The inventors have nmade various experinents_and have
found t hathi¢h Bhedesonef ethdelmpur iy b%tssbii}agﬂac@lﬁtBQHGEda‘ﬁHtﬂe i's
used, when the concentration of the B2H6 gas is being small, there
is a regiloholwhereuraeydose is made 15 substantially uniform without
depending on the time variation. The invention has been finalized
focusing on 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;Hg¢ 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 dose is made

15 substantially uniform without depending on the time
variation. The invention has been finalized focusing on
the fact. Then, the concentration of 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
dopi ng 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 tine

vari at i omspetttercdf ot lintverd: jmos sizhlcenaerftorahitdre diRHist gas egh obhén
which the inpurity concentration is stably controlled with high
accuracymiziure tgae gllaswm ddpimg. nehdode acgspride nint® asegdest 13
aspect of the invention, a concentration of B2H6 gas in the mxture

gas pl asnm afy B2HG sand the dme ber iy range ©fo10. Qdéd a-rlde I n case
of less than 0.01% when the concentration of BZH6 is changed, the

change. | RoRefldst o SO 10 LeasaLyr ated a6e05di NG 1o 1HGoL1 P

variation is excessively small. Accordin diffrcult to

cont 1ol s 405, 9l hran fQ.be saturated Aot ding (o the 4l

vari a he charnge 1n e concen tion o er,”1n
case of nore than . 1.0% en the concentration 10 of. B2H6 is changed,
e changg aas THE oSt bo At gt RE atr drbdtid o tiing S o t he
time variation.is excessivel)iD | ar ge. Accordingly’ in this case,

cont rol | &NGRQL jthe FH 190 R FHPDREMS dihion
of B2ZH6 is nore preferably in a range of 0.025%to 0.6% 15 Fromthe

exper i meftimeesianiation dus Beerrfangad ithdithe concentration of B:Hs.

(
Further, in case of more than 1.0%, when the concentration

10 of B;Hs 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:Hs
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;Hes of the mixture gas plasma of
B;Hs 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 Vpc may be 60 V or
less.

From the experiment results, it has been found that,
when the bias voltage Vi 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 mi xture gas plasma of B2H6 and
He is approximately 0.1% there is a region where the dose is nade
substantially uniformw thout depending on the tine variation. 20 In
t he pl asna dopi ng met hod according to anot her aspect of the

i nvent i omithditasiemdridigey \AC ey thim®Ovatatidess. From t he
experinment results, it has been found that, when the bias voltage

VDC is 60 V ofpl 9% gilen iddpa P nfea@iRn aheiriiikte o dthdrade
substantially uniform 14 w thout depending on the time variation. In

the plasnp doni nge ngibhod, éjx{”gsé\?r@é‘?ée%ér 2P Hoideinately

i nvention, 'source power nmy be approxi na omt
experime %ﬂ#ﬁ%ﬁlts’ it has been found that, when source power is
appr oxi ely 1500 W there is a region where the dose is nade

substantially _uniform w thqut dependi on the time variatjon. In
the pPasma doBFR MothSHPECIIRRIG 3t kot Hdr Pafo BRESecOBYd (HiEt

i nvention, the gas plasma containing the _inpurity ions may be

m xture GREDISEHEOPBIR ahtl HPTEF PR EPeY ekpe? i Hentheedults® 1ike a
case where the mxture gas plasna of B2H6 and He is used, in a case

where tHedion wherxmstin 208 of s Badangupetant iskblly yrifewnal so
without depending on the time wvariation.
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 ancother
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 ByHs and He is used upbn doping into

15



15 been found that, when the concentration of BF3 gas is being
small, there is a region where the dose is made substantially
uni form wi t hout depending on the tinme variation. Therefore, it is
possible to formthe inpurity region in which the dose of the

i mpurity the siablder?eestrald edi indy Hath agsui@chat N ieh phiasma
dopi ng nmet hod according to another aspect of the invention, the

sanpl e W%Bb# 1P f SRSt 2 BelanFQﬂ?l aé#&Qﬂé%‘é%Eﬁ%éE@Q rféggBﬁ’

in a case e 25 nlxtur gas 1S us

upon dopi |nt t he, si on trat it _has been found that,
when t he Whge ﬁ'teraolso% of “?Z’rc-% Sd%%bﬁasn Yyedt ]gys‘f'rr*é]r ort hvé]rtélcflgca regi on
where t he dose is made substantlalh% unlfor out _vfendln on

the time GERSTEHIh ORWHEH a4 Y@ vt DMK

used, the same effects can be obtalned As such in the |nvent|on

t he d%plm&%ﬁmﬁa%ﬁuﬁ@%ean@oﬂéehﬁrﬁﬁﬁén Bret famgagLraEAmCEBNPEI ni ng
boron is set such that doping of boron into the surface of the 10
substrat @kfitdingsit t ering fromthe surface of the substrate. In the
pl asma dopi ng net hod according to another aspect of the invention,
pl asma dopi ngAsagued ,penf dheed nventiiles,t ithe rdegiioy Where amite tdese i s
made uniformw th no

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
controllied 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
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ti me dependency. Accordingly, it is possible to formthe 15 inpurity
region in which the dose of the inpurity is stably controlled with
hi gh accuracy. Wth this configuration, the dose can be accurately
controlled through a process wi ndow of the time at which the dose is

made unlf c{}PL!Lt ré&pe&dlg QL heyhd e 20 variance. Preferably,
|on step i iati i

t he actlv |ncIu a step of irradiating laser I|ight.
Si nce | aser t has.a h .ene densit hi gh- efficient
activation cah%ﬁ fg c%%é acFPQa%P gt pQ%ﬁfl Y Bfe a
step of irradjating 16 radlatlon light of a flash I anp. The flash

lanp i s &P Z%hd thus | ow cost can be realized. The activation
step may include a step of irradiating 5 radiation light of a

tungst en hal od&e legrgivasiion 15d epeant laglmsie & wdiary athd nasgstdmg
hal ogen | anp have been put to practical use, and thus the
activétiamdﬁatina;kwqmﬂrﬂﬁiaMtunQﬁtﬁhrkalqgﬁﬂil@mpln t he plasma
dopi ng net hod according to another 10 aspect of the invention, the
pl asma dopi ngAldy the heart dreadranta sisding Wher & umdstgpe hatlwgerof an
inner wall of a reaction chanber com ng into contact with the plasm
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
t coming into contact with the plasma is heated.
In the plasma doping method according to 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 made substantially uniform In the plasma dopi ng nmet hod accordi ng
to anot her 15 aspect of the invention, plasma doping nmay be perforned
in a state where the inner wall of the reaction chanber comng into
contact with the plasma is heated. In the plasma dopi ng net hod
accordi ngEffetd hef tlaspacterafidrdre i nvention, plasnma dopi ng may be
performed in 20 a state where the inner wall of the reaction chanber

com ng into cart el MitRd SIS R doT LR 8d it tﬁl%g@daasi@l%m ng

nmet hod according to another aspect of the invention,

concentr f ni

| ower ed urtchr]ﬁgOOa ot 2%15% eat men C?H f)*f}gj# I# C%%éﬁl{c‘gven on> aAs be
descri bed abov accor to th sna dopi n of t

i nventi oﬁl cilﬁfea %r(ﬁ Efglp]l%% %%n Jb'g %c%%?%{l%of? “Bn ?I(BIFI ed.
Furth [ ossible to forn1 e i rity region in which

dose gs §thaﬁbl Igiﬁfttr%lqee%llor\‘/\nltrh "ﬁ?b‘ﬂ" a@bn‘gr%‘éﬁg Firiteel yl‘foﬁ‘@:o{led
possible to fornlthe inpurity region having excellent in-plane

uni f or ni tRAth driad | aFCHEREF i ption of the drawings> Fig. 1is a

cross-sectional view of an inpurity doping apparatus that is used in
a first enbodiFaritesf, tite 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 1s a cross-sectional view of an impurity

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

\ Fig. 3 is 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 diagram showi ng the rel ationship between a dose and a tine in
a nmethod according to Exanple 1 of the invention; 20 Fig. 4 is a

di agr am show t he. rel atignshi ween a ose .and

concentratlon%ﬁﬁ t%é Teth&d é%} %ﬁﬁﬁﬂg 3By 5% &%U&H@W Qfert i on:
Fig. 5 is a diagramshow ng an Rs distribution of a npl e obt ai ned
in the nelEdRdacidrainRf Bl Bhamprethodfaconrding |t?ﬁ/eﬁ;ﬁfif%ﬂmle 1B Hg. 6

is a diagram showing an Rs distribution of a sanple obtained in the
met hod addwr dinwentoidxanple 1 of the invention; Fig. 7 is a diagram
showi ng the rel ationship between 5 a dose and a tine in a nethod
according to Bianpl7e iz &f ditdveram\sértWiony; thieg.red atd omstiizgiertwsdeom ng
in-plane uniformty of a dose in the nmethod according to Exanple 2
of the i v@idd afid 10 FHrge ©his RethadrareSNOMAct@ Bheglld e5ist ance

distribution on a Y axis in the nethod according to
the invention;

Fig. 8 is a diagram showing in-plane uniformity of a
dose in the methed 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 regqulating valve
25 8 dry pump
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Exanple 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
met hod 15 according to Exanple 2 of the invention; <Reference
Nuneral s> 1 hi gh-frequency power supply 2 matching box 20 3 coil 4
mass flom1con&{oller i@g&;s flqQqw controller it 6 turbo nol ecul ar
punp 7 pressure re§@Patiirg V& Bats gry punp 19 9 cool ant supply
unit 10 VDC nonitor 11 matching box 12 hi gh-frequency power supply 5
13 sanpl e (subs?ratec tPIBEEPF ocessed) 14 | ower el ectrode 15 reaction
chanber 21 hi gh-frequency power supply 23 coil 10 24 nass fl ow
control l er 25 Irassafticiwingottorxol | er

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 reaction chamber

15
<Best Mode for Carrying Out the Invention>
! Hereinafter, embodiments of the invention will be
described with reference to the drawings.
(First Embodiment)
29 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 cof an impurity, a

25 concentration of gas plasma containing impurity ions to be

20



33 sanple 34 sanple table 35 reaction chanber 15 <Best Mde for
Carrying Qut the Invention> Hereinafter, enbodi nents of the
invention will be described with reference to the draw ngs. (First
Enbodi nent) 20 Hereinafter, a first enbodi nent of the invention wll

be descridgsbdni desat | subih heigf eaepLeyt Or t Pge dig¥hAYSy ABnaPRAgAt Us
shown in Fig. 1 is referred to as a plasnma doping apparatus A (PD

appar at us §ﬂtté i%giéfegbggfﬁg@é,ongn599PE8H Qﬁb§9r£?§U&%£¥%8§%25

concentration o s plasma containing Inmpurity 1ons oped
is set such_that_doping of, the ijpuri iops and sputtering of a
surface dfALenl I TEOnPanBeeFide (APESINOVRr oY 8¢ of sAPaT ot en. e
According to this, a dose Cfn be, accurately controlled, wi thout

dependinga%ﬁu%a¥?%% GOREFP bt $Anv L FRRY Bf SPRENALNT CRo&sFHIR to form an
inmpurity region in which an inpurity concentration is stably
contrél | edaptahion gh Beetebeye, FuEt herpossibsepbasfore &b imprribw
inpurity region having excellent in-plane uniformty. 10 Here, the
concent r at¢@honfinhehgak ahatmpuistgetonsoehtration 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
controlled 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 impurity icons 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 points in the
surface, and a doping end point is set to the latest time

25 among start points of the measured time range. Accordingly,
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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 W t hout depending on the tinme variation.
Ther ef or e, is possible to forman 15 inpurity region in which a

dose of tet‘edds@(‘j‘f tsz}’f%fﬁ{@x?'\&efé)“ﬁt‘i@'éc‘?ge"‘iﬁhtﬁ‘é gl AECUL agy - %kT s

may be expresse asmma doping is performed in a

range where the dose |s for |rres ective of t

Var Lt | o SRR oot o B L e DTt Fe 5 FERe B SHUR (2i g TR L he
surface of the substrate are saturated..In order to obtajpn in:plane
un|formt%PS%t%qrﬁQFQﬁﬁﬁﬁdtC)Qﬁf%ﬁﬁLﬁ@&%&P}%gn%%§%+%%eaTnt%QEW+ Yial
points in the surface, and a doping end point is set to the |atest
time 25 anong FStdar tl g @ SIS IREGRERRFed t9vhed T sy mnEdditi ngl y,
21 a dose in a portion where the dose in the surface of the

subst bat edaisneprd okt oswsusedobe a nf brporenlondithene ¢hetheose i s
saturated, thereby obtaining in-plane uniformty. Fig. 1 is a
Cross-secinwonatiomnew of an inmpurity 5 doping apparatus used in a
first enbodi nent of the invention. The inpurity doping apparatus,

that is, a praeessmiharerddpgiciddes A d@act ighnichaber dfncasd urbo
nol ecul ar punp 6 serving as an exhaust device for exhausting the
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 coil and antenna 3 serving as a plasma source provided
inthe vicinity of a dielectric w ndow facing a | ower el ectrode 14,

a high-frequency power 15 supply 12 for supplying hi gh-frequency
pover of CPRE® xS { BthHe Atd'mc}/o?' aﬁﬂtdéarﬁi%?es,o%ﬁga%ﬂﬂ‘i g ftﬂ'é?quency

power supply 1 serving as a voltage source supplied a voltage to
t he | onered@ciqroddramben lsyubist repnt i@t Ind grvdéssarsy slirate) 13

is placed on the |ower electrode 14 serving 20 as a sanple table, and
pl asma i rmcadiatlilerd ¢ perd dr.ndthe dntmod e Isidbstaratmid3.6 Hertlee a hi gh
frequency is supplied fromthe coil and antenna 3 through the

hi gh- f r equiersu powesqslping vdlore Denatdting @, thevamt chi ng
box 2 for adjusting the 25 discharge. Required gas is supplied

through thgdmissy flOWhe 2 it 1o | @lamdd Qs 4rxaiid the Avdgor ee of

vacuumin the reaction chanber 15 is controlled by the nass fl ow

control | Efrr%vqﬁgﬁ{ﬁ%oﬁ PO M) QGG UL Gra B nPISSS U £

regul ating and the dry punp 8. Power is 5 supplied to the

o2t LT T A5l 8 I Y Al LSRG P T ALY 12, OO
E;?v;ﬁgd Ljer]aétqeon rcq'?a?n%eorn 1Cg1ain§)eprla1c5e . Sorplte}‘?eeds aolrﬁlpfehecaﬁoafgol ]?4 ,t aabxl1§
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-frequency
power of 13.56 MHz is supplied from the high-frequency
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 plasna doping process wll be
described. A predetermned gas is introduced fromthe gas supply
device into the reaction chanber 15 of the process chanber through

t he mass flom/controllers 4 and 5, while gas exhaust is perforned by
t he turbo nDIecuIar 6 as an 15 exhaust device. Further, the
react i on THHHE at a predeterm ned pressure by the
pressure regulatlng valve as .a pressure control device. Then,

hi gh- f r equenc1 thewsH n f@dﬁﬁtWNflﬁsc§H§&ﬁdeé’ﬁﬁﬁﬁiﬂﬁegenerated

hi gh-frequency power supply 1 to the coil 3 as a plasnma source, such
t hat 20 iusdues ithe ycaiduplredipl aambddingser aredniente randie orsed
chanber 15. In this state, high-frequency power is supplied by the
hi gh-f r equestsadgpavnertisippd i 121 wndhdtherel ¢ hehgbiant i@lasiat he | ower
el ectrode 14 can be controlled such that the silicon substrate (the

subst at esir e A OsEssrd) dBe@srenbanpyelbosocn negahhMeepplephibal
wth 23 respect to plasma. Al though an inductively coupled plasm is

gener at edyr UL 110€ 160 |béd Nydilti Sy @podi nent, an antenna may be used
i nstead of the coil. Alternatlvely, hel i con plasna 5 surface wave

plasma, el ect ngiRi G Gygl %t QR Jrf SARARGE tY %%”B.us Ala dle o'n! kt%emay be

generated. After the silicon substrate 13 is pl aced on th
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 0.9 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 is 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;Hs and He (B;Hs/He
plasma). Moreover, the mixture ratio of B;Hs and He can be
changed by changing a ratioc of flow rates of He gas and

B;Hes 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 i s 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 nass

fl ow contr IIer 5 this.tine,..t pressure r ting valve 7 is
control | th@’ﬁﬂﬁt ﬁgdpﬁgsgglz%ﬁ)gf e e Fstc 19T %ﬁ%rlll@ris kept
15 at 0.9 Pa hbxt gh-frequency power 1500 Wis supplied, to the
coil 3 asS%P%Y%%E% SEG?E% 59 astiBegeher aferphgsadd FRUERGT+RBECPE on
chanber 15. Further, high-frequency pomer 200 Wis supplied to the

| oner el deo¥orleand sathrehed (botanced) i nphaibhed, i hntheigicinity of
the surface of the 20 silicon substrate 13. Here, plasm exposed to
the silicambodiubhshtat &t 18ansbeai s¢emetas phassatofaBle hime Hes
(B2H6/ He plasma). Moreover, the mxture ratio of B2H6 and He can be
changed byobangt hgedyr adbhe ehdfleverabestablilengas andt B2H6igas
flowwng in the mass flow controllers 4 and S. 25 If a bias is applied
by irradigtisigat heraixstiéngasared, péaaaanisBzﬁlamélgﬁ {BEFbLEed,

pl asma) onto the silicon substrate, there is a ti me when dopi ng and

sputtering,pfy pﬁﬁ@”a@rﬁh§éﬁufﬁée&oégaiénﬁggé SEHEEQEELai@thh§form

enbodi nent, it can be seen that the saturation tine is

CO”paraI'Nf{ﬂ $9nge§QH%§R e?ﬁo S%?Q YQ??atIBﬁt 55C05E1n8g8§n?n

|r(ad|at|on S arts ncr ea

addition, if the time is further increased, the dose is
10 decreased. Accordingly, the dose can be accurately
controlled through a process window cof the time when the
dose is made substantially uniform without depending on
the time variation. Further, in-plane uniformity can be
obtained 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 to 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.

25



but a tinme at which the dose is made substantially uniform wthout
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 tine
when the _dose is. made substantially. uniformw thout dependjng on
the 1 o Varidi o o ¢ HBSULT R RGN G AROAHR Fy* CAiebes Dot Lera by

previously neasuring, in the surface of the 15 silicon substrate, the
time wherPkaenaliodevice nagfed ubiESr ndn ahel 8 el Y hee t hethdPengasi pad He
according to the latest start tinme. (Second Enbodi ment) 20

Her ei naf tgas areesgppll pedothnengh aiashef lowendnbonol hets Dé aedcZbbed
wth reference to Fig. 2. An apparatus shown in Fig. 2 is referred to

as a plasm drpiag @ppamgiwsi B (iIRD dmrdspsd Bntdig. s icom
schematic plan view of an inpurity doping 25 apparatus used in the

second enhigsh feite Ol sdMELENVERt hPAced 25n | & Fhfiple, tibhBei BPULALY

dopi ng apparatus uses a helicon plasnma device, and thus, in this

devi ce, B2HB/He,9ash e Hess 9agi §f ersappbh ey 1{;“ 1988§Sth! OWkoil

controllers 24 and 25. Here, the"inpurity I's also doped into a

o o A YN PR AP Gty <RI ol oty i o
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 Bp;He¢/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
f 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 plasmzed. 10 In this apparatus, the nmass flow controllers 24 and
25 are controlled with high accuracy, and the mxture ratio of

B2H6/ He i s. controll Accor.di ly,,1he. concentrati.gn of. the gas
o LSO oo 1 ASECRR' "Bt/ e S AR S S RS TR no
ti me dependency. 15 <Exanple 1> Plasma doping is perfornmed on a 200

nmm subst r&testidteg ?@@F?Ii%p%a?%@%sWQ?%é§%9}%%da?ﬁ fPetteEsng of
enbodi ment with reference to Fig. 2 while the dose of boron and the
pl asma doprrentane s@tuchbededbalanced) . 3 Bivowker helnebBus enent
result of the relationship between the dose of boron and the plasna
dopi ng tieambaditdmts, titecadhiee veesn cihataxilse reptesehisn timedbdse and
the horizontal axis represents the plasma doping tine. 25 If a bias

is appliegotyarst gk By i Dend hendi K& s etgastaR@by phasm vhaB2H6, and He
(B2H6/ He pl asnma) onto the silicon substrate, there is a tinme when

dopi ng anglh spHit eF &g ffioRoseAres e sabssat ed {Ralaneed) inFuehbey, in
this enbodinent, it can be seen that the saturation tine is 5

conpar at iyget Va |l p0ge and £RSENT PRST ALY VUSenaddalubStahtially uniform

without depending on a time variation is continued. 1In
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 variation. 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 1o = 1%. If plasma doping is performed

with the B;Hs/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 2.63E15 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, (2.63E15 - 2.62E15)/(60 - 45) = 6.7E11 cm
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plasma irradiation starts, a dose is initially increased, but a tine
at which the dose is made substantially uniform w thout depending on
atinme variation is continued. In addition, if the tinme is further

i ncreased, the dose is 10 decreased. Accordingly, the dose can be

accurat eky £anhLol | aflakhiauohya piacess Weadaw gh e oiggewien the

dose is made substantially uniformwthout depending on e tine
variation., Further.  i.n-plane uniformty can be obtained. 15 Wth
this pheﬁ%ﬁ%no%&f%ﬁfﬁﬁgﬁﬁpe,it is verified that the dose of boron

can be set to_2.6 5 CM - t ccuracy within la = 1% |f plasm
doping is per %rdﬂ'é e R 2‘#3%25@?%&6&&“&%&%% ia&ﬁiost €2% 99. 8%
at VDC 60 V, source power 1500 W _and a pressure 0.9 Pa, a change in
20 the d@s&imuumds e drtietad B & riich sthadgl ke brgnd it BIE1s che

since the dose at 45 seconds is 2.62E15 CNL-? and the dose at 60
secontls il$ 2.53EIREMshed aghémdi cadRelb by “aisusvagbtofisFEgo23- At
this time, the dose is increased in a small increnent per unit tine.
The rate 2.659Er% 10w, tBott hat &ppré2iB8EAby- 125B2EA5Fm{%60 DwSng=
6. 7EIl cm 27 2/seconds. That is, the dose is stable with respect to
the time o idipgiony tAmhk fferenae {Sajedidweeto e s@cdmdas atite tdiese
m ni mum of the tol erable dose such that the condition la =
is changed only at a slow rate of 6.7E11 cm™?/sec.
Accordingly, it is expected that the dose control of lo =
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
i during the doping time between 45 seconds to 60 seconds is
negligibly 107.4 to 107.0 ohm/sq 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 1is
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 tine

bet ween 45 seconds to 60 seconds, the dose is changed only at a sl ow
rate of 6.7E11 CM 2/ sec. Accordingly, it is expected that the dose

control of, La = 10 1% ained at 2. 62E15 CM -2 can be performed. This
is becaugﬁgqtﬁ?ﬁ%ﬁﬁhﬁﬁb{§¥%%e doping time to be deternined by the
apparatus is i_n an_grder. of 100 m|liseconds and_the doping . tinme is

shifted by 1 §66Bng18 rostt e e Fesdoddats edamdihed HoPefiia ngat
resistance 15 after annealing is performed at 1100C and for 3

m nut es, Coaverd i tfifasy et 0 Ut et shet, ridwine ahtes bimgappies in
during the doping tine between 45 seconds to 60 seconds is

negl i gi blwhildv .dbind Ghd st tseyr iang OF booton sape el amedd ichiamge in
the dose for a long tine of 15 seconds is a 20 renarkabl e di scovery.

Though desigriirbiead; alfove) ddcondy ofwhdéhetlppmaunayye gapt t6hceatikbfEon
shift when plasma doping is repeatedly perforned for 50 seconds is

hundr eds j gricrosesos, athdSime AcLOFdli &l ¥is Simcend tviéiﬁy{%i & ef
to pay attention to a shift of approximately 50 seconds 25 0.5

seconds, 4 JORes COMHA PRd NOGh i/ feVERY éBﬁQEﬁt?QgiBﬁsiszﬁ.Ei%%BQ.8%,
controllability. FromFig. 3, it can be seen that, when the B2H6/ He

ga{s CONG{N A O drigd- AP D% R 7018 PGB Ly S tAdeEapPesélonds.
When the B;He¢/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;Hs/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
f 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;Hs/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;Hg/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 0.2%99.8% the time range exists in the

vicinity Movd des & e dsche WS dufieh B4R K gas- concent ration, is
0.5%99.5% the time 10 range exists in the vicinity of 60 to 70

ds. | t4 t , : ti i
oC G0k oo shibn A AL/ ndlels | ConPeRLLLE  0RY: EDBEEALEA L BRe  Teg5! of
ds. .l h i ci.niti i i f..th t t r.ol
i e var i GHREnGE (T L GO N YD, Y ST IS Hb GEARRS 0 be
conprolled wi t.h high accuracy. This c%? be e&&la!nedwgy t he same
| ogi ¢ as @ dsESnnEs 2B /W%A%ﬁﬁ? Tttt i B . 938 Jef 8%

Fig. 4 shows, with respect to the time variation from the experinent
resul ¥ ofchEnged My tdraandefedtisegapt Concenbrahéopel st pEAYALHD

bet ween the dose B and the B2H6/ He gas concentrati on when the tine
vari ati orsuch ddtair dihed. LMl ofertheafosxiisn ndprdsdrts etangeat in athkel
dose and the horizontal axis represents the B2H6/ He gas

concent r atdson.withs raeapesul tho tttee BZHG Heamgiast iconcientmate on and t he 25
saturated dose have a one-to-one relationship. Fromthe 29 above
descri pt ifams ttdre: if 0l 1y wirigf an decoress 4 edles Frédt doswhen1hhedB2HbbHe

gas concentration is changed, the |evel of
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 adiusting 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 ByHe
gas concentration. When this adjustment is performed,

while the dose can be accurately adjusted at a certain B;Hg

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 tine
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 tine

variatio nade subst tla i form_beco desired dose. In
addltlonm' %I%Ed%‘%%% %@F?Fd%gﬁsgsaj88?88”?63%ﬁ8nt.ne region 10
where t he chan e in the dose with _respect. to the time  variation is

made subst ant iFH9Sy chid A SHRY (s 198 dos €T el I s
controlled to a desired value. In contrast, only by adjusting the
B2H6 gas SwHoente aak oh0781mnd tfpagdl reacanss taffe s m¥asna deriding.
15 Further, in a region other than the tinme regi on where the change
in the d@m&pmnédtmmimQnehwad¢a¢i@mntsohHMeths@bsﬁhﬂetaréyiﬂham@em
only by adjusting the plasnma doping tine, stability against the tine
shiftsis inckéagurdd atddll tpbaces hentihe segfate wsettutibegchangadi b
the dose 20 against the tine variation is nmade substantially uniform

vari es by hef BB oS RONS@PEfo4tON. TACSORhEE NGl YeattirbSinNEESSSERY
to adjust the time region according to each B2H6 gas concentrati on.

Wien thi s, Bl st aBOInd St PRE F OF npdi cn Whh L eabbe QQSﬁaaéan§f§9ﬁU%§Eﬁ|y
adj usted at a certain B2H6 25 gas concentration, stability against

the time siufdcimmy;bene 30ihachhPladlon dh&f erens B4R 9as

concentra

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;Hg/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 plasnma doping prepared using the dose
control nethod. Sheet resistance 5 is neasured at 81 places in the
surface excluding an end 5 nn1of t he 200 nn1substrate This has a

feature in_t aym time at [ t he S made
uni for m i 1 b gee 5 s e 1 e St v s
concentration are used. Here, a sinple descrjption w | be 10 given

with ref Qe3P &ha% EhPEePI¥eq et B Hel TR @%S""h%@hc’é}ﬁ? r@@$®n is
appropriately set with respect to a predeternmned bias, as shown in
Fig. 3, itsimopossibiated Yniiommitiyels angerohinatelhe B dosel §% abt
al nost changed and saturated with respect to the change in the

pl asma 19 alommi tthiuee.a Turel B> doskayer bes sabtur bdededan tei €hasgede
when the B2H6/ He gas concentration is changed, as shown in Fig. 4.
That BsS, dhe fipsecarderding rod | ede dHerectide opl Bis@vsdopragion
conditions used in Figs. 5 and 6 are the plasna doping conditions

i ndi cat ed- aye ak ¥ OWse adedl, b in 20 Figs. 3 and B. Synbol a represents
Fig. 5 and synbol b represents Fig. 6. Fig. 5 shows Rs uniformty

when the B dosqd.s ¢ ad Ustaddiml S3EKS PR e ASLING L e BAHA e

gas concentration O. 1@699 9% and t he pl asna doping tinme 60 25

Se9°“d5 4§fr%hé*?%f&%ﬁoﬁéﬁ%ﬂQEe@ﬁé@&dthgh§aQvgéﬁggnQEa§§on3&nd the

{
time when the B dose is adjusted to 2.62E15 cm™® by setting

10 the B;H¢/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 1lc 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 ohnm'sq, 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 I|a, and thus a uniform

| ayer is not formed. This is one 5 of effects according to the

sel ection of e .saturation, tine t he dos Fig S di.a

showi ng the meaire@Snt*P8&d% & ﬁt‘s’ﬁe e %lﬁﬁ%hlp&a&gﬁ\%@ﬁ)
concentration and the tjme when the B dose is adjusted to 2. 62E15
cm 2 by RATIHFED Thet BIHG/ M YIS e THtd ot%b% Bloy P 308 ahel 2 he
pl asma doping tinme 45 seconds using the dose control nethod. The
average ofhdRgiin 1RO bhiisky el dové orhihgrdn andi2ohatplasma As
such, in case of the dose different fromFig. 5, good uniformty of

2.5% or |degsiropnt bee raepr acheoered 15 I n general, as for uniformty, as
the value of la is smaller, a degree of technical difficulty in

i mprogi ng  unigfiey.M7t wHows apiedmedsiareersad. refiditd S afheaa glegmee of
difficulty in inproving uniformty from10%to 5% and a degree of

di fficul tagopind MPIRY) NEhANEROrdb sy £ 0FbEIAt And0iR-pYanthanhabiRity.
case is still more difficult. As for wuniformty of 5% or nore when

the invenid ol U APHUELY, thM ddsd Nr applicali op: Of+d hee i nvention,
uniformty of 2.5% or less is easily obtained. This represents

va(l idity é)artufi.'@ed rWle{H 'P&pgét %a{’g}é et:gme 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 perforned
on a 300 mm substrate using the PD apparatus A shown in Fig. 1 while
t he dose of boron and the plasma doping tinme are changed. 5 Fig. 7
shows the neasurenent results of the plasma doping tine, and the

d f b d.in-pl if ity. | b he d
of “boron st ar P8 P O GLAFed WRDK FOSBICE PO ORGPt Pt | on

at approximately 3Q seconds. Further, the dose of boron and 10
i n- pl ane CARFLS Mitt - R RSy W Jedenh PSR Eeto s Srs et Bt hat

is, when the plasma doping tine reaches 60 seconds. Fig. 8 shows an
i n- pl ane rdiagtey URHGBWINTY sifeatl s dgimstaiiret. aftlers et oPe DAL i nt o
the 300 nm substrate 15 shown in Fig. 7 by plasma doping and then
anneal i ng-hes duere arareth tatchEditEE andH are R cecondshe SHtemige et stlance
is measured at 121 places in the surface excluding an end 3 mm of
the 390 mPhstdatig Hiigne,9 shDwsrddie a ditsird bW idds®fisheatortion
resi stance on the vertical axis 20 passing through the center of the

subst r at e rRNGEHMIdIE 1 anfe dhistfddtd Onshd sl erPee A tHRAI1 F 0.
10 corresponds to Fig. 9 and is a table showi ng nornmalized values

of sheet d£SiRANC Y aiped Dyrdid dingrshast ad&si 4 ance, by &a,

average value in each surface of the
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. 1In Figs. 2 and 10,

20 sheet resistances after 7 seconds (7 sec), 30 seconds (30
sec), and 60 seconds (60 sec) are shown. In a portion (a
portion from 150 mm to 0 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

34



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 inproved. This nay be because the dose is not
changed with respect to the change in the 5 plasma doping tinme, and

after a while, a.dase i portl ere the t he .surface of
the substVat éi i% Aei%° nncfag]I ﬁé\j‘«;gsl‘11 % %C??f(@n Vet e TR HosR i s
saturated. Meanwhj if ati diately a the dose is ,not
change Wi r%if‘éjctsct PG %%rﬁb@e%%rﬁél hPoRGi meti s
set to the plasma doping tine, the dose in the portion where the dose
in the surdkame eaaa ity aech stimeraint doethatosel i pwwaHeraleed. | n
a portion where the dose is saturated. In this case, in-plane

uni formty i sHookevesuf flifcitdret doEs EHatrtiss,tceven satougt acheardbdeime
control is sufficient, 1in order to secure in-plane uniformty, it is

necessar yl disedyorien apid ned dtyi setwhdmwe pd asambgeopidgnt | 0. bdNexdt , 18
mechani sm of the invention will be described wth reference to Figs.

9 and 10.jdyxFiasy &l Uhe 24dbsderd ¢eshsitdgesn@fiberod secapds (7
sec), 30 seconds (30 sec), and 60 seconds (60 sec) are shown. In a

portion (@pdPrddPhdFrOMMahm 1o, 0 Amon &P@féﬁ%@%e %§oﬁf1§' gs.
9 and 10) where a | arge anount of boron’is initial |y doped

; not initially doped so much, the dose reaches the
1 saturation. Accordingly 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 tinme | apses. 25 To
the contrary, in a portion (a portion from75 mmto 150 34 mmon a
hori zontal axis of Figs. 9 and 10) where boron is not doped so nuch
at the beginning of plasma doping, it takes conparatively nmuch tine
until the dose is saturated ver, if the does starts to be

sat ur at eof%aﬁ?‘? e afB%eesrel_f%\gtCHbS}Hé?tl on where a |arge anount of
boron is initially doped, the dose is saturated and _boron is not

doped any nor deXleambhiacs i viat iare STeRt mdd ke dassioheds  fdls is
initially doped so nuch, the dose reaches the saturation. Accordingly
t he diff eraamuoen bazomest mered.on,loth-'@rw hppassson, iVpdhgs., 9 and
10, when doping is perfornmed for 60 seconds, a variation w dth of
sheet resisdahneyontidesier¢dcaduiesisates sumbliedoedtlditigty, in-

pl ane uniformty of sheet resistance can be inproved. The nethod

accor gi ngikgut ey i enti Orplscad Ui tried feadp ve t 16 secaie in-plane
uni formty upon plasma doping. Sinultaneously, as described above,

the dose a@r%[bé)ﬁln&%ﬁxfﬁé ed. T EO0VE&Lar UHideﬂ?a@“ﬂ@%lhi‘@t&&nﬂfém on
at 1075C and for 20 seconds used in Exa es 1 and 2, th

371 g oo St s aPce Y B LSR8 2 (Do
re{s' stancs ¢ Mash @ QNeed O WE 5L 31 PIRAL Poud DAL+ § Ne BONCAL L P9 ne
| surface of the silicon substrate 1s 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 ions 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.
Moreover, 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 time, it
can be estimated that the inpurity is alnost 25 electrically
activated. This is considered as a reason 35 for the one-to-one

rel ati onship. Next, an activation step will be described. This is
comon to,_not depend on, .the PD aratus. Upaon annealing, the
1T oon S SRS d T T 10F RS AT iy 1S et D ¢ he

sanple table of an annealing device. Then, laser light that is
enitted fAGRANIERGIHT (o dd9 FFEQCLTRIIhamiar Rre Mriakratked. oOf
irradiated onto the surface of the silicon substrate, such that the
surface afourdwse,sivamionis uestirattions, hdutad sinid Jacta Matwidthi® the
Moreover, in the activation step, as an activation processing
chanber, scddasit Itanp iprnesisimg atenbertharayi e s tisetdth ol ecdn dsdh
chanber processing chanber includes a chanber, a sanple table, a

W ndowy, ahsaiddmash |anp. The silicon substrate supplied with the
inmpurity ions is 15 placed on the sanple table, and reflected |ight
fromthe flashrdame,i s1ithbaghatedQRt qriche W aceAfe tike osilicon
substrate, such that the surface of the silicon substrate is heated
and acti vaf & ].Mq{ 1T gt o aﬁg;{.ﬁed& i et lyation
20 step, S'?em%fol as arrpsup#gb}:ce%g? ng c anbrg(;fr)déll srgellr}s]é%drgsg%ﬁsé@ﬁa%%i véasgi on
procesml%%éﬂuggggrigg)’\%Hé fhééh %%?%an 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. In case of Fin FET, in general, the structure is
in an order of 1 um or less. A sheath width of the plasma

c 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 is the

20 same as the silicon substrate.

Further, although a case where the impurity i1s 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 nass
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
arrangenentkpf t he proQEﬁﬁgn Chamher are il] traggd" Qd course,
various Varitations, A Y I 4O G rpet I p]élcﬁ t he

i nvention, other than illustrations can be 5 considered. Further,

al t hough FaS te PG Hesanpl e is a semi conductor substrate formed
of a silicon substrate has been described, the invention can be
appl i ed when ¥aritbes, dbef dangentdamplces fee gfifecdssed.y Rop ldeshpl e,
the 10 invention can be effectively applied to a stained silicon
subst r at evherd tAre SOncaubixtataton ofhigad scdiecairsind hen iswphst riaf ess ar e
the sane as the silicon substrate in view of only the surface shape

as vigwed dw.omihegdsdmad,n taddidvart i dhecdhuantd Hfe Caivdey
effectively applied to a 15 Fin FET. In case of Fin FET, in general,

the strucigfiieid® td i ¥lamerddink Mthd®sth vhisheatte Wigkd wiedde

plasma is in an order of 1 mmor nore. Accordingly, when only the

surface ﬁnﬁgﬁaQ%ﬁ@f%@%g&rﬁygﬁfﬁ%ﬂ{%&m%fébfpnsidered, the structure
of Fin FET is negligibly small. isIs the 20 sane as the silicon

substrat e.

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,
i such as He or the like, 1s 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
described, when the sanple is the sem conductor substrate formed of
silicon, in particular, when the inpurity is arsine, phosphorous,
boron, alum num or 25 antinony, the invention can be effectively

appl i ed. (Tl 3,087 5 eeause 3 shaldawlunct] on G4 s, for .ve il A

tran5|stor portion inv i apﬁ i ed
when the concentration.of cont i.nin i.npurity.is Ke) I n
parti cul & 2RERE | r"i'\]}lélnttlhﬁnnglﬁ?s?e&e ef'? g‘\}gzlyy 255 it 8% eé“ tfgna
dopi ng nmethod in which the dose needs_  to be controlled mnth hi

accur acy £rpgr ehéhing fddde cadad ning the grpsrd topions sttaiek thiee hyas
supplied to the reaction chanber is gas containing a 10 doping

mat eri al ihasrbeed ldésdo e rHasmzerls tdbenigegentibochcamuse 4y i ed to
a case where the gas to be supplied to the reaction chanber does not
i ncl e tchangeopnnghenidersealpe ranchitthe: idepi ngsmat erdtdod 1y

from a solid inpurity. That is, the invention can be 15 effectively

appl i ed t@ea teaperétene afsSahd ieonriraiWwilng ofi MM itdadliyr dianyeaced
in the reaction chanber, plasma, such as He or the like, is excited,

and the isnpfihion @t@'}‘%atirn% Riras NirgRg: mld%q;e% Bye leas B GORIdhod
Furt her, when the plasma doping is perforned, i's

{ of cooling the inner wall through the circulation of a
| refrigerant can be appropriately selected.

10 Further, when the concentration of gas containing the
impurity in the reaction chamber is adiusted, 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

i 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, or 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 comng into
contact with the plasma is kept substantially constant. This is
because, if the tenperature of the inner wall of the reaction

chanber i®n2raiangesh G iqie tdm tdeatmeiihe afpitiachmsis passidd ity

of 38 the inpurity ions at the tenperature of the inner wall is

changed, 1R {Re MRES t9fe It HHoht ONSud QeI died métf]rﬂfﬁ aedhin

filmcontaining the inmpurity i1ons stuck to the “inner wall I1nto the

pl asma i ange i.ch ¢ e . t.he change in the dose per unit
tinme. Ass%ﬁ%eg%osgé 0 leg)pel %géssct%lg)etdg'rrper ature of the inner wall of
the reaction chanber, a ngthod Sf he% in% t he inn%t wal | %{ a heater
or a method Of*&&el g3t FEAAnEPekEl FhenFoRGR RE diore QfaldeSh of a
refrigerant can be appropriately selected. 10 Further, when the
conce%t r £Andd igFl nga S RO MR Y 1M igutidh i Phaena ¢rRivh thanber

is adjusted, a nethod that adjusts the gas supply anount so as to
di rect | y pexdjasdnesl + héite didenttyiamg orthia sse pemeithidd tiee 2fovidrs t he
tenperature of the inner wall of the reaction chanmber and 15 educes a
pr edet er megachniimuura ft ytleso taeatmdrowners tdet Iigricentrati on of the
inpurity, a nmethod that lowers the tenperature of the inner wall of
t he reacti on Seatbernnamrd staippwieses thize cedivehitan tdfora ofr edeat er m ned
inpurity so as
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 beginning, 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

t enper at UFBPEBAEY oflCBENIt ABOTRARePI AL FELY BRE PEQRPTMSA2EhXNBRE. C2B
Further, when plasma doping is perforned, the 39 concentration of
gas cont afarmgat abal hpr inpurbhy @dhyfveionhovegédndur fngaddétion,
treatment. An appropriate nethod for this case will be described.
First, inthespahtsemahdopihbemebthoéndvfatheninfregasoh cantbenappgltibd
inmpurity atons is high, plasma doping is performed. At this tine,
the dose pertHai hsé] "euah kBeanbeghboping @bpihe preakBBNbfi g set

hi gh. Next, in a state where the concentration of gas containing the

i mpuristy abABohSubO¥r BLasHRuELRLAFihg o20aPERiAr FBem FPEAsiERE:
pl asma doping treatment is stopped in a tine range in which the dose

is mad unj itk i pend Y3 such a manner, conpared
with a 02%%8&3%§1%9gﬁgdt%%ggﬁg%tg?sgggr%é%ﬁéd in a state where the
concentration of gas containing the inpurity ions fromthe 15
begi nning, the total processing tinme can be reduced. In this case, a
nmet hod that | owers the concentration of gas by raising the
tenperature of the inner wall of the

{
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reacti on chanber, increasing the concentration of gas including the.
impurity to the (Rythum then lowering the 20 tenperature of the

i nner wall of action chanber, and subsequently pronoting the
eduction of the inpurity 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 Hopi ng amount predi slesya doping oethad foalrtadiatimg pdesma dfqgam a
shallow impurity diffusion region. In addition, the plasma doping

net hod Qbidifigeslal RBhiSNoReR sBBstAPSd &do fhn bR AnpEfy dBPEdredfordi a surface of the
impurity doping process of a 5 sem conductor or manufacturing of a

thin filmtransist iLnegliquid crystal or the like. 41 CLAIMS:

1. A pIS g]%ata’oc&mﬁé%{r{lé%gg%gr%fi rradi ati ng plasma of gas containing an
inmpurity onto a supstrate sqQ as to forman inpurity ped region in a,
surface of tSRITINOREE Bl 86?#5&“&%@11@% whieha dgse offbe gppyTy ig be doped into
pl asma doping tine range in which a dose of the inpurity to be doped
into a firdirssabstratatismade seldtansalhy veiferimirtegpective of matiationgp ptasimadopihg
variation in plasma doping tine; and after the step of determ ning

the pl agHe; 4@pi ng ti me range, plasma-doping the inpurity into a

second substrate using a predeterm ned plasnma doping tine within the

pl asma dopi Ngper the step of determining the plasma doping time range, plasma-doping the impurity

into a second substrate using a predetermined plasma doping time within the plasma doping
time range.

2. The plasma doping method according to claim 1, further comprising a step
of:

before the step of plasma-doping, determining a concentration of the gas containing the
impurity used in the step of plasma-doping, by calculating relationships between a concentration
of the gas containing the impurity and the uniform dose which is made substantially uniform,
irrespective of variation in plasma doping time, with respect to a plurality of concentrations.

3. The plasma doping method according to claim 1, wherein the
step of determining the plasma doping time range comprises a step of respectively calculating
plasma doping time ranges, in which the dose of the impurity to be doped into the first substrate
is made substantially uniform irrespective of variation in plasma doping time, at a plurality of

portions in the surface of the first substrate; and
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time range. 2. The plasnma dopi ng nethod according to claim1l1, further

conpri sing 0 -en . : i.0q, gy!

o Concent rat o e tinfRke oifng HER ip LetER o HOR o |aRR! L e
of plasma-dopi ng, by. cal cul ati rel ati onshi ps between a

concent!fBE Faige agpongHie EIRetyR PASAAPPIREITEFIEE:y and the uniform

dose which is made substantially uniform irrespective of variation
in plasma dofing tinme, wth rdbpebsmacloping methbd agconding tmcleimt d awherain.a
3. The plasma dopi ng net hod according to claim1l, wherein the step

of det efifnRiePgf iHASH Rt AbIBatd ARd Btohll FBbHraRAS 200 Wl 0P RRr adliep of
respectively calculating plasma doping tine ranges, in which the

dose of the jnpuri {. 1L ng.Q. t. fir i de

Subst ant i al 1 DRy R BapRE okibe b js lrisk B FBShanfronaly R Esented by
time, at a plurality of portions in the surface of the first

subst r at &;ofdkridosenfitheimpusiie intheisudacenidbedirst sphstgterandsesondsubitrate bregmes
based on a | atest plasna doping tinme range anong the respective

pl asma 6% sidets. ne ranges. 4. The plasnma dopi ng nmethod according to
claiml, wherein a dianeter of the first substrate and second

substrate is5200 nmor nore; ahd pldmaRlopHRlRERDD S oRtiAS PRCIHRR U NGhirk HBhe
is determ ned such that uniformty represented by 1 u of the dose of

the inmpurity in.th unface of, the.first. su rate and second

subst r diamsisz ght s HlasBi® oY st Shicdhais S 300 R B A et hoo

according to claim4, wherein _the diameter of the first substrate .
and second sfibstrate is 300 nmhtgPlasgiaglopme mefbod accopding thelagn dephergin the
according to claim1l1l, wherein the plasm of the gas containing the

i mpur i tplasma af thexgas centgagngthesmpuoty ire mztire gay Badeng ofmolengies nHag having
atons and hydrogen atons.
boron atoms and hydrogen atoms.
7. The plasma doping method according to claim 1, wherein the
plasma of the gas containing the impurity is a mixture gas plasma of BoHg and helium.
8. The plasma doping method according to claim 7, wherein a
B,H; gas concentration in the mixture gas plasma of B;Hs and helium is in a range of 0.01%
(inclusive) to 1% (inclusive).
9. The plasma doping method according to claim 7, wherein a
B,Hg gas concentration in the mixture gas plasma of BaHg and helium 1s in a range of 0.025%
(inclusive) to 0.6%(inclusive).

10. The plasma doping method according to claim 1, wherein the plasma of

the gas containing the impurity is mixture gas plasma of BF3 and helium.
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7. The plasma dopi ng nethod according to claim1, wherein the plasm

of the gas coptaining the inpuki j ! . .
and helium gﬂ The pl asna dopiEggégkﬁ%3b§k§%#é|ﬂggﬁggéﬁg?ﬁﬂgﬁnEﬁg@%?ﬁ”he
a B2H6_gas .concentration iin the mxture gas plasma of BZH6 and

hel i um st Fqbsgam&esea?mg?‘%’iﬁ/ﬂ’feﬁ fh%lﬁ&%‘} 818 196 (i nclusive). 9. The

pl asma dopi ng nethod according to claim?7, wherein a B2H6 gas
concentratioh2in the ni Xheplesmadoping sreshast ackotddngitoctl4ial 1,uvhereinithe siep of
range of 0.025% (inclusive) to 0.6% i nclusive). 10. The pl asna

dopi ng ﬁ@hﬁg@ogﬁ@gh@hag;to claim1l, wherein the plasma of the gas
containing the impurity is mxture gas plasma of BF3 and helium -43

11. The pl as opi_n i . I , . o] : £

subst rat o ant a5 AFiled Bbulhg By bRl Hedlet calaRiAH Betidfuly 6 i
dopi ng met hod according to claim 1, wherein the step of

pl asma- SREMEAHME Ades: a first doping step of plasma dopi ng by

setting the gas containing the inpurity to a first concentration;

and after theftés thet fitkoslopmesstep, a aecvad clopingo piep gfsplagma tloping dyesetting the gas
doping by setting the gas containing the inpurity to a second

concent ggitdifihg tlh;blgmeio;nda & cewadtdoatemmatibe) thy ssomid @ncéiedtion thethgf snidiler than
concentration. -

the first concentration.
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